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Abbreviations 
ABC    Adenosine triphoshate-binding cassette 
ACAT    acyl-coenzyme A:cholesterol acyltransferase 
APOA-1, APOB  apolipoprotein A-1, B 
BBM    brush border membrane 
BSEP    bile salt export pump 
BW    body weight 
CETP    cholesteryl ester-transfer protein 
C7A1    cholesterol-7α-hydroxylase 
CYP8B1   sterol 12-alpha-hydroxylase 
CYP27    sterol 27-hydroxylase 
EPP    erythropoietic protoporphyria 
Fech     inactivating point mutation in ferrochelatase gene 
FPLC    fast protein liquid chromatography 
FXR    farnesoid-X-receptor  
HDL    high density lipoprotein 
HMGCR   3-hydroxy-3-methylglutaryl-coenzyme A reductase 
IDL    intermediate-density-lipoprotein 
LacZ    beta-galactosidase 
LCAT    lecithin:cholesterol acyltransferase 
LDLR    low-density-lipoprotein receptor 
LDL    low-density-lipoprotein 
LPL    lipoprotein lipase 
Lp-X    lipoprotein-X 
LRH-1    liver receptor homolog 1 
LRP    LDL-receptor related protein 
LXR    liver X-receptor 
MDR2    multidrug resistance P-glycoprotein 2 
MTP    microsomal triacylglycerol transfer protein 
nCEH    neutral cholesteryl ester hydrolase 
Neo    neomycin resistance cassette 
NPC1     Niemann-Pick C1 
NPC1L1    Niemann-Pick C1-like protein 1 
NTCP    Na/taurocholate cotransporting polypeptide 
OATP1   organic anion transporting polypeptide 1 
PPAR    peroxisome proliferator-activated receptor 
RCT    reverse cholesterol transport 
RXR    retinoid X-receptor 
SRB1, SR-BI   scavenger receptor BI 
SREBP   sterol regulatory element-binding protein 
TDCA    taurodeoxycholate 
TUDCA   tauroursodeoxycholate 
VLDL    very-low-density-lipoprotein 
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Introduction 

Sterols fulfill several indispensable roles in all eukaryotic cells. Cholesterol is the most 
important sterol in mammals. As described below, it is an integral part of plasma and 
organelle membranes as well as a precursor of important molecules like bile salts and steroid 
hormones. During embryogenesis, cholesterol is involved in pattern formation in the 
developing animal. Defects in cholesterol synthesis or intracellular routing have devastating 
consequences for the individual. In humans, the Smith-Lemli-Opitz syndrome, desmo-
sterolosis and Niemann-Pick CI disease are examples for inherited diseases caused by 
mutations of genes involved in cholesterol metabolism.  However, cholesterol and sterols that 
are ubiquitously present in the diet also pose a potential danger. These sterols are critically 
involved in the development of atherosclerosis which is a major health risk in Western 
societies. Hence, cellular cholesterol homeostasis and plasma cholesterol levels have to be 
regulated very strictly. This regulation is discussed in detail below. 

Cholesterol is an isoprenoid molecule with 4 hydrocarbon rings and a hydrocarbon side 
chain at C17 (see Figure 1). It contains 27 carbon atoms and possesses a hydroxylgroup at C3. 
Cholesterol is a very hydrophobic molecule, with only limited polarity due to the hydroxyl-
group. Its hydrophobicity is on the one hand responsible for its beneficial property to control 
cell membrane fluidity; it on the other hand makes it very difficult to handle in the aqueous 
environment of the body, both within cells and between cells. Therefore, sophisticated 
mechanisms exist to transport cholesterol to its various destinations. 
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Figure 1: Structure of 
cholesterol with the 
standard carbon num-
bering according to 
IUPAC recommenda-
tions. 
 

 
Cholesterol metabolism 
Cholesterol is synthesized from acetyl-CoA units via the mevalonate pathway. Synthesis 
starts with the formation of 3-hydroxy-3-methylglutaryl CoA (HMG CoA) from acetyl CoA 
and acetoacetyl CoA. HMG CoA is subsequently reduced to mevalonate. This rate-
controlling, irreversible step of cholesterol synthesis is regulated by the enzyme HMG CoA 
reductase.1 The mRNA expression levels of this enzyme are used as surrogate marker for 
cholesterol formation throughout this thesis, although it is realized that this parameter does 
not directly reflect the actual cholesterol synthesis rate. 
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lanosterol 
 

 

HO  HO  
cholesterol ergosterol 

 
Figure 2: Lanosterol is the precursor of both cholesterol in mammals and ergosterol in fungi. 

 
The following synthesis steps include, amongst others, conversion of mevalonate to 
isopentenyl pyrophosphate, condensation to squalene, and finally cyclization of squalene to 
form lanosterol. Lanosterol is the precursor of cholesterol as well as of ergosterol, the main 
sterol of fungi (Figure 2). 

Cholesterol is then incorporated into cell membranes, stored as cholesteryl ester or used 
as substrate for downstream reactions. The largest part of the cholesterol used for downstream 
reactions is eventually transformed into bile salts (see below). A quantitatively less important 
part is used for the synthesis of steroid hormones. 
 
Functions of cholesterol in mammals 
Most of the cholesterol present in the body resides in cell membranes. The molecule is 
situated in parallel to the fatty acid chains of the phospholipids, with the polar hydroxyl group 
close to phospholipid head group. Membrane fluidity is largely dependent on the 
concentration of sterols present: due to their rigid structure, sterols reduce the fluidity of the 
membrane. This, in turn, determines membrane properties as permeability and stability. A 
well-known example is the insulating myelin shield of neurons with it high cholesterol 
content.2   

The relatively mild phenotype of 24-dehydrocholesterol reductase knockout mice 
(Dhcr24-/-),3 which do not synthesize cholesterol but desmosterol (Figure 3), may indicate that 
other sterols are, in principle, able to fulfill the role of cholesterol in membranes. In the 
human equivalent, desmosterolosis,4 however, pattern formation in embryogenesis is 
impaired, probably caused by absence of cholesterol during critical phases of development. 
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Cholesterol is covalently linked to hedgehog proteins which are crucial for pattern formation 
in animals from Drosophila to human.5 In addition, cholesterol is essential for the function of 
the myelin sheaths and therefore indispensable for brain development.2 In mice, delivery of 
cholesterol from the mother to the embryo may compensate for the deficiency during 
embryogenesis.6,7  

A second important function of cholesterol is that as a precursor of bile salts (see page 14, 
Figure 5) and steroid hormones (Figure 4). Bile salts synthesis takes place exclusively in the 
liver (see below).8 In contrast to cholesterol, bile salts are at least partially polar. The major 
function of bile salts is to act as physiological detergents: they emulsify droplets of dietary 
lipids and lipophilic vitamins, making them available for absorption in the intestine. Hence, 
absence of bile salt secretion leads to malabsorption of lipophilic vitamins and fatty acids.  

Steroid hormones (i.e., progestagens, glucocorticoids, mineralocorticoids, androgens, and 
estrogens; Figure 4) are potent hormones which are involved in the regulation of a variety of 
processes, e.g., reproduction and metabolism. The receptors for steroid hormones, and espe-
cially the estrogen receptor, are the best characterized of all nuclear receptors, which will be 
discussed below. 

Lastly, the immediate cholesterol precursor 7-dehydrocholesterol can be photolyzed by 
UV light to yield previtamin D3. Hence, also the actions of vitamin D (Figure 4) ultimately 
depend on the cholesterol synthesis pathway. The very early isoprenoid intermediates of the 
cholesterol synthesis pathway are precursors for a variety of structurally extremely different 
molecules involved in many different metabolic pathways. Therefore, defects in the early 
steps are incompatible with life. 

 

 

HO  HO  
cholesterol desmosterol 

 
Figure 3: Desmosterol is the main sterol in 24-dehydrocholesterol reductase knockout 
mice. 
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HO  HO  
estradiol-17ß vitamin D (cholecalciferol) 

 
Figure 4: Structures of the steroid hormone estradiol-17ß, an estrogen, and of vitamin D, which 
is derived from 7-dehydrocholesterol. 

 
 
Harmful effects of cholesterol: atherosclerosis 
The hydrophobicity of cholesterol, which makes it difficult to handle in an aqueous environ-
ment, is associated with the main problems associated with increased plasma cholesterol 
concentrations, i.e., atherosclerosis. Atherosclerosis is a prerequisite for the majority of cases 
of coronary heart disease, which is the most prevalent cause of death in industrial countries.9 

The development of atherosclerosis is a process starting already early in life, possible 
already in utero.10 Lipids such as cholesterol, derived from lipoproteins, accumulate in macro-
phages in the vessel wall.11 Cholesterol-loaded macrophages, so-called foam cells because of 
their microscopically visible, opalescent lipid content, form fatty streaks in the endothelium of 
the vessel. Due to the interaction with inflammatory blood cells, an atherosclerotic plaque 
develops which subsequently can block the vessel or rupture and subsequently block capil-
laries at other places, e.g., the heart or the brain.9  

There is convincing epidemiological data available demonstrating the correlation between 
plasma cholesterol levels in the various lipoprotein fractions and coronary heart disease (e.g., 
refs. 12-16). In short, high levels of HDL cholesterol (“good” cholesterol) have been corre-
lated with a protective effect, high levels of LDL cholesterol (“bad cholesterol”) with a 
deteriorating effect. It was generally believed that the direction of cholesterol transport in the 
body is the underlying mechanism for these correlations: LDL is a vehicle for cholesterol 
supply to peripheral cells (and, therefore, to macrophages), whereas HDL is important for 
reverse cholesterol transport from the periphery to excretory organs, i.e., the liver. This view 
is currently under discussion, as several papers have indicated that plasma HDL content is not 
rate-controlling for reverse cholesterol transport (e.g., refs. 17-19). Hence, several alternative 
explanations for the lipoprotein-related effects have been proposed (see Sviridov and Nestel20 

for review). 
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Bile salt synthesis 
Conversion into bile salts comprises the final destination for most of the cholesterol in the 
body. In humans, about 500 mg cholesterol is converted into bile salts per day. Bile salt 
synthesis takes exclusively place in the liver. It involves the action of 17 different enzymes 
and can follow two major pathways, named the “classic” or neutral pathway and the 
“alternative” or acidic pathway. The classic pathway accounts for the majority of bile salt 
synthesis, i.e., for approximately 75 % in mice and for 90 % in humans (see ref. 8 for review). 
However, it may be even more significant under certain circumstances.21 

Characteristic for the classic pathway is the conversion of cholesterol to 7α-hydroxy-
cholesterol by the enzyme cholesterol-7α-hydroxylase (Cyp7a1).22 As this step determines the 
flux through the classic route, the regulation of Cyp7a1 expression is of crucial importance. 
Cyp7a1 mRNA levels are therefore indicative for bile salt synthesis via the classic pathway. 
End products of the classic pathway are cholate and chenodeoxycholate (human; see Figure 5) 
or cholate and muricholate in mice. Cholate synthesis involves a reaction mediated by 
12α-hydroxylase (Cyp8b1); the ratio between cholate and either chenodeoxycholate or 
muricholate is consequently determined by the activity of Cyp8b1 present in the liver. 

First step of the alternative pathway is the formation of 27-hydroxycholesterol by the 
enzyme sterol 27-hydroxylase (Cyp27).22 By-products of this step are other oxysterols, 
namely 24- and 25-hydroxycholesterol, which can also be used for bile salt synthesis.22 
Ultimately, chenodeoxycholate is the main end product of this pathway.  

Typically, bile salts are conjugated with either taurine or glycine before they are excreted 
to bile.23 During the enterohepatic circulation (see below), intestinal bacteria modify bile salt 
structures which yields secondary bile salts, e.g., lithocholate and deoxycholate.24 As about 
95 % of the bile salts re-enter the enterohepatic circulation, the bile salt pool of the body 
consists of a mixture of primary and secondary bile salts. 

 
 

HO

COOH

 HO

COOH

 
 

cholate 
 

chenodeoxycholate 
 

Figure 5: Structures of the major mammalian primary bile salt species cholate and chenodeoxy-
cholate. Muricholate replaces chenodeoxycholate in mice. Please note that they are readily 
conjugated with glycine or taurin. 
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Figure 6: Structures of the major plant sterols and stanols compared to cholesterol. Plant 
sterols differ from cholesterol by the structure of the side chain, namely the group attached at 
C24 and the number of double bonds. Stanols, in contrary to sterols, do not possess a C5-C6 
double bond. 

 

Plant sterols 
Plants produce a variety of different sterols. In parallel to the functions of other sterols in 
animals, plant sterols are membrane constituents25 as well as precursors for plant hormones 
and other secondary metabolites, i.e., substances interfering with pathogens and insects.26-28 
Sterol composition differs between species as well as between tissues and is furthermore 
influenced by developmental stage and environmental conditions. One prominent example is 
corn (Zea mays), in which 61 different sterols and related compound have been identified.29 

The most prevalent sterols in plants are the 24-ethylsterols ß-sitosterol and stigmasterol 
and the 24-methylsterols campesterol and 22-dihydrobrassicasterol.28 As demonstrated in 
Figure 6, these sterols differ only in the structure of their side chains. Cholesterol is also 
present in plants, usually in low concentrations. However, in some plant families and during 
some developmental stages, cholesterol can account for up to 70 % of total sterols.30,31 Most 
of the sterols are found with a free 3ß-hydroxyl group, but esterification with long-chain fatty 
acids or phenolic acids does occur.28 In addition to sterols, the corresponding stanols are 
present in plants, although in lower concentrations. Plant stanols differ from the 
corresponding sterols by a double bond between C5 and C6 (Figure 6).  
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On a Western-type diet, the dietary intake of plant sterols is in the same order of magnitude as 
that of cholesterol. In The Netherlands, for example, the median daily intake was 160, 26, 14, 
and 98 mg for cholesterol, campesterol, stigmasterol, and ß-sitosterol, respectively.32 

ATP-binding-cassette (ABC) transporters 

The plasma membrane forms a barrier between the cytosol and the extracellular space. There-
fore, mechanisms must exist to transport substances from one compartment to another, i.e., 
into the cell or out of the cell. In addition, transport systems are necessary to enable exchange 
between the cytosol and the cell organelles. ATP-binding-cassette (ABC) transporters are a 
large family of proteins which mediate transport of a wide variety of substrates across 
different cellular membranes (out of bacterial and eukaryotic cells), processes driven by the 
hydrolysis of ATP.33,34 

Most mammalian ABC transporters contain two ATP-binding and two transmembrane 
domains.33,35 In the ATP-binding domain the highly conserved Walker A and Walker B 
motifs are present which are involved in ATP binding and hydrolysis. The transmembrane 
domain is formed by 6 membrane-spanning α-helices. Some ABC-transporters contain only 
one ATP-binding site and one set of 6 transmembrane helices. They are therefore called “half-
transporters” and are considered to act as homodimers or as heterodimers with other half-
transporters.  

In the human genome, 48 ABC transporters have been identified up to now.33,36,37 They 
are classified in 7 groups (A-G) based on their structure and homology. In the following 
sections, the transporters of particular relevance for the studies described in this thesis will be 
discussed. 
 
The ABCA-family 
Out of the 12 members of the ABCA family, Abca1 has been studied in most detail (see 
Chimini et al.38 for review). It is expressed in a variety of different tissues, with high 
expression levels in hepatocytes, enterocytes and macrophages.39-41 Abca1 facilitates the 
efflux of phospholipids and cholesterol from cells to lipid poor, nascent HDL particles (pre-ß-
HDL) and is essential for the formation of HDL. It has been proposed that Abca1 primarily 
binds to and promotes phospholipid efflux to ApoA-I, secondarily followed by cholesterol.42  
Abca1 is localized at the basolateral membrane of polarized cells such as hepatocytes and 
enterocytes, with substantial amounts of the protein continuously en route between the cell 
surface and late endocytic vesicles.43,44 Recent data indicate that it may exert its function in 
the late endosomal compartment.45  Expression of Abca1 is regulated by nuclear receptors, 
particularly by LXR/RXR.46-48  
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Confirming its role in HDL formation, absence of functional ABCA1 protein due to mutations 
in the ABCA1 gene causes Tangier disease which is characterized by absence of HDL and 
accumulation of cholesteryl esters in various tissues.49-51 Interestingly, a spontaneously 
mutated Abca1 gene has been identified in chicken.52 In this thesis, a mouse model of Abca1-
deficiency was used to study the influence of HDL in reverse cholesterol transport 
(Chapter 2).19 Besides its role in HDL formation, Abca1 has functions in inflammatory 
processes, apoptosis38 and influences male fertility.53  
 
The ABCB-family 
Of the ABCB family, two members are of outstanding interest for the work described in this 
thesis, namely Mdr2/MDR3 (Abcb4) and Bsep (Abcb11). Both are almost exclusively 
expressed in the liver. 

Mdr2/Abcb4 P-glycoprotein (called MDR3/ABCB4 in humans) is present at the canalicu-
lar membrane of hepatocytes, where it is critically involved in secretion of 
phosphatidylcholine across the membrane into bile. The function of Mdr2 has been 
extensively studied in mice lacking a functional Mdr2 gene (Mdr2-/- mice).54 Mdr2-/- mice do 
not excrete phospholipid into bile, but bile salt secretion is normal.55 Biliary phospholipids 
protect the canalicular membrane against the deterging action of bile salts. Consequently, 
Mdr2-/- mice show severely damaged, inflamed bile ducts with portal fibrosis.54 As 
hepatobiliary cholesterol and phospholipid secretion are functionally coupled,56 cholesterol 
secretion is strongly impaired in mice lacking Mdr2. However, infusion with the hydrophobic 
bile salt taurodeoxycholate (TDCA) restores hepatobiliary cholesterol secretion without 
affecting that of phospholipids.57 As a human counterpart to the Mdr2-/- mouse model, MDR3 
deficiency has been found to lead to progressive familiar intrahepatic cholestasis (PFIC) 
type 3, a disease characterized by extensive liver damage and increased serum gamma-
glutamyltransferase activity. Patients with PFIC3 present with a liver histology very similar to 
that of the Mdr2-/- mice.58,59 

The bile salt export pump Bsep (also known as Abcb11 or Spgp) transports bile salts 
across the canalicular membrane.60,61 Bile salt secretion is the major driving force for bile 
formation. Therefore, absence of functionally active BSEP causes cholestasis (progressive 
familiar intrahepatic cholestasis (PFIC), type 2) in humans.62 Bsep expression is regulated via 
FXR/RXR, with chenodeoxycholic acid as the most effective agonist in vitro.63,64 In this way, 
rising concentrations of bile salts in the hepatocyte lead to increased Bsep expression which 
protects against accumulation of toxic bile salts inside the cell (discussed below).65 
 
The ABCG-family 
Members of the ABCG family are half-transporters which supposedly have to form dimers to 
become functionally active. Five human members of this family have been characterized so 
far, but 15 are known from Drosophila.36 In Drosophila, these half-transporters can form a 
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variety of heterodimers with each other, each with a different substrate specificity.66,67 In 
mammals, it is currently believed (although not proven) that Abcg5 and Abcg8 form a 
heterodimer, whereas the remaining ones form homodimers.  

Abcg2 (or Bcrp, breast cancer resistance protein), is expressed in the intestine, liver, 
placenta, and in epithelial cells68 and in a variety of stem cells.69 It has been shown to 
transport chlorophyll-catabolites,70 metabolites of heme synthesis pathway71 as well as 
amphipatic drugs.72 Its physiological function appears to be protection against accumulation 
of toxic hydrophobic compounds, for example porphyrin derivatives from the diet 
(chlorophyll-catabolites) or by-products of heme synthesis.73 

The genes for Abcg5 and Abcg8 are situated in a head-to-head configuration close to each 
other, in humans on chromosome 2p21 and separated by 384 base pairs.74 They are highly 
expressed in the intestine and the liver. Mutations in either one of them cause sitosterolemia, 
an inborn error of metabolism characterized by accumulation of plant sterols in the body.75-77 

A naturally occurring mutation in Abcg5, associated with increase plant sterol absorption, has 
also been described in rats (Wistar Kyoto inbred, spontaneously hypertensive rat, and stroke-
prone spontaneously hypertensive rat).78 Therefore, Abcg5/Abcg8 are thought to limit plant 
sterol absorption in the intestine and facilitate biliary excretion of plant sterols by the hepato-
cyte.76,79 Overexpression of Abcg5 and Abcg8 in transgenic mice leads to reduced absorption 
of cholesterol in the intestine and to an increased delivery of cholesterol into bile, which indi-
cates that also cholesterol is a substrate of the Abcg5/Abcg8 heterodimer.80 Expression of 
Abcg5 and Abcg8 is increased upon the activation of LXR19,81 and possibly also by liver 
receptor homolog-1 (LRH-1).82 Mice lacking either Abcg5,83 Abcg8,84 or both Abcg5 and 
Abcg885 do not show the same phenotype in all physiological aspects, leaving some space for 
discussion about their mode of action. 

Finally, the Abcg1 protein is highly expressed in macrophages and has been hypothesized 
to be involved in cholesterol efflux.86 Abcg1 is an LXR target gene.87 However, no clear 
physiological role for Abcg1 could be established so far.88 The same holds true for Abcg4, the 
closest relative of Abcg1, which is highly expressed in the brain and the eye.89 In a very 
recent paper, elegant in vitro studies were performed in which cells were transiently 
transfected with cDNAs encoding all known murine Abcg-half-transporters and combinations 
hereof.90 Abca1 was used for comparison. It could be demonstrated that cells expressing 
Abcg1 or Abcg4 were able to transfer cholesterol and phospholipids to mature HDL-2 and 
HDL-3, but not to ApoA-1. In contrast, cells transfected with Abca1 transferred cholesterol to 
ApoA-1, but not to mature HDL. This is a strong indication that in macrophages Abca1 is 
responsible for lipidation of lipid-poor pre-ß-HDL, whereas Abcg1 is involved in the lipid-
transfer to mature HDL. Abcg4 is hardly expressed in macrophages, but it may have an 
analogous function in the brain.89 Nonetheless, additional (in vivo) studies are required to 
confirm these results. 
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Molecular regulation of cholesterol metabolism by nuclear 
receptors 

The prototype of a nuclear receptor, the estrogen receptor, has been known for a long time in 
physiology and has been cloned almost 20 years ago.91 Based on homology of nucleic acid 
sequences, many other putative nuclear receptors were subsequently discovered without 
information about their physiological ligands and, hence, their functions. Therefore, these 
were named orphan nuclear receptors. During the last decade, physiological ligands have 
been discovered for many of these orphans; many of them were found to be or be derived 
from diet constituents, particularly members of the various lipid classes.92 

At present, 49 nuclear receptors have been identified in the human genome (see Francis et 
al. for review.93 They are characterized by a central, highly conserved DNA-binding domain 
(DBD) which specifically targets the corresponding response element (RE), a short 
recognition sequence of DNA in promoters of genes. The C-terminus of the nuclear receptor 
is responsible for ligand-binding and for dimerization (ligand-binding domain, LBD), 
whereas the ligand-independent activation function 1 (AF-1) domain at the N-terminus 
coordinates the action of co-repressors and co-activators. Nomenclature of nuclear receptors 
follows an internationally accepted system.94 A schematic overview of the classes of nuclear 
receptors is presented in Figure 7. 
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Figure 7: Schematic struc-
ture of a nuclear receptor.  

Above: Organization of a 
nuclear receptor.  
AF, activation function 
DBD, DNA-binding domain 
LBD, lipid-binding domain  
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and DNA-binding of nuclear 
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Inactivated nuclear receptors generally are bound to co-repressors.93 Upon ligand-binding, 
they undergo a conformational change which leads to dissociation of the co-repressor, asso-
ciation of co-activators, and often dimerization with a partner, binding to a promoter site, ulti-
mately resulting in transcription of the target gene. Most nuclear receptors are active as 
homodimers or heterodimers, a minority acts as monomer. Steroid hormones receptors, for 
example, form homodimers. Conversely, most of the receptors discussed below 
heterodimerize with the retinoid X-receptor RXR.95,96 
 
The liver-X-receptor LXR 
The major player in regulation of cholesterol homeostasis is the liver-X-receptor LXR. Two 
LXR genes are known, i.e., LXRα (NR1H3), which is highly expressed in the liver, and 
LXRß (NR1H2) with a more ubiquitous distribution.97-100 From these two, LXRα has been 
studied in most detail. Physiological ligands of LXR are oxysterols, oxidized cholesterol 
derivatives, 24(S),25-epoxycholesterol being the most potent one, and 6α-hydroxy bile 
salts.98,101 Oxysterols are formed as by-products during cholesterol synthesis as well as by 
oxidation of dietary cholesterol.  

The LXR system provides a means for cells to “measure” intracellular cholesterol 
concentrations. If LXR gets activated, the LXR/RXR heterodimer induces transcription of 
genes involved in cholesterol disposal from cells. Well-known target genes of LXR are 
Cyp7a1102 (leading to increased catabolism of cholesterol to bile acids), Srebp-1c103 (resulting 
in increased lipogenesis) and the ABC-transporters Abca1, Abcg1, Abcg5 and Abcg8 (leading 
to increased removal out of the cell).47,81,87,104 Activation of LXR by synthetic ligands also 
leads to increased lipogenesis and to production of large, triglyceride-rich Very-Low-Density-
Lipoprotein particles.105,106 Research described in this thesis makes use of two synthetic, non-
steroidal LXR agonists which are highly effective in activating LXR: T0901317 and GW3965 
(Figure 8).48,107 
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Figure 8: Structures of the synthetic LXR agonists T0901317 and GW3965. 
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The farnesoid-X-receptor FXR 
The farnesoid-X-receptor FXR (NR1H4) forms heterodimers with RXR upon its binding to 
bile salts, thereby sensing the level of bile salts inside the cell. FXR is expressed at high levels 
in the liver and intestine, organs that are normally exposed to bile salts, as well as in the 
kidney and adrenal cortex.108 In mice, bile salt synthesis is repressed upon binding of cholate 
to FXR.109 Upon activation, FXR reduces the expression of Cyp7a1 and Cyp8b1, therefore 
limiting bile salt synthesis110,111 and increases the expression of the bile salt exporter Bsep in 
hepatocytes.63 Moreover, it enhances the expression of the short heterodimer partner (Shp)110 
which in turn represses the expression of the Na/taurocholate co-transporting polypeptide 
(Ntcp). Ntcp is the transport protein responsible for uptake of bile salts from the blood com-
partment.65 Taken together, FXR thereby protects the hepatocyte against the toxic effects of 
bile salts by reducing their synthesis and uptake and increasing their excretion. Interestingly, 
the active compound of a traditional Indian medicine, guggulsterone, which is used to lower 
serum LDL and triglyceride levels, has been shown to act as an FXR antagonist.112 It is 
suggested that, by inhibition of the suppressive effect of FXR on bile salt synthesis, guggul-
sterone stimulates the conversion of cholesterol to bile salts, which results in the cholesterol-
lowering effects. 
 
The peroxisome proliferator-activated receptors PPAR 
Three mammalian peroxisome proliferator-activated receptors are known: PPARα (NR1C1), 
PPARγ (NR1C2) and PPARδ (NR1C3, also named PPARß). They are all activated by poly-
unsaturated fatty acids, eicosanoids, and a variety of synthetic ligands (see Willson et al.113 
for review). Activated PPARs do heterodimerize with RXR prior to binding to promoter sites 
in target genes. 

PPARα is mainly expressed in the liver, followed by heart and muscle. It is responsible 
for the major metabolic adaptation to fasting. During fasting, free fatty acids, released from 
adipose tissue, activate PPARα and thereby initiate transcription of genes responsible for 
hepatic fatty acid oxidation. Consequently, the liver starts to metabolize fatty acids and to 
produce keton bodies, providing energy for the periphery.114Well-characterized, synthetic 
ligands for PPARα are the fibrates: their lipid-lowering effects are based on the PPARα-
mediated metabolic shift towards fatty acid utilization.115 

The ubiquitously expressed PPARδ (PPARß) has several functions; besides its role in 
lipid metabolism, it is indispensable during ontogenesis and involved in inflammation 
processes.116 Activation by synthetic ligands results in decreased plasma triglycerides and 
increased HDL, which mirrors its stimulating effect on fatty acid oxidation in various tissues. 
Moreover, synthetic PPARδ agonist lead to upregulation of Abca1 in macrophages and other 
peripheral cells and thereby enhances reverse cholesterol transport.117 
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PPARγ is predominantly expressed in adipose tissue and of crucial importance for the 
differentiation to adipocytes.118 In adipocytes, it is involved in the regulation of a wide variety 
of genes, many of them encoding for lipogenic genes. Based on these effects in adipocytes, 
PPARγ enhances fat storage. Furthermore, PPARγ activation increases insulin sensitivity: 
thiazolidinediones (TZDs), drugs widely used in diabetic patients, are synthetic ligands for 
PPARγ (see ref. 119 for review). 
 
The liver receptor homolog 1  LRH-1 
The liver receptor homolog 1 (LRH-1, NR5A2) does not form heterodimers with RXR, but 
binds to DNA as a monomer. It is expressed mainly in the liver, intestine, exocrine pancreas, 
and ovary. LRH-1 does not require a ligand but is constitutively active (see Fayard et al.120 for 
review). Its expression starts already early during ontogenesis and LRH-1 knockout mice die 
around day 7 of embryonic development.  Besides its important role in development, it is 
becoming more and more clear that LRH-1 is also a mayor player in the regulation of chole-
sterol metabolism. Main targets of LRH-1 are Cyp7a1, alpha1-fetoprotein, multidrug 
resistance protein 3 (Mrp3), cholesteryl ester transfer protein (CTEP) and others.  Recently, a 
LHR-1 binding motif was identified in the intergenic promoter of Abcg5/Abcg8 which under-
lines the importance of LRH-1 in the regulation of cholesterol absorption and hepatobiliary 
cholesterol excretion.82 

 

Other transcription factors involved in the regulation of 
cholesterol metabolism 

Sterol regulatory element-binding proteins  SREBP 
The sterol regulatory element-binding proteins (SREBP) are transcription factors - not 
belonging to the nuclear receptor superfamily - which are heavily involved in the regulation 
of lipid homeostasis. Three SREBP isoforms are known, i.e., SREBP-1A, SREBP-1C, and 
SREBP-2, all expressed in the liver. SREBP-1A and 1C are derived from a single gene. 
SREBPs contain basic helix-loop-helix-zip domains.121 The SREBPs are integral membrane 
proteins of the ER and the nuclear envelope. When cells are depleted from cholesterol, 
SREBPs are proteolytically cleaved in a two-step process and escorted to the nucleus.122,123 
Cleavage of the SREBPs is controlled by the SREBP cleavage-activating protein (SCAP), a 
protein that is regulated by the level of sterols present.124 Target genes activated by SREBP-2 
are mainly genes involved in cholesterol synthesis, e.g., HMG-CoA reductase, whereas those 
of SREBP-1c are mainly involved in fatty acid synthesis (e.g., fatty acid synthase). SREBP-1a 
activates genes in both categories (see Horton et al.125 for review). 
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Cholesterol trafficking in the body 

Cholesterol is of crucial importance for all cells in the body, but dietary intake and cellular 
demands widely vary, e.g., during development and different nutritional states. Therefore, 
considerable quantities of cholesterol are circulating in the body at all times to provide a 
steady supply to cells.126 It should be noted, however, that the brain is independent from this 
supply but relies on de novo synthesis.2 The liver plays a central role in the distribution of 
cholesterol and several distinct pathways can be distinguished: Flux from the liver to the 
periphery; flux from the periphery to the liver; flux from the intestine to the liver; 
hepatobiliary excretion (see Fig. 9). Consequently, cholesterol flow within hepatocytes, 
enterocytes, and peripheral cells as well as the transport routes in between various organs 
need to be discussed. 
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Figure 9: Schematic overview of the major routes of cholesterol in the human body.  

Chol, cholesterol; HDL, high-density-lipoprotein; IDL, intermediate-density-lipoprotein; 
LDL, low-density-lipoprotein; ps, plant sterols; VLDL, very-low-density-lipoprotein. 
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Cholesterol flux in the enterocyte 
About 50 % of dietary cholesterol is absorbed in the small intestine, with large individual 
variations (Fig. 10). In contrast, only small amounts of plant sterols are absorbed.127,128 It has 
long been controversially discussed whether a protein is necessarily involved in intestinal 
cholesterol uptake. Recently, it was demonstrated that the Niemann-Pick C1-like protein 1 
(Npc1l1) is of crucial importance for cholesterol absorption. In Npc1l1 knockout mice, 
fractional cholesterol absorption is reduced from 51 to 16 %.129 In parallel, plant sterol 
absorption is also reduced, indicating that Npc1l1 does not discriminate plant sterols from 
cholesterol, which points at downstream events as the main “discriminator” for plant sterol 
absorption.130 Npc1l1 is likely the target of the new cholesterol absorption inhibitor ezetimibe. 
However, no direct interaction of ezetimibe to Npc1l1 has been demonstrated so far.129 
Ezetimibe has also been shown to target a complex formed from annexin 2 and caveolin 1 in 
enterocytes.131 The relationship between the annexin 2-caveolin 1 route and Npc1l1 needs 
further investigation. 
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Figure 10: Schematic overview of the major routes of cholesterol in enterocytes.  

Abca1, Abcg5, Abcg8, Abc-transporter a1, g5, g8; Acat, acyl-coenzyme A:cholesterol 
acyltransferase; Anx2/Cav1, annexin 2/caveolin 1; CE, cholesteryl ester; chol, cholesterol; 
HDL, high-density-lipoprotein; LDL, low-density-lipoprotein; LDLr, LDL receptor; Lrp, LDL-
receptor related protein; Npc1l1, Niemann-Pick C1-like protein 1; ps, plant sterols; Srbi, 
scavenger receptor BI. 
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After uptake by the enterocyte, cholesterol is mainly esterified at C3 with fatty acids to form 
cholesteryl ester, a reaction catalyzed by acyl-coenzyme A:cholesterol acyltransferase 2 
(Acat2).132 Plant sterols are poor substrates for Acat2, thus the majority remains unesterified; 
this reflects a main difference between plant sterols and cholesterol for all reactions taking 
place in the enterocyte.133,134 Cholesteryl esters can subsequently be secreted to the lymph 
after their packaging into chylomicrons and ultimately reach the liver (see below). The 
unesterified plant sterols are excreted back to the intestinal lumen, a process which is 
facilitated by the ABC-half transporters Abcg5 and Abcg8.76,79 In addition, overexpression of 
Abcg5 and Abcg8 enhances excretion of cholesterol to the intestinal lumen and thereby limits 
net cholesterol absorption under these peculiar circumstances.80,81,83 

Abca1 and ApoA-I are also expressed in enterocytes.40,135 Hence, enterocytes are, in this 
respect, peripheral cells which can form HDL by transferring cholesterol (and possibly plant 
sterols) to lipid poor pre-ß-HDL. Abca1-/- mice do not show overtly reduced cholesterol 
absorption, which indicates that this process is probably less important for cholesterol absorp-
tion than chylomicron formation.19,136,137 

In two studies (Chapters 2 and 5) described in this thesis, we demonstrate that the entero-
cyte under certain circumstances can transport cholesterol from the plasma compartment to 
the intestinal lumen. The last step, excretion to the lumen, can be explained by the action of 
Abcg5/Abcg8.76,79 For this to happen, the enterocyte must be able to take up cholesterol from 
the plasma compartment. The LDL receptor has been shown to be expressed in enterocytes,135 
which makes receptor-mediated endocytosis a possible route. In addition, scavenger 
receptors, e.g., SR-BI or CD36, are also potential candidates, but further study is needed to 
unravel the molecular mechanism behind this process. 

 

Transport in the lymph: chylomicrons 
The main excretory pathway of absorbed cholesterol from the enterocyte is provided by the 
chylomicrons (see ref. 138 for review). Chylomicrons are large, triglyceride-rich particles. 
The core of triglycerides and cholesteryl esters is surrounded by a phospholipid monolayer 
which also contains unesterified cholesterol and apolipoproteins (apoB48, apoA-I, apo A-IV). 
Chylomicrons are secreted into the lymph. When they reach the blood compartment, 
additional apolipoproteins are added (apoE, apoC-1, C-2, C-3) and the triglycerides are 
hydrolyzed by lipoprotein lipase to yield free fatty acids. Fatty acids are taken up by 
peripheral tissues (e.g., muscle, adipose tissue) and some cholesterol ester is gained from 
HDL in exchange for triglycerides. In humans, this transport is mediated by the cholesteryl 
ester transfer protein (CETP).139,140 The cholesterol-enriched chylomicron remnants are 
cleared by the liver, a process mediated by binding of apoE to the LDL-receptor (LDLR) or 
the LDL-receptor related protein (LRP).141-143 Thus, virtually all cholesterol that is taken up 
from the intestine finally ends up in the liver. 
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Cholesterol flux in the hepatocyte 
The liver is the central organ for cholesterol homeostasis and therefore the point of 
intersection of its various metabolic pathways (Fig. 11). The liver takes up cholesterol and 
cholesteryl esters from chylomicron remnants, IDL and LDL by receptor-mediated 
endocytosis by both the LDL-receptor and the LDL-receptor related protein.141-143 The 
scavenger receptor SR-BI is responsible for the selective uptake of cholesterol from HDL 
particles without internalization of the complete particle (see ref. 144 for review). Moreover, a 
considerable amount of cholesterol synthesis takes place in the liver of most mammals. This 
cholesterol also has to be distributed to the target organs. 

Inside the hepatocyte, cholesterol can be stored as cholesteryl ester after esterification by 
acyl-coenzyme A:cholesterol acyltransferase (Acat), secreted into bile as unesterified chole-
sterol, secreted into the blood stream - either as cholesteryl ester or as unesterified cholesterol 
- via the VLDL or HDL route, or be converted to bile salts and undergo hepatobiliary secre-
tion. Two genes encoding Acat enzymes exist in mammals which differ in tissue distribution 
(see Cheng et al.132 for review). In humans, ACAT1 is expressed in macrophages and hepato-
cytes (amongst other tissues), whereas ACAT2 is predominantly expressed in enterocytes. In 

 

HDL

chylomicron
remnants

IDL

LDL

chol
Abca1

VLDL

cholesteryl ester

Acat       nCEH

de novo
synthesis

bile salts

Bsep

bileblood

phospho-
lipids

(from intestine)  

Figure 11: Schematic overview of the major routes of cholesterol in hepatocytes. 

Abca1, Abcg5, Abcg8, Abc-transporter a1, g5, g8; Acat, acyl-coenzyme A:cholesterol 
acyltransferase; Bsep, bile salt export pump; chol, cholesterol; HDL, high-density-lipoprotein; 
IDL, intermediate-density-lipoprotein; LDL, low-density-lipoprotein; LDLr, LDL receptor; Lrp, 
LDL-receptor related protein; Mdr2, multidrug resistance P-glycoprotein 2; nCEH, neutral 
cholesteryl ester hydrolase; Npc1, Niemann-Pick C1 protein; Scp2, sterol carrier protein 2; 
Srbi, scavenger receptor BI; VLDL, very-low-density-lipoprotein.  
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mice, Acat2 is also highly expressed in the liver. Acat enzymes are crucial for storage of 
cholesterol as cholesterol ester. Re-mobilization of cholesterol requires hydrolysis by neutral 
cholesteryl ester hydrolase (nCEH).  

Excretion to the systemic circulation of both cholesterol and cholesteryl esters occurs via 
two apolipoprotein-dependent routes: The VLDL pathway (see below) and the HDL pathway 
(see above). Also the synthesis of bile salts from cholesterol is discussed separately (see 
above). Bile formation and biliary excretion of bile salts and cholesterol is described below. 

The intracellular routing of cholesterol in hepatocytes is poorly understood. However, 
some pathways putatively involved in intracellular routing have recently been deciphered (see 
ref. 145 for review). Studies in knockout- and transgenic mice indicate that, for example, the 
Niemann-Pick-C1 protein (Npc1)146 and sterol carrier protein 1 (Scp2)147 are involved in 
shuttling of cholesterol from the basolateral to the canalicular side of hepatocytes. Also the 
mRNA for the recently discovered intestinal cholesterol-uptake protein, Npc1l1,129 is present 
in mouse liver, although at low concentrations. It is slightly upregulated in Abcg5-/- mice 
(unpublished results, see Chapter 4), a finding which cannot be interpreted without more 
detailed knowledge on its function in the liver. 
 
Bile formation and enterohepatic circulation 
Bile salt secretion is the major driving force for bile flow. Hepatocytes excrete bile salts to 
bile predominantly via the bile salt export pump (Bsep/Abcb11).61 Water is passively 
following the osmotic gradient, a process which is most important for the generation of bile 
flow. Phospholipid and cholesterol excretion have been demonstrated to be coupled.56 
Phospholipids are translocated to bile by Mdr2/MDR3 (Abcb4), a process which can be 
stimulated by raising the bile salt flux through the hepatocyte.54,57 The Abcg5/Abcg8 half 
transporters are involved in transport of cholesterol to bile; however, it is currently unknown 
what precisely they do. Overexpression of Abcg5/Abcg8 by pharmacological means,19,81 
recombinant viral vectors148 or in transgenic animals80 leads to increased hepatobiliary sterol 
excretion. Knocking out both genes simultaneously virtually abolishes hepatobiliary 
cholesterol excretion,85 and a strong correlation has been demonstrated between 
Abcg5/Abcg8 expression level and hepatobiliary cholesterol excretion rates in various animal 
models.149 However, knocking out either one of the two genes does not give the results to be 
anticipated on the commonly accepted heterodimer model of Abcg5/abcg8 protein 
function.83-85 

In the intestinal tract, both bile salts and cholesterol may undergo bacterial trans-
formation.24 Bacterial cholesterol metabolites are excreted with the feces. In contrast, 
cholesterol and bile salts (both primary and secondary) are, for a substantial part, taken up in 
the intestine and therefore re-enter the body. This cycling is referred to as enterohepatic 
circulation. 
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Transport to the periphery: VLDL/IDL/LDL 
The Very-Low-Density-Lipoprotein (VLDL) particle is, in quantitative terms, probably the 
major shuttle for cholesterol from the liver to peripheral tissues. It is formed in the hepatocyte 
by lipidation of apoB100, a process mediated by the microsomal triacylglycerol transfer 
protein (MTP), and subsequent fusion with lipid particles. In detail, the newly formed apoB 
protein is translocated via the membrane of the endoplasmic reticulum. During translocation, 
apoB100 is folded and lipidated with phospholipids and some triglycerides by the action of 
MTP. Subsequently, it gathers lipid droplets present in the endoplasmic reticulum and/or the 
Golgi compartment and thereby collect the majority of its lipids. At the end, it consists of a 
cholesteryl ester/triglyceride core, surrounded by a phospholipid/cholesterol layer which is 
stabilized by a single apoB100 molecule (see ref. 150 for review). 

Upon entering the blood, apoE and apoC-1, C-2, C-3 are added to the VLDL particle. 
Hydrolysis of triglycerides by LPL (as for chylomicrons) leads to formation of Intermediate-
Density-Lipoprotein (IDL). IDL can be further hydrolyzed to Low-density-Lipoprotein (LDL) 
or be cleared by the liver. LDL is finally taken up by the liver or by peripheral cells, including 
macrophages, mediated by the LDL-receptor.141 
 

Cholesterol flux in the peripheral cell 

Peripheral cells, in contrast to hepatocytes and enterocytes, are limited in the number of 
cholesterol excretion pathways: they can only excrete cholesterol to the blood stream or 
lymph. The HDL-mediated transport of cholesterol from the periphery to the liver is usually 
referred to as reverse cholesterol transport (RCT) as described below in more detail. As the 
first step of reverse cholesterol transport, cholesterol and phospholipids are transferred to 
lipid-poor HDL particles via the action of Abca1.42 This process is enhanced upon LXR 
activation (see above), thereby increasing removal of cholesterol from the cell.46-48 

A second, Abca1-independent has recently been proposed: Abcg1, at least in macro-
phages, is thought to transfer cholesterol and phospholipids to mature HDL particles.90 As the 
majority of plasma HDL is in the form of mature HDL, this would be an important new route 
for cholesterol disposal. Furthermore, Abcg4 could play an analogous role in the brain where 
it is highly expressed.89 

Uptake of cholesterol and cholesterol esters in peripheral tissues is mediated by both the 
LDL receptor and scavenger receptors.141,144 As exemplified above for the hepatocyte, Acat 
and CEH are involved in synthesis of cholesteryl esters for storage and hydrolysis for 
mobilization, respectively.132 
 

Reverse cholesterol transport and HDL 

The retrograde flux of cholesterol from peripheral cells to the liver (followed by fecal 
excretion), is called reverse cholesterol transport or centripetal cholesterol flux.17,151,152    
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HDL is formed by transfer of cholesterol and phospholipid to lipid poor HDL particles (pre-ß- 
HDL) mediated by Abca1 (see Attie et al. 153 for review). ApoA-I is the most prominent 
protein component of HDL. Cholesterol in the HDL particle is esterified by the action of 
lecithin:cholesterol acyltransferase (LCAT), resulting in cholesteryl ester-rich, mature HDL 
particles. In humans, cholesteryl esters are transferred to triglyceride-rich particles, e.g., LDL 
particles, in a process mediated by CETP. In exchange, the HDL particle receives 
triglycerides which are subsequently hydrolyzed. In this way, a cholesterol-poor particle is 
regenerated which can function as a cholesterol acceptor in the periphery again.139,140 An 
alternative fate for the mature HDL particle is binding to scavenger receptor BI (SR-BI) at the 
membrane of the target cell, followed by transfer of cholesterol and cholesteryl esters to the 
accepting plasma membrane by selective uptake.154  

Removal of cholesterol from macrophages is considered to be beneficial against the 
development of lipid-loaded foam cells, the precursor of atherosclerotic lesions. Nevertheless, 
the contribution of macrophages to overall HDL formation is quantitatively a minor one.155 
The two components necessary for HDL formation, apoA-I and Abca1, are present in many 
different tissues, furthermore is a large pool of pre-ß- HDL particles available which is 
continuously secreted by the liver.156 Hence, also hepatocytes and enterocytes contribute to 
overall HDL formation. The level of HDL is not limiting for reverse cholesterol transport in 
vivo (e.g., refs. 17-19). 

Outline and aim 

Cholesterol is of crucial importance for a variety of physiological functions in mammals, i.e., 
as a membrane constituent and as a precursor of bile salts and steroid hormones. However, 
one of its most prominent properties, its hydrophobicity, also makes its handling and 
metabolism difficult in the aqueous environment of the cell and establishes its role as a 
potential threat for health. Consequently, the level of cholesterol in the cell, determined by 
cholesterol synthesis, uptake and disposal, is subject of stringent regulatory mechanisms. 
Subsequently, these processes determine the level of the various cholesterol-containing 
lipoproteins in plasma and thus the risk for developing atherosclerosis. 

For many decades, investigations focused on the way cholesterol is synthesized, transpor-
ted in the blood, and converted to bile acids and other metabolites. Moreover, the involvement 
of transport proteins - and particularly ABC-transporters – in excreting cholesterol or bile 
salts from cells was of major interest, together with the various mechanisms of how cells can 
take them up again. During the last couple of years, it became evident that lipids or lipid 
derivatives may act as ligands for nuclear receptors and thereby have a large impact on the 
regulation of gene expression. A bouquet of synthetic and (putatively) physiological ligands 
has been described for many of these nuclear receptors, together with the evaluation of their 
stimulatory or inhibitory effects on gene expression.  
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The availability of agonist and antagonist of nuclear receptors involved in the regulation of 
lipid metabolism, in parallel with the construction of knockout mouse models for both nuclear 
receptors and (ABC)-transporters, stimulated – or even provoked – research on their inter-
actions in vivo. Thus, aim of the research described in this thesis was to unravel the function 
of transport proteins potentially involved in cholesterol transport, their molecular regulation 
by nuclear receptors, particularly by LXR, and their physiological significance.  

Abca1, the “Tangier disease protein”, is responsible for the formation of HDL. Activation 
of LXR leads to increased expression of Abca1, which in turn increases plasma HDL chole-
sterol levels in various animal models. Accordingly, Abca1-/- mice do not possess HDL. HDL 
is generally considered the “big player” in reverse cholesterol transport and the major source 
for biliary cholesterol. In Chapter 2, we treated wild type and Abca1-/- mice with the synthetic 
LXR agonist T0901317 and studied its influence on hepatobiliary and fecal cholesterol 
excretion. 

Two other targets of LXR are the half transporters Abcg5 and Abcg8. They putatively act 
as heterodimers to limit plant sterol absorption in the intestine and to excrete sterols from the 
hepatocyte to bile. Mutations in either one of them lead to accumulation of plant sterols in 
humans, a disease called sitosterolemia. We studied sterol metabolism in mice lacking 
functional Abcg5 (Abcg5-/- mice). Focus of the research described here was the function of 
Abcg5 in sterol absorption (Chapter 3) and sterol excretion (Chapter 4). 

Classically, hepatobiliary excretion is considered as the most important route of 
cholesterol disposal for the body. In two LXR-activated models, however, we calculated that 
also the enterocyte significantly contributes to the cholesterol found in the feces. As this was 
only indirect evidence, we examined a model where hepatobiliary cholesterol excretion is 
absent, the Mdr2-/- mouse. Mdr2-/- mice do not excrete phospholipids nor cholesterol to bile. 
Consequently, all cholesterol found in the feces must be derived from the diet or from 
enterocytes. To evaluate this process, Mdr2-/- mice were treated with the LXR agonist 
GW3965 and transport of radio-labeled cholesterol from the plasma compartment to the feces 
was studied (Chapter 5). 

Under pathophysiological conditions, hepatobiliary cholesterol excretion may be 
disturbed. This was found to be the case in the rare inherited disease erythropietic 
protoporphyria (EPP), which is a disorder of heme synthesis. In a mouse model of EPP, we 
describe the presence of an atypical lipoprotein, lipoprotein X (LP-X), in plasma (Chapter 6). 
We speculate that LP-X originates from bile-destined lipids which are secreted in a retrograde 
way. 

The current knowledge on the involvement of ABC-transporters in cholesterol transport, 
both in the intestine and in the liver, is summarized in Chapter 7. Finally, the results obtained 
in this thesis are discussed and a perspective for future projects is presented. 
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Summary 

The ATP-binding cassette transporter Abca1 is essential for HDL formation and considered 
rate-controlling for reverse cholesterol transport. Expression of the Abca1 gene is under con-
trol of the liver X-receptor (LXR). We have evaluated effects of LXR activation by the 
synthetic agonist T0901317 on hepatic and intestinal cholesterol metabolism in C57BL/6J and 
DBA/1 wild-type mice and in Abca1-deficient DBA/1 mice. In wild-type mice, T0901317 
increased expression of Abca1 in liver and intestine which was associated with a ~60% rise of 
HDL. Biliary cholesterol excretion rose 2.7-fold upon treatment and fecal neutral sterol output 
was increased by 150-300%. Plasma cholesterol levels also increased in treated Abca1-/- mice 
(+120%), but exclusively in VLDL-sized lipoprotein fractions. Despite the absence of HDL, 
hepatobiliary cholesterol output was stimulated upon LXR-activation in Abca1-/- mice, 
leading to 250% increase in biliary cholesterol:phospholipid ratio. Most importantly, fecal 
neutral sterol loss was induced to a similar extent (+300%) by the LXR agonist in DBA/1 
wild-type and Abca1-/- mice. Expression of Abcg5 and Abcg8, recently implicated in biliary 
excretion of cholesterol and its intestinal absorption, was induced in T0901317-treated mice. 
Thus, activation of LXR in mice leads to enhanced hepatobiliary cholesterol secretion and 
fecal neutral sterol loss independent from (Abca1-mediated) elevation of HDL and the 
presence of Abca1 in liver and intestine. 
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Introduction 

Reverse cholesterol transport (RCT) or centripetal cholesterol flux is a key process in main-
tenance of whole body cholesterol homeostasis.1-6 RCT involves efflux of excess cholesterol 
from peripheral cells towards nascent HDL, its transport to the liver followed by hepatic 
uptake mediated by scavenger receptor class B type I (SR-BI), biliary secretion in the form of 
cholesterol or bile salt, and finally disposal into feces. HDL-mediated RCT is generally 
assumed to underlie the well-known epidemiological relationship between high HDL-
cholesterol levels and low risk for development of atherosclerosis. 

Efflux of cholesterol from peripheral cells, including macrophages in the vessel wall, is 
now known to be mediated in part by the ATP-binding cassette (ABC-) transporter Abca1.7-10 
Abca1 mRNA is widely distributed throughout the body, with high expression levels in 
macrophages, hepatocytes, and enterocytes.11,12 This distribution pattern has recently been 
confirmed for the Abca1 protein.13 The role of Abca1 in hepatocytes is currently unknown but 
may involve formation of pre-β-HDL particles.14 In the intestine, Abca1 has been suggested 
to be involved in cholesterol efflux from enterocytes into the lumen, thereby regulating the 
efficiency of intestinal cholesterol absorption. 15, 16 

HDL is considered a major source for bile-destined cholesterol and phospholipid.17,18  
Yet, we have recently demonstrated that, despite absence of HDL, hepatobiliary cholesterol 
flux and fecal sterol excretion are not affected in Abca1 knockout mice.19 Our results thus 
questioned whether Abca1 has indeed an important role in control of mass cholesterol 
transport from the periphery to the liver and suggest that its major peripheral function is 
removal of excess cholesterol from macrophages. Haghpassand et al.20 showed convincingly 
that efflux from macrophages constitutes only a small fraction of HDL cholesterol. 

Several genes involved in control of cholesterol metabolism, including Abca1, are 
transcriptionally regulated by the liver X-receptor (LXR).21-24 Two LXR isoforms have been 
identified, LXRalpha (NR1H3) and LXRbeta (NR1H2).25,26 Upon stimulation by oxysterols, 
activated LXR forms a heterodimer with the retinoid X-receptor (RXR, NR2B1), binds to 
DNA and influences gene expression. It has been proposed that a high dietary cholesterol 
intake, via subsequent formation of oxysterols, activates LXR which, in turn, induces expres-
sion of genes involved in cholesterol disposal.27,28 Because of its prominent position in 
controlling cholesterol homeostasis, pharmacological activation of LXR is considered a 
promising approach to raise HDL, improve RCT and thereby prevent the development of 
atherosclerosis. Treatment of rodents with LXR (or RXR) agonists indeed results in elevation 
of plasma HDL levels29,30 and reduced intestinal cholesterol absorption.23  

In this study, we have investigated the role of Abca1 in LXR-controlled pathways of 
hepatobiliary and fecal cholesterol output in mice. For this purpose, wild-type mice and 
Abca1-deficient mice31 were treated with the synthetic LXR agonist T0901317.23,29 
Surprisingly, both T0901317-treated Abca1-/- and wild-type mice showed similarly increased 
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rates of hepatobiliary cholesterol output and increased fecal sterol loss, independent from 
(Abca1-mediated) elevation of plasma HDL levels and the (putative) role of Abca1 in 
intestinal cholesterol absorption.  

Materials and Methods 

Animals 
Male C57BL/6J mice, 2-3 months old, were purchased from Harlan (Horst, The Netherlands). 
Abca1-/- mice with a DBA/1 background, 6-8 months old, and age-matched DBA/1 wild-type 
mice were obtained from IFFA Credo (Saint-Germain-sur-L’Arbresle, France). Because of 
the limited supply of homozygous knockout mice, both male and female mice were used in 
these experiments. Animals received standard mouse chow (Hope Farms BV, Woerden, The 
Netherlands) and water ad libitum. Experimental procedures were approved by the local 
Ethical Committee for Animal Experiments. 
 
Experimental procedures 
The synthetic LXR-agonist T0901317, kindly provided by Organon BV (Oss, The Nether-
lands), was solubilized in DMSO. This solution was diluted 1:1 with cremophor, and further 
diluted 1:9 with mannitol/water (5%). Animals received 20 µmol/kg T0901317 per day by 
gavage at 4 PM. Control groups were treated with the solvent only. All animals were housed 
separately and feces of individual mice were collected from day 4 to day 5. At day 5, mice 
were anaesthetized by intraperitoneal injection with Hypnorm (fentanyl/fluanisone, 1 ml/kg) 
and Diazepam (10 mg/kg). Bile was collected for thirty minutes by cannulation of the gall-
bladder. During bile collection, body temperature was stabilized using an humidified incuba-
tor. At the end of the collection period, animals were killed by cardiac puncture. Blood was 
collected in EDTA-containing tubes. Livers were excised and weighed. The small intestine 
was rinsed with cold PBS and divided into three equal parts. Parts of both liver and intestine 
were snap frozen in liquid nitrogen and stored at –80°C for mRNA isolation and biochemical 
analysis. Samples for microscopic evaluation were frozen in isopentane and stored at -80°C, 
or fixed in paraformaldehyde for hematoxylin/eosin and Oil-red-O staining. C57BL/6J mice 
used for RNA isolation and lipid analysis only were sacrificed without prior bile collection. 
Tissues were immediately removed, snap-frozen in liquid nitrogen and manipulated as 
described below. 
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Analytical procedures  
Bile salts were measured enzymatically.32 Commercially available kits were used for the 
determination of free cholesterol (Wako, Neuss, Germany); total cholesterol, 
HDL-cholesterol, triglycerides (Roche, Mannheim, Germany); and phospholipids and free 
fatty acids (Wako) in plasma. Hepatic and biliary lipids were extracted according to Bligh and 
Dyer.33 Phospholipids in bile and liver were determined as described by Böttcher et al.34 
Cholesterol in bile was measured according to Gamble et al.35 Hepatic cholesterol and 
triglyceride contents were analyzed as described above. Feces were lyophilized, weighed and 
homogenized. Neutral sterols and bile salts were analyzed according to Arca et al.36 and 
Setchell et al.,37 respectively. Pooled plasma samples from all animals of one group were used 
for lipoprotein separation by fast protein liquid chromatography (FPLC) as described 
previously.38 

 
RNA isolation and PCR procedures 
Total RNA was isolated with Trizol (Invitrogen, Carlsbad, USA) and quantified using 
Ribogreen (Molecular Probes, Eugene, USA). cDNA synthesis was done according to Bloks 
et al.39 For C57BL/6J mice, all three intestinal samples per mouse were analyzed separately, 
whereas for DBA/1 and Abca1-/- mice equal amounts of RNA from the three distinct parts of 
the small intestine were pooled prior to reverse transcription. Real-time quantitative PCR40 
was performed using an Applied Biosystems 7700 Sequence detector according to the manu-
facturer’s instructions. Primers were obtained from Invitrogen. Fluorogenic probes, labeled 
with 6-carboxy-fluorescein (FAM) and 6-carboxy-tetramethyl-rhodamine (TAMRA), were 
made by Eurogentec (Seraing, Belgium): all sequences are listed in Table I (page 46). All 
expression data were subsequently standardized for 18S ribosomal RNA which was analyzed 
in separate runs. 
 
Statistics 
Statistical analyses were performed using SPSS version 10.0 for Windows (SPSS Inc., 
Chicago, USA). Treated and untreated groups were compared by Student's t-test for large data 
series of biochemical parameters and by Mann-Whitney-U-test for the remaining, as 
indicated. A p-value< 0.05 was considered statistically significant. 
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Table I: Primer sequences used in mRNA quantification by real-time RT-PCR. 

 accession 
number 

forward reverse probe 

Srebp-1a   (ref. 59) GAGGCGGCTCTGGA
ACAGA 

TGTCTTCGATGTCG
TTCAAAACC 

TGTGTCCAGTTCGCACATC
TCGGC 

Srebp1-c  BI656094 GGAGCCATGGATTG
CACATT 

CCTGTCTCACCCCC
AGCATA 

CAGCTCATCAACAACCAAG
ACAGTGACTTCC 

Srebp-2  AF374267 CTGCAGCCTCAAGT
GCAAAG 

CAGTGTGCCATTGG
CTGTCT 

CCATCCAGCAGCAGGTGCA
GACG 

LXRalpha  
(NR1H3) 

 AF085745 GCTCTGCTCATTGC
CATCAG 

TGTTGCAGCCTCTC
TACTTGGA 

TCTGCAGACCGGCCCAACG
TG 

HMG-CoA  
reductase 

 BB664708 CCGGCAACAACAAG
ATCTGTG 

ATGTACAGGATGGC
GATGCA 

TGTCGCTGCTCAGCACGTC
CTCTTC 

Cyp7a1  NM_007824 CAGGGAGATGCTCT
GTGTTCA 

AGGCATACATCCCT
TCCGTGA 

TGCAAAACCTCCAATCTGT
CATGAGACCTCC 

Cyp27   AK004977 GCCTTGCACAAGGA
AGTGACT 

CGCAGGGTCTCCTT
AATCACA 

CCCTTCGGGAAGGTGCCCC
AG 

Acat1  NM_009230 TGGGTGCCACTTCG
ATGACT 

TGAGTGCACACCCA
CCATTG 

CCAACCTCATTGAAAAGTC
CGCATCGC 

Acat2  NM_011433 GGTGGAACTATGTG
GCCAAGA 

CCAGGATGAAGCAG
GCATAGA 

CAAACAGCCCAGGACCTGG
GCAAAG 

Lpl  NM_008509 AAGGTCAGAGCCAA
GAGAAGCA 

CCAGAAAAGTGAAT
CTTGACTTGGT 

CCTGAAGACTCGCTCTCAG
ATGCCCTACA 

Abca1  NM_013454 CCCAGAGCAAAAAG
CGACTC 

GGTCATCATCACTT
TGGTCCTTG 

AGACTACTCTGTCTCTCAG
ACAACACTTGACCAAG 

Abcg5  AF312713 TCAGGACCCCAAGG
TCATGAT 

AGGCTGGTGGATGG
TGACAAT 

CCACAGGACTGGACTGCAT
GACTGCA 

Abcg8  AK004871 GACAGCTTCACAGC
CCACAA 

GCCTGAAGATGTCA
GAGCGA 

CTGGTGCTCATCTCCCTCC
ACCAG 

Bsep 
(Abcb11) 

 NM_021022 CTGCCAAGGATGCT
AATGCA 

CGATGGCTACCCTT
TGCTTCT 

TGCCACAGCAATTTGACAC
CCTAGTTGG 

Mdr2 
(Abcb4) 

 NM_008830 GCAGCGAGAAACGG
AACAG 

GGTTGCTGATGCTG
CCTAGTT 

AAAGTCGCCGTCTAGGCGC
CGT 

Ntcp 
(Slc10a1) 

 AB003303 ATGACCACCTGCTC
CAGCTT 

GCCTTTGTAGGGCA
CCTTGT 

CCTTGGGCATGATGCCTCT
CCTC 

Oatp1 
(Slc21a1) 

 NM_013797 CAGTCTTACGAGTG
TGCTCCAGAT 

ATGAGGAATACTGC
CTCTGAAGTG 

TGGATTTGCCAGTACATTT
ACCTTCTTGCCC 

SR-BI  NM_016741 TCAGAAGCTGTTCT
TGGTCTGAAC 

GTTCATGGGGATCC
CAGTGA 

ACCCAAAGGAGCATTCCTT
GTTCCTAGACA 

18S rRNA  X00686 CGGCTACCACATCC
AAGGA 

CCAATTACAGGGCC
TCGAAA 

CGCGCAAATTACCCACTCC
CGA 

All probes are labeled with FAM (6-carboxy-fluorescein) and TAMRA (6-carboxy-tetramethyl-rhodamine) at the 
5’- and 3’-end, respectively. 
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Results 

LXR activation by T0901317 increases plasma HDL and induces hepatic steatosis in 
C57BL/6J mice 
Treatment with the LXR agonist T0901317 resulted in profound changes in plasma and liver 
lipid homeostasis in C57BL/6J mice, as previously reported by ourselves41 and others.23,29 On 
the treatment protocol employed in the current study, mice developed significantly elevated 
plasma levels of cholesterol, particularly in the esterified fraction, and phospholipids. HDL 
cholesterol was elevated by 59% upon treatment. Administration of T0901317 increased liver 
weight by 40% without any change in body weight. Hepatic total cholesterol content was 
decreased in treated mice (-15%), partly as a result of a significantly diminished cholesteryl-
ester concentration (-32%), whereas the concentration of phospholipids was not affected. In 
treated animals, we found a more than 8-fold increase in hepatic triglyceride content, in accor-
dance with recently published studies.30 Histologically, these animals presented with profound 
hepatic fat deposits but no signs of liver damage were noticed (data not shown). 
 
LXR activation by T0901317 induces biliary hypersecretion of cholesterol in C57BL/6J 
mice 
Bile flow was unaffected by T0901317 treatment when calculated on the basis of body weight 
(Table II). Biliary cholesterol output was 2.7-fold higher upon treatment, while biliary bile 
salt and phospholipid outputs were not affected. As a consequence, the ratio choles-
terol/phospholipids increased from 0.07 to 0.23 upon treatment, indicative for uncoupling of 
biliary cholesterol from phospholipid secretion.  

Table II: Bile flow and biliary secretion rates of C57BL/6J mice treated with the LXR agonist 
T0901317 or its solvent. 

 control T0901317 

bile flow (µl/min/100 g body weight) 8.2 ± 2.8   7.8 ± 2.6 
bile salts (nmol/min/100 g body weight) 584 ± 229  477 ± 200 
cholesterol (nmol/min/100 g body weight) 3.8 ± 1.4  10.3 ± 3.1* 
phospholipids (nmol/min/100 g body weight) 52.7 ± 10.8  44.2 ± 9.7 
ratio cholesterol/phospholipids 0.07 ± 0.03      0.23 ± 0.04** 

Male C57BL/6J mice, 2-3 months old, were treated with the LXR agonist T0901317 or solvent only as 
described in MATERIALS AND METHODS; n=6 per group. Bile was collected for 30 minutes. Values 
represent means ± SD. * indicates significant difference (Mann-Whitney-U-test, p<0.05); ** indicates 
significant difference (Mann-Whitney-U-test, p<0.001). 
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Gene expression profiles of key regulatory, metabolic and transporter encoding genes 
involved in hepatic cholesterol metabolism were analyzed by real-time PCR (Table III). As 
expected,42,43 the gene encoding for sterol regulatory element-binding protein 1c (Srebp-1c) 
was the only regulatory gene with a modified expression (2.6 fold up) upon T0901317 
treatment. This predicted increase is indicative for the overall stimulatory action of the agonist 
on hepatic gene expression, also supported by ~5 fold increase in expression levels of the 
LXR-target genes Lpl encoding lipoprotein lipase (not shown). The gene encoding 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (Hmgcr), the key enzyme in cholesterol synthesis, 
was upregulated by 55%, while the 45% upregulation of the bile salt synthesis gene Cyp7a1 
did not reach statistical significance. T0901317 treatment increased expression of Abca1 and 
Abcg5 2.4-fold and 2.8-fold, respectively; hepatic Abcg8 expression  showed a high variation 
in its expression levels. Expression of transporters involved in bile salt uptake (Ntcp, Oatp1) 
and secretion (Bsep) and in phospholipid secretion (Mdr2) remained unaffected. 

Table III: mRNA expression levels in liver tissue of C57BL/6J mice treated with the LXR agonist 
T0901317 or its solvent measured by real-time RT-PCR. 

mRNA control T0901317 

Srebp-1a 1.00 ± 0.18 1.22 ± 0.06 
Srebp-1c 1.00 ± 0.15  2.64 ± 0.54* 
Srebp-2 1.00 ± 0.17 1.00 ± 0.06 
LXR 1.00 ± 0.09 0.84 ± 0.11 

HMG-CoA reductase 1.00 ± 0.10  1.55 ± 0.36* 
Cyp7a1 1.00 ± 0.42 1.45 ± 0.74 
Cyp27 1.00 ± 0.16 0.94 ± 0.08 
Acat2 1.00 ± 0.12 1.24 ± 0.27 

Abca1 1.00 ± 0.55  2.38 ± 0.96* 
Abcg5 1.00 ± 0.42  2.81 ± 1.19* 
Abcg8 1.00 ± 0.56 1.54 ± 0.51 
Bsep 1.00 ± 0.18 1.01 ± 0.06 
Mdr2 1.00 ± 0.10 1.13 ± 0.17 
Ntcp 1.00 ± 0.04 0.97 ± 0.10 
Oatp1 1.00 ± 0.41 0.63 ± 0.09 

Male C57BL/6J mice, 2-3 months old, were treated with the LXR agonist T0901317 or solvent only as 
described in MATERIALS AND METHODS; n=4 per group. Quantitative real-time PCR was performed as 
described in MATERIALS AND METHODS with primers and probes given in Table I. All data were 
standardized for 18S ribosomal RNA. Expression in control mice was set to 1.00. Values represent means 
± SD. * indicates significant difference (Mann-Whitney-U-test, p<0.05).  
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LXR activation by T0901317 accelerates fecal sterol loss in C57BL/6J mice 
Fecal bile salt loss was increased by 84% upon activation of LXR with T0901317, reflecting 
increased hepatic bile salt synthesis (Figure 1). In addition, neutral sterol output was enhanced 
by 187% in T0901317-treated mice. Increased expression of Abca1 in the intestine has been 
proposed to reduce the efficacy of cholesterol (re-)absorption and hence enhance fecal 
cholesterol disposal.23 Indeed, treatment of mice with the LXR agonist T0901317 resulted in 
an approximately 3-fold increase in Abca1 mRNA abundance along the entire length of the 
small intestinal tract (Figure 2A). Likewise, the expression of Abcg5 and Abcg8, recently 
implicated in control of cholesterol absorption,44-46 was induced in treated animals albeit less 
pronounced than that of Abca1 (Figures 2B and 2C). In contrast, mRNA levels of Hmgcr and 
Acat1 (encoding for acyl-coenzyme A:cholesterol acyltransferase 1), indicative for intestinal 
cholesterol synthesis and cholesterol esterification, respectively, were similar in treated and 
control animals (Figure 2D, E). No changes in intestinal morphology were noted upon 
microscopical examination of hematoxylin/eosin and Oil-red-O stained sections (data not 
shown). 

To elucidate the specific role of Abca1 in the observed LXR-mediated stimulation of 
cholesterol disposal in mice, we subsequently conducted a series of similar experiments in 
Abca1-/- mice and adequate wild-type controls on a DBA/1 background. Both male and 
female mice were used in these studies: no specific gender effects on the parameters studied 
were noted unless otherwise stated. Therefore, outcome is in most cases presented as average 
values per group.  
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Figure 1: Fecal loss of neutral 
sterols and bile salts of C57BL/6J 
mice treated with the LXR agonist 
T0901317 or its solvent.  

C57BL/6J mice were treated with 
T0901317 (filled bars) or solvent 
only (open bars) for four days 
(n=10 per group); feces were 
collected during the last 24 hours 
of the experiment and analyzed 
as described in MATERIALS AND 
METHODS. * indicates significant 
difference (t-test, p<0.001). 
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LXR activation by T0901317 increases cholesterol in VLDL-sized lipoprotein fractions 
in Abca1-/- mice 
Upon treatment with T0901317, plasma concentrations of free cholesterol were increased in 
both Abca1-/- and wild-type DBA/1 mice (Table IV). Cholesterylester concentrations were not 
significantly affected, resulting in an increase in total cholesterol in Abca1-/- mice only. Both 
plasma phospholipid and triglyceride levels were not significantly changed upon T0901317-
mediated activation of LXR in DBA/1 mice. FPLC-separation of plasma lipoproteins revealed 
that, as anticipated, the increase in plasma cholesterol in wild-type mice was in the HDL-sized 
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Figure 2: mRNA expression 
levels in the intestine of 
C57BL/6J mice treated with the 
LXR agonist T0901317 or its 
solvent measured by real-time 
PCR.  

 

C57BL/6J mice were treated 
with T0901317 (filled circles) or 
solvent only (open circles) for 
four days (n=4 per group); the 
intestine was removed, rinsed 
with cold PBS, divided into three 
equal parts and analyzed as 
described in MATERIALS AND 
METHODS. All data were 
standardized for 18S ribosomal 
RNA. Expression in the proximal 
part of the small intestine in 
animals receiving the solvent 
only was set to 1. * indicates 
significant difference (Mann-
Whitney-U-test, p<0.05).  
A, relative expression of Abca1.  
B, relative expression of Abcg5.  
C, relative expression of Abcg8.  
D, relative expression of Hmgcr.  
E, relative expression of Acat1. 
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lipoprotein fraction. Figure 3 illustrates the lipoprotein pattern in T0901317-treated wild-type 
and Abca1-/- mice. Upon LXR activation, wild-type mice showed elevated cholesterol concen-
trations in the HDL-sized fractions, whereas Abca1-/- mice showed increased cholesterol 
concentrations in the VLDL-sized fractions. 
 
 
 
 

 

Table IV: Plasma lipid levels in wild-type DBA/1 and Abca1-/- mice treated with the LXR agonist 
T0901317 or its solvent. 

 wild-type Abca1-/- 

 control T0901317  control T0901317 

total cholesterol (mM) 1.12 ± 0.55 1.64 ± 0.69  0.50 ± 0.30  1.11 ± 0.33* 
free cholesterol (mM) 0.35 ± 0.14   0.62 ± 0.10*  0.29 ± 0.08  0.72 ± 0.25* 
cholesterylester (mM) 0.77 ± 0.42 1.02 ± 0.69  0.21 ± 0.28 0.39 ± 0.14 
phospholipids (mM) 1.26 ± 0.61 2.07 ± 1.28  0.75 ± 0.43 1.34 ± 0.28 
triglycerides (mM) 0.73 ± 0.33 0.93 ± 0.28  0.83 ± 0.38 1.88 ± 1.39 

Male and female wild-type DBA/1 and Abca1-/- mice, 6-8 months old, were treated with the LXR agonist 
T0901317 or solvent only as described in MATERIALS AND METHODS; n=5-6 per group. Blood was 
collected by cardiac puncture. Values represent means ± SD. * indicates significant difference 
(Mann-Whitney-U-test, p<0.05). 
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Figure 3: FPLC analysis of 
plasma cholesterol of DBA/1 
and Abca1-/- mice treated with 
the LXR agonist T0901317 or its 
solvent.  

DBA/1 wild-type mice (open 
circles, dotted line) and Abca1-/- 
(closed circles, full line) mice 
were treated with T0901317 for 
four days (n=5 per group). Blood 
was collected via cardiac 
puncture and pooled before 
FPLC analysis. Analysis was 
performed as described in 
MATERIALS AND METHODS.  
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Table V: Bile flow and biliary secretion rates in wild-type DBA/1 and Abca1-/- mice treated with the 
LXR agonist T0901317 or its solvent. 

 wild-type Abca1-/- 

 control T0901317 control T0901317 

bile flow  
(µl/min/100 g body weight) 

 7.2 ± 0.9 7.4 ± 1.2 7.8 ± 1.6      7.9 ± 1.8 

bile salts  
(nmol/min/100 g body weight) 

392 ± 68 307 ± 119 472 ± 213     251 ± 120* 

cholesterol  
(nmol/min/100 g body weight) 

  8.0 ± 1.1 17.0 ± 3.2* 8.4 ± 2.5    19.5 ± 7.5* 

phospholipids  
(nmol/min/100 g body weight) 

 63.1 ± 7.0 38.1 ± 7.7* 67.6 ± 16.2    48.6 ± 22.3 

ratio cholesterol/phospholipids   0.13 ± 0.02   0.46 ± 0.13*  0.12 ± 0.03    0.42 ± 0.08* 

Male and female wild-type DBA/1 and Abca1-/- mice, 6-8 months old, were treated with the LXR agonist 
T0901317 or solvent only as described in MATERIALS AND METHODS; n=5-6 per group. Bile was cannulated 
for 30 minutes. Values represent means ± SD. * indicates significant difference (Mann-Whitney-U-test, p<0.05). 

Table VI: mRNA expression levels in liver tissue of wild-type DBA/1 and Abca1-/- mice treated with 
the LXR agonist T0901317 or its solvent measured by real-time RT-PCR. 

  wild-type Abca1-/- 

mRNA  control T0901317  control T0901317  

Srebp-1c  1.00 ± 0.31 2.04 ± 1.22 1.17 ± 0.49    2.49 ± 0.78* 

HMG-CoA reductase  1.00 ± 0.25 0.90 ± 0.36 0.60 ± 0.22    1.18 ± 0.43* 
Cyp7a1  1.00 ± 0.36 0.60 ± 0.26 0.92 ± 0.40    0.46 ± 0.20 
SR-BI  1.00 ± 0.14  0.73 ± 0.19* 0.81 ± 0.20    0.69 ± 0.12 

Abca1  1.00 ± 0.41 0.80 ± 0.38 0.53 ± 0.17    0.52 ± 0.08 
Abcg5  1.00 ± 0.14 1.75 ± 0.85 0.75 ± 0.28    1.91 ± 0.67* 
Abcg8  1.00 ± 0.16 1.65 ± 0.68 0.81 ± 0.16    1.51 ± 0.48* 
Bsep  1.00 ± 0.14 1.07 ± 0.45 0.86 ± 0.16    1.02 ± 0.40 
Mdr2  1.00 ± 0.27 0.83 ± 0.21 0.88 ± 0.16    0.76 ± 0.14 

Male and female wild-type DBA/1 and Abca1-/- mice, 6-8 months old, were treated with the LXR agonist 
T0901317 or solvent only as described in MATERIALS AND METHODS; n=5 per group. cDNA synthesis and 
real-time PCR were performed as described in MATERIALS AND METHODS with primers and probes given 
in Table I. All data were standardized for 18S ribosomal RNA. Expression in wild-type mice receiving solvent 
only was set to 1.00. Values represent means ± SD. * indicates significant difference (Mann-Whitney-U-test, 
p<0.05).  
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Hepatobiliary cholesterol secretion is increased upon T0901317-treatment both in wild-
type and Abca1-/- mice 
As shown in Table V, treatment with T0901317 did not change bile flow in wild-type or 
Abca1-/- mice. Bile salt secretion remained unchanged in wild-type mice but slightly 
decreased in T0901317-treated Abca1-/- mice. Phospholipid output rates were not altered in 
Abca1-/- mice and moderately lowered in wild-type mice upon LXR-activation. Expression of 
genes involved in hepatic cholesterol metabolism and of ABC-transporters known to be 
involved in bile formation, i.e. of Bsep and of  Mdr2 were not affected by Abca1-deficiency 
or LXR activation (Table VI). Biliary cholesterol secretion was markedly increased in 
T0901317-treated DBA/1 mice and, in spite of the absence of HDL, to the same extent in 
treated Abca1-/- mice. In both strains a more than 3 times higher cholesterol/phospholipid ratio 
was found in bile, indicative for cholesterol hypersecretion induced by LXR activation that is 
independent of Abca1 functioning. 
 
Fecal neutral sterol excretion is stimulated by LXR activation in the absence of Abca1 
Fecal sterol loss during the final 24 hours of the experiment is shown in Figure 4. Fecal bile 
salt output was similar in DBA/1 wild-type mice and Abca1-/- mice both under control condi-
tions and upon LXR stimulation (Figure 4, upper panel). As expected, neutral sterol loss in 
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Figure 4: Fecal loss of neutral 
sterols and bile salts of DBA/1 
and Abca1-/- mice treated with 
the LXR agonist T0901317 or 
its solvent.  

Wild-type DBA/1 mice and 
Abca1-/- mice were treated with 
T0901317 (filled bars) or 
solvent only (open bars) for 
four days (n=5 per group). 
Feces were collected for the 
last 24 hours of the experiment 
and analyzed as described in 
MATERIALS AND METHODS. 
* indicates significant differ-
ence (Mann-Whitney-U-test, 
p<0.05). 
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wild-type mice was dramatically increased upon treatment (Figure 4, lower panel). 
Surprisingly, Abca1-/- mice showed a very similar response upon LXR activation, i.e., a 
significantly higher neutral sterol output.  

The entry of cholesterol into the intestinal lumen consists of at least three components: 
delivery via the bile, dietary intake, and direct intestinal secretion by enterocytes into the 
lumen, including shedding of cells. The rate of fecal cholesterol excretion (loss) is determined 
by the cumulative rate of cholesterol entry and the rate of (re)absorption of lumenal choles-
terol. From earlier studies38 we know that dietary intake is about 4 µmol/100g/day, which, 
under basal conditions, is similar to the biliary cholesterol flux in C57BL/6J mice. Basal rate 
of fecal cholesterol excretion in C57BL/6J mice is ~17 µmol/100g/day, which is higher than 
the sum of dietary and biliary cholesterol influx into the intestine. By inference, at least ~50% 
of fecal cholesterol must originate from the intestine. Assuming no major effect of T0901317-
treatment on dietary cholesterol intake, the treatment did not affect the relative contribution of 
cholesterol from the intestine to the amount of cholesterol excretion via the feces, again at 
least ~50%. This implies, however, that T0901317-treatment significantly increased the 
absolute amount of cholesterol in the feces originating from the intestine. In DBA/1 wild-type 

 

Table VII: mRNA expression levels in intestine of wild-type DBA/1 and Abca1-/- mice treated with 
the LXR agonist T0901317 or its solvent  measured by real-time RT-PCR. 

 wild-type Abca1-/- 

mRNA control T0901317  control T0901317  

HMG-CoA reductase 1.00 ± 0.13     0.98 ± 0.16 1.12 ± 0.30 0.87 ± 0.24 
Acat1 1.00 ± 0.18 1.84 ± 0.49* 1.19 ± 0.61  1.47 ± 0.55   
Acat2 1.00 ± 0.19     1.14 ± 0.29 1.21 ± 0.60 1.01 ± 0.22 

Abca1 1.00 ± 0.35 2.59 ± 1.16* 0.42 ± 0.12   1.26 ± 0.40* 
Abcg5 1.00 ± 0.09 2.02 ± 0.31* 0.94 ± 0.16   1.72 ± 0.48* 

Abcg8 1.00 ± 0.12     1.84 ± 0.33 1.08 ± 0.33   1.90 ± 0.53* 
SR-BI 1.00 ± 0.20 2.31 ± 0.89* 1.47 ± 0.57      1.76 ± 0.47 

Male and female wild-type DBA/1 and Abca1-/- mice, 6-8 months old, were treated with the LXR agonist 
T0901317 or solvent only as described in MATERIALS AND METHODS; n=5 per group. RNA was isolated 
from three parts of the small intestine; equal amounts of RNA were pooled for cDNA synthesis and 
analysed as described in MATERIALS AND METHODS with primers and probes given in Table I. All data 
were standardized for 18S ribosomal RNA. Expression in wild-type mice receiving solvent only was set to 
1.00. Values represent means ± SD. * indicates significant difference (Mann-Whitney-U-test, p<0.05). For 
Abca1, about 40% remaining, putatively inactive, mRNA was detectable in Abca1-/- mice as the PCR-
primers are located outside the deleted exons.11,31 
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and Abca1-/- mice under basal conditions, the sums of (assumed) dietary and biliary choles-
terol influx into the intestine were higher than the fecal rate of cholesterol excretion, 
indicating net cholesterol absorption by the intestine. After T0901317-treatment, however, the 
sum of biliary and (assumed) dietary cholesterol influx into the intestine was lower than the 
fecal rate of cholesterol excretion, implying that the net intestinal cholesterol flux had shifted 
from absorption from the lumen to excretion into the lumen (data not shown).  

Absence of any effect of genotype or treatment on intestinal expression of Hmgcr 
indicates that changes in fecal neutral sterol excretion are unlikely due to effects on intestinal 
cholesterol synthesis (Table VII). Expression of Abca1 was clearly induced in the intestine of 
wild-type mice after treatment with T0901317. The intestinal expression of Abcg5 and Abcg8 
was similar in wild-type and Abca1-/- mice and, in both strains, upregulated upon LXR activa-
tion. Due to high variation, there was no significant increase in Abcg5 mRNA levels in the 
wild-type mice. This high variation was, at least partly, caused by less pronounced induction 
in male animals. In wild-type mice, expression of Acat1 and SR-BI also increased 
significantly. This effect was less pronounced in Abca1-/- mice.  

Discussion 

Activation of the nuclear receptor LXR influences multiple steps involved in maintenance of 
cholesterol homeostasis, particularly by inducing the expression of genes that control key 
steps in removal of excess cholesterol from the body. It has been postulated 15,16 that LXR 
agonists may combine 3 potentially anti-atherogenic effects, i.e., increased efflux from 
peripheral tissues towards HDL by upregulation of Abca1 and Abcg1, increased catabolism of 
cholesterol by upregulation of bile salt synthesis, and inhibition of dietary cholesterol absorp-
tion via upregulation of intestinal cholesterol transporters like Abca1, Abcg5 and Abcg8. The 
current study demonstrates that short-term administration of the LXR agonist T0901317 
elevates plasma HDL levels in wild-type mice, both of C57BL/6J and DBA/1 backgrounds, as 
previously described.29,30 This is accompanied by a marked hypersecretion of cholesterol into 
bile and a strongly increased fecal excretion of neutral sterols. Biliary secretion of phospho-
lipids and, in the wild-type mice, also of bile salts remained largely unaffected. Hence, LXR 
activation fully uncoupled cholesterol from other biliary lipids. Surprisingly, increased 
hepatobiliary and fecal cholesterol disposal was found to be totally independent from Abca1-
mediated HDL formation and the (putative) contribution of Abca1 in the control of intestinal 
cholesterol absorption, since the effects of LXR activation on these parameters were indistin-
guishable between DBA/1 wild-type and Abca1-/- mice. Moreover, the results of this study 
strongly indicate that pharmacological LXR activation stimulates direct efflux of cholesterol 
from the intestinal epithelium into the lumen. Based on the assumption that dietary intake of 
cholesterol was identical in all groups and an estimate of 24 hours biliary cholesterol 
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excretion, this efflux was calculated as the difference between dietary and biliary input minus 
fecal output. LXR activation greatly increased this flux. From our data, however, we cannot 
draw conclusions concerning the relative contributions of decreased absorption, increased 
direct sterol excretion by intestinal cells and accelerated shedding of enterocytes to this net 
loss of sterols. There were no indications for a compensatory increase in intestinal cholesterol 
synthesis, since Hmgcr expression remained unaffected along the length of the small intestine. 
Independent of the mechanism, this finding delineates the important role of the intestine in 
cholesterol homeostasis, as suggested by us previously,19,38,47 and that the presence of Abca1 
is not required to fulfill this role. In line with the proposed role of the Abc half transporters 
Abcg5 and Abcg8 in cholesterol efflux towards the intestinal lumen44,45 and the consistently 
induced expression of these genes in intestines of LXR-agonist-treated mice, it is tempting to 
speculate that these half transporters have a crucial role in LXR-induced changes in intestinal 
cholesterol metabolism.  

The classical view of reverse cholesterol transport1 predicts that, under steady state 
conditions, all cholesterol synthesized in peripheral organs is eventually transported by HDL 
to the liver for excretion into bile followed by its disposal via the feces. Abca1 is considered a 
crucial factor in this process, since absence of a functional protein in Tangier Disease7-9 and in 
Abca1-/- mice31 is associated with a complete lack of HDL. The validity of the reverse 
cholesterol transport concept to explain mass cholesterol flux from periphery to liver has been 
questioned by series of studies in mice showing that the magnitude of RCT (or “centripetal 
cholesterol flux”) is not determined by plasma HDL levels48-53 and not affected by stimulation 
of individual key steps in the process, such as cholesterol efflux from peripheral tissues, SR-
BI-mediated uptake of HDL cholesterol by the liver and conversion of cholesterol into bile 
salts.54 In addition, we have recently shown that the absence of HDL due to Abca1-deficiency 
does not alter hepatic cholesterol synthesis, which would be anticipated if HDL 
accommodates a quantitative important cholesterol flux towards the liver, nor does it affect 
biliary cholesterol excretion and fecal sterol loss.19 These observations, together with the fact 
that macrophages contribute only modestly to HDL cholesterol,20 indicate that the relevance 
of Abca1 and of high HDL in protection from atherosclerosis is related to events at the level 
of the vessel wall rather than to stimulation of mass cholesterol flux. This, in turn, implies that 
the absence of HDL in patients with Tangier disease and Abca1-/- mice is not due to the 
absence of the protein in macrophages. Since specific overexpression of Abca1 in hepatocytes 
and macrophages of Abca1-/- mice by using an adenoviral construct driven by the Apoe 
promoter normalizes plasma HDL,14 it is tempting to speculate that hepatic Abca1 has a role 
in formation of nascent HDL particles. Thus, it is highly likely that elevated HDL levels in 
T0901317-treated mice are attributable to increased hepatic Abca1 expression and function. 
Elevated VLDL-cholesterol in treated Abca1-/- mice may be due to enhanced formation of 
VLDL particles by the liver. Recent data from our laboratory show that LXR activation 
strongly promotes the production of large, triglyceride-rich VLDL  particles by the liver in 
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wild-type mice.41 Whether or not there are qualitative or quantitative differences in this 
respect between wild-type and Abca1-/- mice remains to be established. 

There are data to indicate that HDL-cholesterol is an important source for both biliary 
cholesterol and for bile salt synthesis.17,18 The similar increase in biliary cholesterol excretion 
in Abca1-/- mice and their controls upon LXR activation shows, at least, that other sources are 
able to fully compensate for the lack of HDL cholesterol in Abca1-/- mice. As hepatic 
cholesterylester concentrations were diminished in treated mice independently of presence of 
Abca1 by ~50-85%, part of excess biliary cholesterol may have been derived from hepatic 
stores. Expression of Hmgcr  was slightly increased in T0901317-treated mice, indicating that 
a compensatory increase in synthesis also may contribute. In spite of the fact that Cyp7a1  has 
been identified as a bona fide LXR target gene in vitro,55 we observed only a modest 
(C57BL/6J mice) or no (DBA/1 mice) increase in fecal bile salt secretion upon LXR 
activation, indicating limited effects on total bile salt synthesis. Accordingly, no significant 
effects on Cyp7a1 expression levels were found. The fact that, in contrast to other 
reports,23,29,43 we did not find an induction of Cyp7a1 expression upon T0901317-
administration, is probably related to differences in treatment protocols (see below). It has 
been known for more than 10 years that Cyp7a1 mRNA is relatively unstable, putatively 
related to the circadian rhythm of its expression.56 We therefore might have missed the LXR-
induced peak expression measured by others. In any case, our data demonstrate that Abca1-
dependent HDL-formation is dispensable for biliary routing of cholesterol both as free 
cholesterol and after conversion to bile salts. 

Interestingly, LXR activation by T0901317 stimulated hepatobiliary cholesterol excretion 
without influencing biliary phospholipid excretion. The latter is in accordance with unaltered 
Mdr2 expression upon LXR activation. Biliary bile salt secretion, which constitutes a major 
driving force for biliary cholesterol and phospholipid secretion,57 was either not affected or 
even slightly reduced in treated animals. Consequently, LXR activation leads to cholesterol 
hypersecretion into bile, as illustrated by the 3 to 4-fold increase in biliary phospho-
lipid:cholesterol ratio in all T0901317-treated groups of mice. This suggests LXR-mediated 
upregulation of a specific process/transporter responsible for cholesterol disposal into bile. It 
has been suggested that Abcg5/Abcg8, Abc half transporters defective in β-sitosterolemia,44,45 
may have a role in this process.15,16 Direct evidence for this role, however, is still lacking. As 
recently reported46 and confirmed in this study, expression of Abcg5 and Abcg8 is indeed 
induced in livers of LXR-treated mice. In a recent study we found a relationship between rates 
of biliary cholesterol excretion and hepatic Abcg5/8 expression in different mouse models of 
biliary cholesterol hypersecretion.58 However, there are also models of cholesterol hyper-
secretion, most notably the diosgenin-fed mouse, in which Abcg5/8 expression remains 
unaffected. Thus, direct proof for a role of these transporters in LXR induced cholesterol 
hypersecretion will have to await studies in Abcg5/8 knockout mice. 
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It has previously been reported that, besides its effects on genes involved in cholesterol 
transport, LXR activation also affects fatty acid metabolism by both Srebp-1c dependent42 
and -independent mechanisms30 and causes hepatic steatosis.29 We did find dramatic increases 
in hepatic triglyceride contents upon T0901317-treatment in all groups, including the Abca1-/- 
mice, at least partially accounting for the increases in liver weight/body weight ratios. Overall 
gene expression patterns were also similar to results reported by other groups,23,29,30,43 
although generally less pronounced inductions upon T0901317-treatment were observed. 
However, for some genes (e.g. lipoprotein lipase, phospholipid transfer protein) we did find 
high levels of induction.41 The modest increase in the other genes may be caused by a longer 
period of time between last dosage of the agonist and tissue sampling in our experiments, or 
by different application modes (gavage vs. diet). From the differences between C57BL/6J and 
DBA/1 wild-type mice and from quantitative differences between other studies,23,29,30,43 it can 
furthermore be concluded that strain-specific factors may also be involved in reported 
differences in gene expression patterns upon LXR activation. 

Because of its prominent position in controlling cholesterol homeostasis, pharmacological 
activation of LXR is currently widely discussed as a promising tool to raise HDL, improve 
RCT and therefore inhibit or prevent the development of atherosclerosis. In this study we 
demonstrated that LXR activation by T0901317 leads to similarly increased rates of hepato-
biliary cholesterol output and increased fecal sterol loss in wild-type and Abca1-/- mice. The 
underlying LXR-dependent mechanism is thus independent from (Abca1-mediated) elevation 
of plasma HDL levels and the (putative) role of Abca1 in intestinal cholesterol absorption. In 
addition, LXR activation was associated with stimulation of net cholesterol loss via the intes-
tine, indicating the presence of additional pathways for direct removal of cholesterol from the 
body. 
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Summary 

Mutations in either ATP-binding cassette (ABC) half-transporter G5 or G8 cause 
sitosterolemia. It has been proposed that ABCG5/ABCG8 heterodimers mediate secretion of 
plant sterols and cholesterol by hepatocytes into bile and their efflux from enterocytes into the 
intestinal lumen. To test whether deficiency of ABCG5 alone is sufficient to induce 
sitosterolemia, Abcg5-null mice were generated and characterized with respect to sterol 
metabolism. Abcg5-deficiency was associated with strongly elevated plasma levels of 
β-sitosterol (37-fold) and campesterol (7.7-fold) as well as reduced plasma cholesterol 
concentrations (-40%). Retention of orally administered [3H]ß-sitosterol in the intestinal wall 
(+ 550%) and plasma (+640%) was higher in Abcg5-null mice than in wild-type controls. 
Surprisingly, high plasma β-sitosterol and campesterol concentrations were even further 
elevated in Abcg5-null mice upon treatment with the synthetic LXR agonist T0901317 
(0.015% dietary supplementation, 10 days), whereas these concentrations were reduced by 
~75% in wild-type mice. Both cholesterol and phospholipid concentrations in gallbladder bile 
were decreased but, unexpectedly, cholesterol/phospholipid ratios were unchanged in the 
absence of Abcg5 and increased in both genotypes upon LXR activation. Hepatic expression 
of Abcg8 was reduced by about 35% in Abcg5-deficient mice when compared to controls. No 
compensatory overexpression of other ABC transporters potentially involved in hepatic 
cholesterol trafficking was observed on mRNA level. Our data show that disruption of the 
Abcg5 gene alone is sufficient to cause hyperabsorption of dietary plant sterols and 
sitosterolemia in mice, whereas the ability to secrete cholesterol into bile is maintained. 



Sitosterolemia in Abcg5-null mice
 

65 

Introduction 

The search for proteins involved in transport of cholesterol and related sterols across 
membranes during the course of their hepatobiliary secretion and intestinal absorption has 
been the “holy grail” for many investigators during the past decades. The search appears to be 
over: a series of recent studies indicate that specific ABC transporters, i.e., Abcg5 and Abcg8, 
are critically involved in both processes.1-5 Mutations in the human genes encoding ABCG5 
and ABCG8, half-transporters that are considered to heterodimerize into a functional 
transporter,1 have been shown to cause the inherited disease sitosterolemia1,3,6 which is 
associated with a reduced biliary secretion as well as with a strongly enhanced intestinal 
absorption of plant sterols (ß-sitosterol, campesterol) and cholesterol. The genes encoding 
these transporters are highly expressed in liver and intestine of both human and mice.1,7 
Disruption of both the Abcg5 and Abcg8 genes in mice resulted in a sitosterolemic phenotype 
and was associated with a ~90% reduction in cholesterol content of gallbladder bile.5 
Heterozygotes (Abcg5+/-/Abcg8+/-) showed approximately half of the biliary cholesterol 
concentration seen in control mice.5 Overexpression of the human genes in transgenic mice4 
and pharmacological induction of endogenous Abcg5 and Abcg8 gene expression8,9 both 
resulted in a very significant hypersecretion of biliary cholesterol. Intestinal ABCG5 and 
ABCG8 are supposedly involved in efflux of plant sterols from the enterocytes back into the 
intestinal lumen, thereby preventing their net intestinal absorption.1,10 Based on the fact that 
sitosterolemia patients absorb cholesterol from the intestinal lumen at a very high rate, a role 
for ABCG5 and ABCG8 in the control of cholesterol absorption efficiency has been 
proposed.1,3,6 Consistent with this hypothesis, cholesterol absorption was reduced in mice 
overexpressing both transporters4 and in mice in which expression of the transporters was 
induced by pharmacological means.8,9  

Combined, the data summarized above clearly support crucial roles for both 
ABCG5/Abcg5 and ABCG8/Abcg8 in control of human and murine sterol metabolism, in 
particular with respect to prevention of sterol accumulation in the body. However, a number 
of issues regarding both mode of action and physiological role of these transporters still need 
to be addressed. The first of these relates to the findings by Graf et al.,11 who employed 
epitope-tagged ABCG5 and ABCG8 to demonstrate in an elegant series of in vitro studies that 
both proteins are indeed expressed at the apical surface of polarized hepatocytic cells. Exit of 
these proteins from the endoplasmic reticulum and their targeting to the plasma membrane 
required co-expression of both half-transporters. While these results suggest that heterodimer 
formation is essential for trafficking in hepatocytes, they raise the question whether this 
process is regulated in the same way in enterocytes. It is conceivable that the hepatoma cell 
line used in these experiments lacked the expression of other half-transporters which may 
potentially function as heterodimeric partners for either ABCG5 or ABCG8 in a tissue-
specific manner. The second issue concerns the functional role of the putative transporter pair 
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in the process of cholesterol secretion into bile. In Abcg5/Abcg8-deficient mice, biliary 
cholesterol secretion was not completely abolished, and was induced by cholesterol feeding,5 
possibly indicating the existence of an Abcg5/Abcg8-independent pathway for biliary 
cholesterol secretion. Accordingly, in a recent study12 we found that while hepatic 
Abcg5/Abcg8 expression levels generally correlated with biliary cholesterol output rates in a 
variety of mouse models of cholesterol hypo- and hypersecretion, there are some models 
where this correlation does not hold true. Particularly, the well-known massive induction (14-
fold) of cholesterol secretion in mice fed with the plant sterol diosgenin was not associated 
with any change in hepatic Abcg5/Abcg8 mRNA or Abcg5 protein levels. A third open 
question concerns the physiological role of ABCG5 and ABCG8 in the intestine and in the 
maintenance of cholesterol homeostasis. In mice overexpressing Abcg5 and Abcg8, the rate 
of intestinal cholesterol absorption as measured with the sitostanol/cholesterol dual 
radioisotope method was only modestly decreased4 and probably influenced by the high 
influx of biliary cholesterol in these animals.13 In Abcg5-/-/Abcg8-/- mice, on the other hand, 
the fractional absorption of plant sterols and cholestanol was found to be 2- to 3-fold 
increased while that of cholesterol was not significantly affected.5 

Thus, to address these questions and to gain full insight into the mode(s) of action of 
Abcg5 and Abcg8 in liver and intestine, it is important to have systems available in which the 
expression of either transporter alone or in combination is varied independently in either liver 
or intestine. As a first step towards dissection of the complex interactions between Abcg5 and 
Abcg8 and their specific roles in cholesterol metabolism, Abcg5-deficient mice have been 
generated and characterized. The results of this study demonstrate that the absence of Abcg5 
alone is sufficient to induce a sitosterolemic phenotype in mice which, surprisingly, was 
aggravated upon activation of the Liver X-receptor (LXR) by pharmacological means. 
Cholesterol absorption appeared to be unaffected in Abcg5-null mice but, in contrast to the 
situation in wild-type mice, was insensitive to the inhibitory actions of LXR activation. In 
addition, the cholesterol content of gallbladder bile from Abcg5-deficient mice was decreased 
to a much lesser extent as reported for Abcg5/Abcg8 double knockouts and, when corrected 
for differences in phospholipid content, was indistinguishable from that in control mice. 
Interestingly, biliary cholesterol concentration increased to a similar extent upon LXR 
activation in Abcg5-/- and wild-type mice. These data indicate that formation of functional 
Abcg5/Abcg8 heterodimers may not be required for maintenance of all aspects of cholesterol 
homeostasis.  
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Materials and Methods 

Animals and diets 
Abcg5-/- mice were generated by Deltagen, Inc. (Redwood City, USA) using standard gene-
targeting methods. A 87 bp fragment corresponding to a segment of exon 37 was replaced by 
a beta-galactosidase cDNA and a phosphoglycerate kinase promoter-driven neomycin resis-
tance cassette in a targeting vector (Figure 1A). The construct was linearized and electro-
porated into embryonic stem cells derived from the 129/OlaHsd strain. Cells that harbored the 
desired mutation were identified by positive selection and injected into recipient C57BL/6J 
blastocysts to produce chimeras, which were used for the generation of F1 heterozygotes. F2 
wild-type, heterozygous and homozygous mice were produced from F1 intercrosses in the 
expected Mendelian ratios. Mice were genotyped via PCR using allele-specific 
oligonucleotide primers (wild-type: CCAAATCCATGTGGTGTTTGGCCTC; GGCTGCTCA-
GAAAAACGTCGCTCTG; knockout: GGCTGCTCAGAAAAACGTCGCTCTG; GACGAGT-

Figure 1: Targeted disruption of the Abcg5 gene.  

(A) Genomic organization of the wild-type allele, targeting construct, and disrupted allele. IRES, 
internal ribosomal entry site; LacZ, b-galactosidase cDNA; Neo, neomycin resistance cassette; 
pA, polyadenylation signal.  

(B) Genotype analysis of genomic DNA from offspring of a heterozygote (Abcg5+/-) mating. 
Genomic DNA was amplified via PCR using allele-specific primers. Products were separated 
by agarose gel electrophoresis.  

(C) Northern blot analysis of hepatic RNA from wild-type and Abcg5-/- mice. PolyA+ RNA was 
isolated from liver and pooled within genotype groups (n=5). Aliquots (3 µg) were separated by 
gel electrophoresis, transferred to nylon membranes, and hybridized to a radiolabeled Abcg5
probe representing exon 4 of the gene (1283 bp SacII/BamHI fragment (upper panel)). The 
filters were stripped and reprobed with a cDNA encoding rat cyclophilin (lower panel).  
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TCTTCTGAGGGGATCGATC). Male C57BL/6Jx129/OlaHsd mice with Abcg5+/+ and 
Abcg5-/- genotypes were bred at Tularik Inc., South San Francisco, USA, and were housed in 
temperature-controlled rooms (23 °C) with 12 hours light cycling. Mice were fed ad libitum a 
cereal-based rodent diet (PicoLab Rodent Diet 5053, Purina Mills, Richmond, Indiana, USA) 
containing 4.7% fiber, 20% protein, 55% carbohydrates and 4.5% fat (soybean oil). All 
animals used for the experiments described below were male and 2-3 months of age. 
Experimental procedures were approved by the local Ethical Committee for Animal 
Experiments.  
 
Experimental procedures 
Groups of Abcg5-/- mice and wild-type littermates were fed either the powdered form of the 
diet described above or the same diet supplemented with the synthetic LXR-agonist 
T0901317 (0.015%, w/w) for 10 days. On day 7, mice were dosed by oral gavage with a 
mixture of [5,6-3H]sitostanol (American Radiolabeled Chemicals, St. Louis, USA, 50 
Ci/mmol) and [4-14C]cholesterol (NEN, Boston, USA, 50 mCi/mmol) for measurement of 
intestinal cholesterol absorption efficiency by the dual-isotope fecal ratio method.14,15 To 
determine the amount of radiolabeled dosing mixture administered to each animal, syringes 
were weighed before and after each oral gavage. Regurgitation did not occur. Feces from 
individually housed mice were collected during a 72 hr period from day 7 to day 10. On day 
10, mice were fasted for 4 hours and euthanatized with CO2. The gallbladders were excised 
for bile collection and blood was collected in EDTA-containing tubes. Plasma aliquots were 
used for lipoprotein analyses and for determining the amount of [5,6-3H]sitostanol absorbed. 
Livers were excised, rinsed with ice-cold phosphate-buffered saline (PBS) and weighed. The 
entire small intestine was excised, the contents flushed out with cold PBS and sectioned into 
three equal parts by length. Aliquots of liver and the intestinal segments were snap frozen in 
liquid nitrogen and stored at –80°C for mRNA isolation and biochemical analyses. Samples 
for evaluation by light microscopy were frozen in Tissue-Tek OCT compound (VWR 
International, Brisbane, USA) for cryosectioning, or fixed in neutral-buffered formaline for 
hematoxylin/eosin and Oil-red-O staining. 

In a separate experiment, groups of wild-type and Abcg5-/- mice fed the same diet 
received an oral dose of [22,23-3H]ß-sitosterol (American Radiolabeled Chemicals, 50 
Ci/mmol, ~2 µCi/mouse) solubilized in corn oil (Sigma-Aldrich, St. Louis, USA). 24 h after 
dosing, mice were euthanatized with CO2 and blood, liver and mucosa of three intestinal 
segments were collected for quantification of radiolabeled sterols. 
 
Analytical procedures 
Biliary bile salt concentrations were measured enzymatically.16 A commercially available kit 
was used for the determination of triglycerides (Roche, Mannheim, Germany). Plasma and 
hepatic cholesterol and plant sterol concentrations were determined by gas chromatography, 
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essentially as described by Kuksis et al.17 Hepatic and biliary lipids were extracted according 
to Bligh and Dyer.18 Phospholipids in bile and liver were determined as described by Böttcher 
et al.19 Cholesterol in bile was measured according to Gamble et al.20 Triglyceride content was 
analyzed as described above. Pooled plasma samples per group were used for lipoprotein 
separation by fast protein liquid chromatography (FPLC). Standard liver function tests (ALT, 
AST, LDH) were performed by routine clinical chemical procedures.  

Feces were taken to a constant dry weight and homogenized to a powder. Aliquots of 
fecal powder were used for analysis of total neutral sterol and bile salt content according to 
Arca et al.21 and Setchell et al.,22 respectively. Separate aliquots were used for extraction of 
radiolabeled sterols and the calculation of fractional intestinal cholesterol absorption as 
described previously.14 
 
RNA isolation and PCR procedures 
Total RNA was extracted from frozen tissues with Trizol (Invitrogen, Carlsbad, USA) and 
quantified using Ribogreen (Molecular Probes, Eugene, USA). cDNA synthesis was 
performed according to Bloks et al.23 Equal amounts of RNA from the three distinct parts of 
the small intestine were pooled prior to reverse transcription. Absence of wild-type Abcg5 
mRNA in liver tissue from Abcg5-/- mice was established by semiquantitative PCR using 
primers located in exon 2 and 4, respectively (TGTGCATCTTAGGCAGCTCA and 
CACAGTGAGGCTGCTCAGAA). Real-time quantitative PCR was performed using an 
Applied Biosystems 7700 sequence detector as previously described.8 Primers were obtained 
from Invitrogen (Carlsbad, USA). Fluorogenic probes, labeled with 6-carboxy-fluorescein 
(FAM) and 6-carboxy-tetramethyl-rhodamine (TAMRA), were made by Eurogentec (Seraing, 
Belgium). Primers and probes used in these studies have been described elsewhere (Srebp1a, 
Srebp1c, Srebp2, Lxra, Srb1, Acat1, Acat2, Hmgr, Cyp7a1, Cyp27, Abca1, Abcg5, Abcg8, 
Mdr2, Bsep;8 beta actin, Ldlr,24 except Lcat (NM_008490; forward CTGGCTC-
CTCAATGTGCTCTTC, reverse AGGCCGTGTGTGGTTACTGAGT, probe CCGCACAC-
CACGCCCAAGGC) and Cyp8b1 (NM_010012; forward AAGGCTGGCTTCCTGAGCTT, 
reverse AACAGCTCATCGGCCTCATC, probe CGGCTACACCAAGGACAAGCAGCA-
AG). All expression data were subsequently standardized for beta actin which was analyzed 
in separate runs. 
 
Statistics 
All data are reported as mean ± S.D. Statistical analyses were performed using SPSS 10.0 for 
Windows (SPSS Inc., Chicago, USA). Differences between genotypes within the same treat-
ment group were evaluated using the Mann-Whitney-U-test. Comparison between untreated 
and treated wild-type and knockout mice were done by ANOVA with Bonferoni-correction. A 
p-value smaller than 0.05 was considered statistically significant. 
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Results 

Generation of Abcg5-deficient mice 
Targeted disruption of Abcg5 was carried out by replacement of 87 bp of exon 3 with a beta-
galactosidase cDNA and a neomycin resistance cassette (Figure 1A). Gene disruption was 
confirmed by PCR using genomic DNA from the offspring of heterozygote matings (page 67, 
Figure 1B). The deletion of 29 amino acids encoded by exon 3 was predicted to cause loss of 
Abcg5 protein expression and function by disrupting the conserved ATP-binding cassette 
signature motifs located in the N-terminal region of the protein.7 Northern blotting analysis of 
hepatic RNA isolated from wild-type and Abcg5-/- mice revealed the presence of the expected 
two transcripts in livers of wild-type mice,25 and the lack of any detectable transcript in the 
livers of Abcg5-/- mice (Figure 1C), indicating that the disruption strategy yielded a null allele 
of Abcg5. PCR analysis using primers located in exons 2 and 4 confirmed complete absence 
of wild-type Abcg5 mRNA in liver tissue from knockout mice (data not shown). Noteworthy, 
hepatic and intestinal expression of Abcg8 mRNA was also reduced and not responsive to 
T0901317 treatment (see below). 

Abcg5-/- mice were healthy, fertile and developed normally under standard laboratory 
conditions. No gender bias was observed in the offspring. Routine histology of the liver and 
intestine as well as liver function tests were normal in the knockout animals, yet, liver size 
was slightly increased in Abcg5-/- mice in comparison to wild-type mice, i.e., 5.78 ± 0.19 vs. 
4.53 ± 0.18 g/100 g body weight (p<0.05).  
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Figure 2: Plasma campesterol and ß-sitosterol levels in wild-type and Abcg5- / - mice.  

Wild-type mice (open bars) and Abcg5-/- mice (filled bars) were fed a cereal-based rodent diet or 
the same diet supplemented with 0.015% (w/w) T0901317 for 10 days. Mice were euthanatized 
with CO2 and blood was collected via the inferior vena cava in EDTA-containing tubes. Plant 
sterols were determined by gas chromatography as described in MATERIALS AND METHODS. 
n = 6-7 per group. * indicates significant difference from wild-type group, # from untreated group 
(ANOVA with Bonferoni-correction, p<0.05). 
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Sitosterolemia in Abcg5-deficient mice 
Elevated plant sterol concentrations in plasma represent the hallmark of sitosterolemia in 
humans.26,27 Accordingly, plasma levels of campesterol and β-sitosterol in Abcg5-deficient 
mice were elevated 7.7-fold and 37-fold, respectively, compared to those in wild-type mice 
(Figure 2). Furthermore, the less abundant plant sterols stigmasterol (5,22-cholestadien-24ß-
ethyl-3ß-ol) and brassicasterol (5,22-cholestadien-24ß-methyl-3ß-ol) were increased in 
Abcg5-/- mice compared to wild-type mice, from non-detectable levels to 21.0 ± 5.4 µM and 
from 1.5 ± 1.7 µM to 7.3 ± 2.4 µM for stigmasterol and brassicasterol, respectively. 
Treatment of wild-type mice with the LXR agonist T0901317, known to induce hepatic and 
intestinal expression of Abcg5 and Abcg8 genes8,25 (see also below), resulted in a significant 
lowering of plasma campesterol from 74.1 ± 28.4 to 17.7 ± 5.3 µM and of plasma β-sitosterol 
from 30.6 ± 12.3 to 9.7 ± 3.4 µM. In contrast, LXR activation in Abcg5-/- mice resulted in a 
further elevation of plasma campesterol (from 572 ± 153 to 1105 ± 207 µM, p<0.05) and ß-
sitosterol (from 1148 ± 278 to 2215 ± 360 µM, p<0.05) levels (Figure 2), as also reported 
very recently for Abcg5/Abcg8 double knockout mice.9 The ATP binding cassette transporter 
A1 (Abca1) is known to be strongly induced upon LXR activation.8 To test whether Abca1, in 
addition to its role in maintenance of cholesterol homeostasis, is also involved in regulation of 
plasma plant sterol levels, we used a mouse model lacking a functional Abca1 gene.8 Figure 3 
shows that plasma campesterol and β-sitosterol levels were strongly reduced in Abca1-/- mice 
in comparison to controls (panel A), even when normalized to total plasma lipid 
concentrations in these animals (panel B). 
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Figure 3: Plasma campesterol and ß-sitosterol levels in wild-type and Abca1-/- mice.  

Wild-type mice (open bars) and Abca1-/- mice (filled bars) were maintained on standard 
laboratory chow as previously described by us.8 Mice were anaesthetized by intraperitoneal 
injection with Hypnorm (fentanyl/fluanisone, 1 ml/kg) and Diazepam (10 mg/kg), and blood was 
collected by cardiac puncture in EDTA-containing tubes. Plant sterols were determined by gas 
chromatography as described in MATERIALS AND METHODS. n=3 for Abca1-/- and n=10 for 
wild-type mice. * indicates significant difference from wild-type group (Mann-Whitney-U-test, 
p<0.05).  
A, plasma concentration of campesterol and ß-sitosterol.  
B, percentage of campesterol and ß-sitosterol, respectively, compared to total lipid  
   (triglyceride + cholesterol). 
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Plant sterols accumulated not only in plasma, but also in the livers of Abcg5-/- mice. Relative 
sterol composition was 97.0%, 2.1% and 0.9% for cholesterol, campesterol, and ß-sitosterol, 
respectively, in wild-type mice, and 58.3%, 15.6%, and 26.1%, respectively, in Abcg5-/- mice. 
Hepatic triglyceride contents were similar in wild-type and Abcg5-/- mice, i.e., 8.1 ± 4.0 and 
11.4 ± 4.3 nmol/mg liver, respectively, indicating that the hepatomegaly observed in the latter 
group was not due to steatosis. Activation of LXR by T0901317 caused a similar degree of 
hepatic triglyceride accumulation in mice of both genotypes, i.e., to 49.5 ± 3.9 and 47.5 ± 3.5 
nmol/mg liver, respectively, probably due to induction of lipogenesis.24,28  

To determine whether the lack of Abcg5 directly affects the uptake of plant sterols from 
the intestinal lumen, mice of both genotypes fed control diet were administered a bolus of 
[22,23-3H]ß-sitosterol by oral gavage. Retention of radiolabeled ß-sitosterol was strongly 
increased in Abcg5-/- mice as compared to wild-type littermates. As summarized in Figure 4, 
the amount of radioactivity present in the mucosa of consecutive small intestinal sections 
(panel A) as well as in plasma (panel B) and liver (panel C) 24 hours after administration was 
significantly higher in Abcg5-/- than in wild-type mice. 

 

 
 

Cholesterol and bile acid metabolism in Abcg5-deficient mice 
Sitosterolemia is associated with normal or slightly elevated plasma cholesterol levels in 
humans.26,27 In Abcg5-/- mice fed a cereal-based rodent diet, plasma total cholesterol levels as 
measured by gas chromatography were slightly reduced in comparison to those in wild-type 
littermates, while plasma triglycerides tended to be elevated (Table I). Excess triglycerides in 
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Figure 4: Retention of orally administered [3H]sitosterol in intestinal mucosa, plasma and liver of 
wild-type and Abcg5- /- mice.  

Wild-type mice (open bars) and Abcg5- /- mice (filled bars) fed a cereal-based rodent diet were 
orally dosed with [22,23-3H]β-sitosterol solubilized in corn oil as described in MATERIALS AND 
METHODS. After 24 h, tissues and blood were harvested and analyzed as described there. 
n = 6-7 per group. * indicates significant difference from wild-type group (Mann-Whitney-U-test, 
p<0.05).  
A, retention in the intestinal mucosa.  
B, plasma accumulation.  
C, hepatic enrichment. 
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Abcg5-/- plasma were carried predominantly in VLDL-sized lipoprotein fractions, as revealed 
by FPLC analysis (data not shown). LXR activation resulted in a significant increase in 
plasma total cholesterol levels in mice of both genotypes, while triglyceride levels showed a 
decrease in Abcg5-/- mice (Table I).  

Expression of genes involved in hepatocellular cholesterol homeostasis was quantified by 
realtime PCR (page 74, Table II). Steady state mRNA levels of genes encoding Srebp1a, 1c, 2 
and LXRα, (oxy) sterol-regulated transcription factors that control cholesterol and lipid 
metabolism, did not differ between wild-type and Abcg5-/- mice: Srebp1c expression was 
induced upon LXR activation in both groups. Levels of Hmgr and Ldlr mRNA were lower in 
the liver of Abcg5-/- mice than in those from wild-type mice when animals were kept on a 
standard rodent diet, indicative for reduced cholesterol synthesis and LDL receptor-mediated 
lipoprotein uptake. Expression of genes that control key steps in bile salt biosynthesis (i.e., 
Cyp7a1, Cyp27, Cyp8b1), a major route for cholesterol removal, did not differ between the 
groups, irrespective of genotype or dietary treatment. 

To test whether lack of a functional Abcg5 gene is associated with altered cholesterol 
absorption efficiency, the rate of intestinal cholesterol absorption was measured in wild-type 
and knockout mice using the fecal dual-isotope ratio method. Irrespective of genotype, 
sitostanol was only marginally absorbed as judged by [3H] present in plasma 3 days after 
dosing. Assuming a total plasma volume of 4.7 ml per 100 g body weight, we determined the 
uptake of sitostanol to be 0.1% in wild-type and 0.3% in Abcg5-/- mice. We therefore 
rationalized that it is valid to use this sterol as a non-absorbable marker under these 
conditions. Figure 5 shows that the calculated fractional cholesterol absorption rate was 49.9 
± 5.5 % in wild-type mice and 50.4 ± 7.9 % in Abcg5-deficient mice. LXR activation resulted 

Table I: Plasma cholesterol and triglyceride concentrations in wild-type and Abcg5- /- mice.  

  Cholesterol (mM) Triglycerides (mM) 

Control diet wild-type           3.4 ± 0.8              1.3 ± 0.3  
 Abcg5- /-           2.0 ± 0.5 *             2.2 ± 0.7 * 

T0901317 wild-type           8.0 ± 1.6 #             0.9 ± 0.4 
 Abcg5- / -           4.2 ± 0.7 *#             1.3 ± 0.3 #  

Wild-type mice and Abcg5- /- mice were fed a cereal-based rodent diet or the same diet supplemented with 
0.015% (w/w) T0901317 for 10 days. Mice were terminated with CO2 and blood was collected via the inferior 
vena cava in EDTA-containing tubes. Triglycerides were measured enzymatically, cholesterol was determined 
by gas chromatography as described in MATERIALS AND METHODS. n=6-7 per group. * indicates significant 
difference from wild-type group, # from untreated group (ANOVA with Bonferoni-correction, p<0.05).  
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in a marked reduction of cholesterol absorption to 22.2 ± 8.6 % in wild-type mice, but had no 
effect in Abcg5-deficient mice (48.9 ± 9.6 %). Consistent with these data, fecal neutral sterol 
excretion was similar in wild-type and Abcg5-/- mice (98.1 +/- 137.3 vs. 75.8 +/- 93.9 
µmol/3d/100 g body weight). Treatment with T0901317 tended to increase fecal neutral sterol 
excretion in wild-type, but not in Abcg5-/- mice (150.7 +/- 99.2 vs. 82.4 +/- 73.9 µmol/3d/100 
g body weight). Analysis of expression of genes potentially involved in intestinal cholesterol 
absorption revealed that mRNA levels of Abca1 were higher in the intestine of Abcg5-/- mice 
as compared to wild-type mice and were induced to a similar extent upon LXR activation in 
mice of both genotypes (Table III). In contrast, intestinal Abcg8 mRNA levels were lower in 

Table II: Hepatic mRNA expression levels in wild-type and Abcg5- /- mice measured by real-time 
RT-PCR. 

 Wild-type Abcg5- /- Wild-type Abcg5- /- 

mRNA control diet T0901317 

Srebp1a 1.00 ± 0.21 0.79 ± 0.11   1.18 ± 0.27    0.76 ± 0.14 * 

Srebp1c 1.00 ± 0.14 0.89 ± 0.26 2.89 ± 1.05    1.68 ± 0.58 * 

Srebp2 1.00 ± 0.08 0.82 ± 0.20 0.90 ± 0.16    0.72 ± 0.09 * 

Lxra 1.00 ± 0.18 0.98 ± 0.22 0.95 ± 0.26 0.89 ± 0.09 

Ldlr 1.00 ± 0.16    0.80 ± 0.20 * 1.23 ± 0.28    0.83 ± 0.11 * 

Srb1 1.00 ± 0.27 0.83 ± 0.33 0.87 ± 0.11 0.81 ± 0.13 

Hmgcr 1.00 ± 0.18    0.59 ± 0.31 * 1.20 ± 0.46    0.55 ± 0.13 * 

Cyp7a1 1.00 ± 0.57 1.70 ± 0.87 1.07 ± 0.23    2.71 ± 0.91 * 

Cyp27 1.00 ± 0.28 1.11 ± 0.39 1.01 ± 0.24 1.14 ± 0.16 

Cyp8b1 1.00 ± 0.11 1.31 ± 0.73 0.82 ± 0.26    1.25 ± 0.39 * 

Abcg5 1.00 ± 0.35    0.01 ± 0.01 * 2.97 ± 0.46    0.09 ± 0.04 * 

Abcg8 1.00 ± 0.33    0.67 ± 0.22 * 1.82 ± 0.40    1.04 ± 0.18 * 

Abcg1 1.00 ± 0.14 1.00 ± 0.38 2.31 ± 0.48 1.83 ± 0.20 

Abcg2 1.00 ± 0.21 1.22 ± 0.28 1.53 ± 0.38 1.32 ± 0.12 

Abca1 1.00 ± 0.18 1.07 ± 0.23  1.61 ± 0.18 1.39 ± 0.17 

Abcb4 1.00 ± 0.12 0.97 ± 0.26 1.13 ± 0.12 1.19 ± 0.18 

Abcb11 1.00 ± 0.19 0.88 ± 0.16 0.98 ± 0.16 0.88 ± 0.18 

Wild-type mice and Abcg5- /- mice were fed a cereal-based rodent diet or the same diet supplemented with 
0.015% (w/w) T0901317 for 10 days. After termination with CO2, livers were removed and processed as 
described in MATERIALS AND METHODS. mRNA expression was measured by TaqMan real-time PCR as 
described there. All data were normalized to beta-actin. For Abcg5, less than 10% remaining, putatively 
inactive, mRNA was detectable in Abcg5-/- mice as the PCR-primers are located outside the affected exon. 
n = 6-7 per group. * indicates significant difference from wild-type group (Mann-Whitney-U-test, p<0.05).  
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Abcg5-/- mice and were not induced upon T0901317-treatment. Expression of Acat2, involved 
in cholesterol esterification in the enterocyte and thereby essential for effective cholesterol 
absorption, did not differ between the groups. Likewise, similar expression levels of Hmgr 
mRNA indicated that endogenous intestinal cholesterol synthesis was likely not affected by 
the absence of Abcg5 or by LXR activation.  

Overexpression or deficiency of both Abcg5 and Abcg8 in mice was shown to be 
associated with, respectively, strongly increased or decreased cholesterol contents of gall-
bladder bile. To evaluate whether the lack of a functional Abcg5 gene alone would have 
similar consequences, gallbladder bile was collected from standard diet-fed and from 
T0901317-treated wild-type and Abcg5-/- mice. The biliary concentration of bile salts (Figure 

Table III: Intestinal mRNA expression levels in wild-type and Abcg5- /- mice measured by real-time 
RT-PCR. 

 Wild-type Abcg5- /- Wild-type Abcg5- /- 

mRNA control diet T0901317 

Abca1 1.00 ± 0.28   1.61 ± 0.57 * 5.86 ± 1.05 4.81 ± 1.80 
Abcg5 1.00 ± 0.35   0.10 ± 0.03 * 2.43 ± 0.26   0.16 ± 0.08 * 
Abcg8 1.00 ± 0.29   0.49 ± 0.09 * 2.24 ± 0.36   0.51 ± 0.21 * 

Hmgcr 1.00 ± 0.11 1.01 ± 0.18 0.91 ± 0.20 1.12 ± 0.16 
Acat2 1.00 ± 0.15   1.26 ± 0.16 * 1.03 ± 0.13   1.26 ± 0.09 * 
Srb1 1.00 ± 0.31 1.02 ± 0.11 1.40 ± 0.30 1.46 ± 0.27 

Wild-type mice and Abcg5- /- mice were fed a cereal-based rodent diet or the same diet supplemented with 
0.015% T0901317 for 10 days. After termination, the small intestine was removed, frozen and processed as 
described in MATERIALS AND METHODS. mRNA expression was measured by TaqMan real-time PCR as 
described there. All data were normalized to beta-actin. For Abcg5, about 10% remaining, putatively inactive, 
mRNA was detectable in Abcg5- /- mice as the PCR-primers used were located outside the affected exon. 
n = 6-7 per group. * indicates significant difference from wild-type group (Mann-Whitney-U-test, p<0.05). 
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Figure 5: Fractional cholesterol absorption 
in wild-type and Abcg5- /- mice.  

Wild-type mice (open bars) and Abcg5- /- 
mice (filled bars) were fed a cereal-based 
rodent diet or the same diet supplemented 
with 0.015% (w/w) T0901317 for 10 days. 
At day 7, mice were orally dosed with a 
[3H]sitostanol/[14C]cholesterol mixture in 
corn oil for measurement of intestinal 
cholesterol absorption as described in 
MATERIALS AND METHODS. n = 6-7 per 
group. * indicates significant difference from 
wild-type group, # from untreated group 
(ANOVA with Bonferoni-correction, p<0.05). 
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6A) was unaffected by genotype, while concentrations of phospholipids (Figure 6B) and 
cholesterol (Figure 6C) were reduced to similar extents in Abcg5-/- mice. Hepatobiliary 
secretion of cholesterol is coupled to that of phospholipids in a process controlled by biliary 
bile salts.29 In Figure 6D we therefore expressed cholesterol concentrations relative to those of 
phospholipids. Surprisingly, the relative concentration of cholesterol in gallbladder bile was 
not reduced in Abcg5-/- mice and tended to be induced to a similar extent upon LXR activation 
as in wild-type mice. Biliary bile salt composition, as analyzed by gas chromatography, was 
similar in Abcg5-/- and wild-type mice, with cholate (~55%) and ß-muricholate (~25%) being 
the major species.  

Table II demonstrates that mRNA levels of Abcg8 were reduced by 34% (p<0.05) in 
livers of Abcg5-/- mice compared to wild-type values, while expression of Mdr2 (Abcb4) and 
Bsep (Abcb11), involved in phospholipid and bile salt transport, respectively, were not 
affected. Hepatic expression of other members of the Abcg subfamily of transporters, i.e., 
Abcg1 and Abcg2, nor those of Abca1 (Table II), Abca6, Abca7, Abca8 or Abca9 (data not 
shown) were affected in livers of Abcg5-deficient mice. Treatment with the LXR agonist 
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Figure 6: Biliary lipid composition of gallbladder bile of wild-type and Abcg5- /- mice.  

Wild-type mice (open bars) and Abcg5- /- mice (filled bars) were fed a cereal-based rodent diet or 
the same diet supplemented with 0.015% (w/w) T0901317 for 10 days. On day 10, mice were 
fasted for 4 hours, followed by termination with CO2. Bile was collected from the gallbladder. 
Analyses were performed as described in MATERIALS AND METHODS. n = 4-12 per group. 
* indicates significant difference from wild-type group (Mann-Whitney-U-test, p<0.05).  

A, bile salt concentration.               B, phospholipid concentration.  
C, cholesterol concentration.         D, ratio cholesterol/phospholipid. 
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T0901317 resulted in increased expression of Abcg5 (+198%), Abcg8 (+81%) and Abca1 
(+61%) (all p<0.05) in wild-type mice. This induction was less pronounced in livers of 
Abcg5-/- mice for Abcg8 (+57%, p<0.05) and Abca1 (+30%, NS). 

Discussion 

The results presented in this paper demonstrate that disruption of the Abcg5 gene alone is 
sufficient to induce characteristic hallmarks of sitosterolemia in mice, i.e., dramatically 
elevated concentrations of the plant sterols β-sitosterol and campesterol in plasma and in the 
liver.26,27 Abcg5-/- mice appeared healthy and thrived normally when maintained under 
standard dietary conditions. At first glance, their phenotypic features were reminiscent of 
those recently reported for Abcg5/Abcg8 double knockout mice.5 Plasma and hepatic plant 
sterol levels were increased to a similar extent and plasma cholesterol levels were similarly 
reduced. Orally administered radioactive β-sitosterol accumulated to a much higher extent in 
intestinal mucosa, plasma and liver of Abcg5-/- mice than in wild-type controls, in full 
agreement with the proposed role of a functional Abcg5/Abcg8 heterodimer in prevention of 
plant sterol accumulation in the body.1,10 Hepatic cholesterol levels were markedly lower in 
Abcg5-/- than in wild-type controls as were mRNA levels of the gene encoding HMGCoA 
reductase (Hmgr), consistent with reports by Yu et al.5 in Abcg5-/-/g8-/- mice. This suggests 
lower hepatic cholesterol synthesis rates in both models, although [3H]2O incorporation into 
digitonin-precipitable hepatic sterols was unchanged in Abcg5-/-/g8-/- mice.5 Livers of Abcg5-/- 
mice were heavier than those from age- and sex-matched controls for reasons unknown so far. 

To our surprise, plasma plant sterol concentrations were further elevated in Abcg5-/- mice 
upon treatment with the synthetic LXR agonist T0901317, a phenomenon also independently 
noted in Abcg5-/-/g8-/- mice,9 while this treatment resulted in a significant reduction of already 
low plasma plant sterol levels in wild-type mice. The latter is most likely a result of induction 
of intestinal and/or hepatic Abcg5 and Abcg8 expression,8,25 leading to enhanced plant sterol 
efflux back into the intestinal lumen and accelerated sterol disposal from the liver. 
Considering the fact that plant sterol levels were strongly reduced in (untreated) Abca1-/- mice 
and that intestinal Abca1 expression was significantly induced upon LXR activation in both 
wild-type and Abcg5-/- mice, it is tempting to speculate that Abca1, now known to be 
localized at the basolateral membrane of enterocytes,30,31 plays a role in plant sterol 
absorption. In situations in which efflux back into the intestinal lumen is compromised, as is 
the case in Abcg5-/- mice, Abca1 may be able to accommodate an increased basolateral efflux 
of plant sterols, for instance to HDL which is known to carry the majority of plasma plant 
sterols.32 This mechanism could partly explain the increased levels of plasma plant sterols in 
Abcg5-/- mice after LXR activation. Obviously, a separate series of experiments would be 
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required to test this hypothesis, which, if confirmed, would add another layer of complexity to 
the mechanisms that control selectivity of intestinal sterol absorption.  

Noteworthy, hepatic and intestinal expression of Abcg8 mRNA were reduced and not 
responsive to T0901317 treatment, suggesting the presence of Abcg8-promotor elements in 
the Abcg5 gene. A putative LXR responsive element has been described33 in intron 2 of the 
human ABCG5 gene: LXR binding might be hampered by the insertion of the lacZ-neo 
cassette in the adjacent exon 3. 

As an additional important finding we report that absence of Abcg5 in mice does not 
affect the apparent efficiency of cholesterol absorption from the small intestine. Similar 
results have been reported for the Abcg5-/-/g8-/- mice.5 In both cases, the rate of cholesterol 
absorption was measured using the fecal dual-isotope ratio procedure. To validate this method 
in our experimental setting and for the particular genetic background of our model, we 
verified that the uptake of the "non-absorbable" marker [3H]sitostanol is equally ineffective in 
wild-type and Abcg5-/- mice. This is consistent with the situation in sitosterolemia patients 
where similar values for fractional sterol absorption were found when either chromium oxide 
or sitostanol was used as fecal marker.34 Our measurement is further supported by similar 
fecal neutral sterol excretion rates in knockout mice and controls. By contrast, a reduced 
neutral sterol output has been reported for Abcg5-/-/g8-/- mice.5 Although the actual biliary 
cholesterol secretion rate has not been determined for either of the two models, this difference 
may well be the consequence of biliary cholesterol entering the intestine at different rates. 
Increased disposal of biliary cholesterol has been suggested as an important determinant of 
cholesterol absorption efficiency in mice.13 The fact that the absence of Abcg5 (or the 
Abcg5/Abcg8 heterodimer) causes hyperabsorption of plant sterols but does not affect 
absorption of cholesterol is consistent with the recent hypothesis by Igel et al.10 suggesting 
that the process of discrimination between plant sterols and cholesterol probably occurs on the 
level of efflux from the enterocyte rather than on the level of uptake. 

A key difference between Abcg5-/- and Abcg5-/-/g8-/- mice became apparent when the 
composition of gallbladder bile was analyzed: cholesterol content was reduced by only 50% 
in Abcg5-/- compared to wild-type mice, while Abcg5-/-/g8-/- mice are reported to almost lack 
biliary cholesterol.5 In addition, this content tended to increase upon treatment with the LXR 
agonist in Abcg5-/- and wild-type mice alike. A number of possibilities exist to explain the 
relatively small effects of Abcg5-deficiency on gallbladder bile content. While we did not 
detect a compensatory overexpression of Abcg8 or any of the other ABC transporters that 
potentially might facilitate biliary cholesterol secretion, e.g., Abca1, Abcg1 or Abcb4, Abcg8 
might still act as a homodimer or heterodimerize with other partners, e.g., Abcg1 or Abcg2, to 
maintain cholesterol excretion. This seems to be in apparent contradiction with data from Graf 
et al.11 showing that co-expression of (epitope-tagged) Abcg5 and Abcg8 is required for 
apical targeting of the ABC-transporters in hepatoma cells, but it is conceivable that these 
cells lack the expression of other transporters which may serve as heterodimer partners for 
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Abcg8. Alternatively, mechanisms independent of both Abcg5 (and Abcg8) may be 
responsible for cholesterol excretion under certain conditions. Indications for Abcg5/g8-
independent hepatobiliary cholesterol excretion came from our recent observation12 that 
diosgenin specifically induces biliary cholesterol excretion 14-fold in mice without any effect 
on Abcg5/Abcg8 expression.  

The ratio cholesterol/phospholipid, reflecting hepatobiliary cholesterol secretion more 
accurately because of the close coupling between cholesterol and phospholipid secretion,29 
was virtually identical in wild-type and Abcg5-/- mice. This was highly surprising in view of 
the proposed crucial role of the Abcg5/Abcg8 heterodimer in the actual excretion process, 
which was based on the data on gallbladder bile obtained from ABCG5/ABCG8 transgenics4 
and Abcg5-/-/g8-/- mice.5 At first glance, these data suggest that the 50% reduction of biliary 
cholesterol content is secondary to a reduced capacity to secrete phospholipids into bile, 
similar to the situation observed in Mdr2 (Abcb4)-deficient mice.35,36 Yet, mRNA levels of 
Mdr2 (Abcb4) were unchanged in Abcg5-/- mice. Interestingly, upon close inspection of data 
published on Abcg5/g8-/- mice, it appears that the phospholipid content of gallbladder bile 
tended to be decreased or was even significantly decreased in these animals.4,5,9 It is therefore 
conceivable that, possibly due to the presence of excessive amounts of plant sterols in hepatic 
(plasma) membranes, defective Mdr2-mediated phospholipid secretion contributes to 
impaired cholesterol content of gallbladder bile in Abcg5-/- and Abcg5-/-/Abcg8-/- mice. 

Collectively, the data presented indicate that while Abcg5 is essential for adequate control 
of intestinal plant sterol absorption, it is not critical for the control of dietary cholesterol 
absorption under basal conditions. Furthermore, our data provide evidence that functional 
Abcg5/Abcg8 heterodimers are not absolutely required for hepatobiliary cholesterol secretion 
in mice. Clearly, more research is needed to define the molecular mechanism(s) of biliary 
cholesterol secretion and the role of Abcg5 and Abcg8 herein. 
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Summary 

The ABC half-transporters ABCG5 and ABCG8 have been proposed to heterodimerize into a 
functional complex that mediates secretion of plant sterols and cholesterol by hepatocytes into 
bile and their apical efflux from enterocytes, thus limiting sterol accumulation in the body. 
We have addressed the putatively rate-controlling role of Abcg5/Abcg8 in hepatobiliary 
cholesterol excretion in mice. Despite similar bile salt (BS) excretion rates, total sterol and 
phospholipid (PL) output were reduced by 82 % and 35 %, respectively, in chow-fed Abcg5-/- 
mice compared to wild-type mice. Upon infusion with the hydrophilic bile salt TUDCA, 
similar relative increases in bile flow, BS output, PL output and total sterol output were 
observed in wild-type, Abcg5+/- and Abcg5-/- mice. Maximal cholesterol and PL output rates in 
Abcg5-/- mice were 15 % and 69 %, respectively, of wild-type values. The ratio cholesterol:PL 
remained similar during TUDCA infusion, i.e., 0.13 in wild-type and 0.027 in Abcg5-/- mice. 
In Abcg5+/- mice, this ratio changed from values similar to that in Abcg5-/- mice under basal 
conditions to that of wild-type mice upon TUDCA infusion. Infusion of increasing amounts of 
the hydrophobic bile salt TDCA increased cholesterol excretion 3.0- and 2.4-fold in wild-type 
and Abcg5-/- mice, respectively, but rapidly induced cholestasis in Abcg5-/- mice. Treatment 
with the LXR agonist T0901317 (0.015 % w/w in the diet, 7 days) increased the maximal 
sterol excretion capacity in wild-type mice but not in Abcg5-/- mice. In a separate study, 
LXRα-/- mice were fed chow containing 1 % w/w cholesterol. As expected, hepatic expression 
of Abcg5 and Abcg8 was strongly induced (5-fold and 4-fold, respectively) in wild-type but 
not in LXRα-/- mice. Surprisingly, hepatobiliary cholesterol excretion was increased to the 
same extent, i.e., 2.2-fold in wild-type mice and 2.0-fold in LXRα-/- mice, upon cholesterol-
feeding. Our data confirm that Abcg5, probably as part of the Abcg5/Abcg8 heterodimer, is 
strongly involved in the control of hepatobiliary cholesterol secretion. However, BS infusions 
in Abcg5-/- mice and feeding of a high cholesterol-diet to LXRα-/- mice demonstrate that 
Abcg5/Abcg8 heterodimer-independent, inducible routes exist that contribute to total hepato-
biliary cholesterol output. 
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Introduction 

Mutations in the ATP-binding-cassette (ABC) half-transporters ABCG5 and ABCG8 cause 
sitosterolemia1,2 which is characterized by the accumulation of plant sterols in the body.3 It 
has been proposed that ABCG5 and ABCG8, which are highly expressed in the liver and the 
small intestine, heterodimerize into a functional complex.1,4 Mutations in either one of the 
genes cause the biochemical hallmarks of the disease in humans1,2 as well as in mouse 
models.5,6 The daily intake of plant sterols, like sitosterol and campesterol, from a "Western-
type" diet is in the same order of magnitude as that of cholesterol. However, only trace 
amount of plant sterols are absorbed in healthy subjects.7,8 Abcg5/Abcg8 mediates efflux of 
plant sterols from enterocytes back into the intestinal lumen and their excretion into bile, thus 
limiting their accumulation in the body.1,9 Expression of the Abcg5 and Abcg8 genes is 
controlled by the liver X-receptor (LXRα/NR1H3) and possibly by the liver-receptor-
homologue 1 (LRH-1).10,11 LXR is activated by oxysterols and hence is considered a chole-
sterol sensor.12 Overexpression of Abcg5/Abcg8 in transgenic mice13 or via activation of LXR 
with synthetic ligands5,10 has been demonstrated to result in reduced intestinal cholesterol 
absorption and strongly increased hepatobiliary cholesterol excretion, while deletion of the 
genes, in general, has the opposite effects. It is therefore generally assumed that in the liver 
Abcg5/Abcg8 also mediates transport of cholesterol into bile. Indeed, treatment with synthetic 
LXR agonists resulted in induction of Abcg5 and Abcg8 gene expression in mice and, in 
parallel, increased hepatobiliary cholesterol excretion independent from phospholipid excre-
tion.5,10 Data on biliary lipid composition have been reported so far in mice lacking Abcg5,5 
Abcg86 or both.14 We have shown that gallbladder cholesterol concentrations are reduced by 
50 % in Abcg5-/- mice compared to wild-type mice.5  Yu et al. reported a more dramatic 
decrease of gallbladder cholesterol concentrations (-90 %) in Abcg5-/-/Abcg8-/- double-knock-
out mice.14 So far, data on actual biliary excretion rates are only available from Abcg8-/- mice: 
total sterol secretion was found to be reduced by approximately 70 % in comparison to wild-
type mice.6 Surprisingly, sitosterol excretion was comparable to that in wild-type mice. 

Several potential explanations exist for the apparent discrepancies between results 
obtained in the different animal models used in different laboratories. These include 
methodological aspects related to the bile collection procedure as well as the putative 
existence of Abcg5/g8-independent excretion pathways. In this study, we have used two 
strategies to address this issue, i.e., quantification of biliary output rates during bile salt infu-
sion experiments in LXR-agonist-treated Abcg5-/- mice and feeding high-cholesterol diet to 
LXRα-/- mice. The data from these studies provide evidence to suggest that, under certain 
metabolic conditions, Abcg5/Abcg8-independent routes significantly contribute to total 
hepatobiliary cholesterol output in mice. 
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Materials and Methods 

Animals and diets 
Mice homozygous (Abcg5-/-) and heterozygous (Abcg5+/-) for the disruption of the Abcg5 
gene and their wild-type littermates were used.5 Animals were housed in temperature-
controlled rooms (21°C) with 12 hours light cycling and received standard mouse chow (Arie 
Blok, Woerden, The Netherlands) and water ad libitum. The diet contained 0.017 % (w/w) 
cholesterol and 0.045 % (w/w) plant sterols. 

Lxrα-/- mice, generated by Deltagen, Inc. (Redwood City, USA) using standard gene-
targeting methods, were kindly provided by Tularik Inc. (South San Francisco, USA). In 
short, a 42 bp fragment corresponding to a segment of exon 2 was replaced by a beta-
galactosidase cDNA and a phosphoglycerate kinase promoter-driven neomycin resistance 
cassette. The remaining procedure followed that described for the Abcg5-/- mice.5 Mice were 
genotyped via PCR using allele-specific primers (wild-type: GTTTCTCTCCCCTATCTATC-
TAGGGAGAC; CACCCATTCTCCCGTGCTTCTCTTG; knockout: GGGCCAGCTCATT-
CCTCCCACTCAT). Mice homozygous (Lxrα-/-) and heterozygous (Lxrα+/-) for the 
disruption of the Lxrα gene and their wild-type littermates received either standard mouse 
chow or chow diet containing 1 % cholesterol (wt/wt; Arie Blok, Woerden, The Netherlands) 
for two weeks. Male mice of 2-4 months were used. All experimental procedures were 
approved by the local Ethical Committee for Animal Experiments.  
 
Experiments in Abcg5 - /- mice 
Abcg5-/- and wild-type mice were fed either standard laboratory chow or chow supplemented 
with the synthetic LXR-agonist T0901317 (0.015 %, w/w; Cayman Chemicals, Ann Arbor, 
MI, USA) for 7 days. Abcg5+/- mice received standard chow only. Female mice of 3-6 months 
were used. 

Mice were anaesthetized by intraperitoneal injection with Hypnorm (fentanyl/fluanisone, 
1 ml/kg) and Diazepam (10 mg/kg). Bile was collected by cannulation of the gallbladder. 
After two basal bile samples of 15 minutes, mice were continuously infused with taurourso-
deoxycholate (TUDCA; Calbiochem/Merck Biosciences, Darmstadt, Germany) or tauro-
deoxycholate (TDCA; Calbiochem/Merck Biosciences) in PBS via the jugular vein. Infusion 
rates were increased in a stepwise manner: 150, 300, 450, 600 nmol/min and 25, 50, 75, 100 
nmol/min for TUDCA and TDCA, respectively. During bile collection, body temperature was 
stabilized using an humidified incubator. At the end of the collection period, animals were 
killed by cardiac puncture. Livers were excised and weighed. 

Gene expression, plasma lipid composition and hepatic lipid contents was studied in an 
independent experiment. 5-7 months old male Abcg5-/-, Abcg5+/- and wild-type mice were fed 
standard laboratory chow. Mice were anesthetized with isoflurane and killed by cardiac 
puncture. Blood was collected in EDTA-containing tubes. Livers were excised and weighed. 
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Aliquots were snap frozen in liquid nitrogen and stored at -80°C for biochemical analyses and 
RNA isolation. 
 
Experiments in Lxrα-/- mice 
Lxrα-/-, Lxrα+/- and Lxrα+/+ mice were anaesthetized by intraperitoneal injection with 
Hypnorm and Diazepam as described above. Bile was collected by cannulation of the 
gallbladder for 30 minutes. Body temperature was stabilized using an humidified incubator. 
Subsequently, animals were killed by cardiac puncture and livers were excised and weighed. 
Aliquots were snap frozen in liquid nitrogen and stored at -80°C for biochemical analyses and 
RNA isolation. 
 
Analytical procedures 
Biliary bile salt concentrations were measured enzymatically.15 Biliary phospholipid and 
sterol concentrations in the Abcg5 experiments were determined as described previously;16 no 
difference was made between cholesterol and plant sterols. In Lxrα mice, phospholipids and 
cholesterol in bile were determined as described by Böttcher et al.17 and Gamble et al.,18 
respectively, after extraction according to Bligh and Dyer.19 The same extraction method was 
applied for hepatic lipids, after which commercially available kits were used for the determi-
nation of unesterified and total cholesterol (Wako, Neuss, Germany), and for triglycerides 
(Roche, Mannheim, Germany). Pooled plasma samples from all animals of one group were 
used for lipoprotein separation by fast protein liquid chromatography (FPLC) as described 
previously.20 
 
RNA isolation and PCR procedures 
Total RNA was extracted from frozen tissues with TriReagent (Sigma, St. Louis, MO, USA) 
and quantified photometrically. cDNA synthesis was performed using recombinant M-MLV 
reverse transcriptase (10 U/µl), the appropriate buffer, dNTPs (500 µM), random nonamers (1 
µM), RNAse inhibitor (2 U/µl; all from Sigma) and total RNA (50 ng/µl). The reaction mix 
was incubated for 10 minutes at 25°C for primer annealing, 60 minutes at 37°C for synthesis 
and 5 minutes at 94°C to denature the RT enzyme. Real-time quantitative PCR was performed 
using an Applied Biosystems 7700 sequence detector as previously described.21 Primers were 
obtained from Invitrogen (Carlsbad, USA). Fluorogenic probes, labeled with 6-carboxy-
fluorescein (FAM) and 6-carboxy-tetramethyl-rhodamine (TAMRA), were made by 
Eurogentec (Seraing, Belgium). Primers and probes used in these studies have been described 
elsewhere (Srebp1a, Srebp1c, Srebp2, Lxra, Srb1, Acat1, Acat2, Hmgr, Cyp7a1, Cyp27, 
Abca1, Abcg5, Abcg8, Mdr2, Bsep, 18S rRNA;21 beta actin, Ldlr,22 with the exception of 
Abcg1, Abcg2, Npc1l1, 36b4 and Cyclophilin (see Table I for further information). All data of 
the Abcg5 experiment were subsequently normalized to the median of beta-actin, 36b4, 18S 
rRNA, and cyclophilin as described by Vandesompele et al.23 In the Lxrα experiments, beta-
actin alone was used for normalization. 
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Table I: Primer sequences used in mRNA quantification by real-time RT-PCR. 

Gene Accession no. sequences 

Abcg1 NM_009593 forward  CAAGACCCTTTTGAAAGGGATCTC 
reverse  GCCAGAATATTCATGAGTGTGGAC 
probe     CCCATGATGGCCACCAGCTCTCC 

Abcg2 AF140218 forward  AATCAGGGCATCGAACTGTCA 
reverse  CAGGTAGGCAATTGTGAGGAAGA 
probe     CAAGCCAGGGCCACATGATTCTTCC 

Npc1l1  NM_207242 forward  GAGAGCCAAAGATGCTACTATCTTCA 
reverse  CCCGGGAAGTTGGTCATG 
probe     ACTCCAGCAAACACCGCACTGCC 

36b4 XM_356471 forward  GCTTCATTGTGGGAGCAGACA 
reverse  CATGGTGTTCTTGCCCATCAG 
probe     TCCAAGCAGATGCAGCAGATCCGC 

cyclophilin XM_356256 forward  CAGATCGAGGGATCGATTCAG 
reverse  TCACCACTTGACACCCTCATTC 
probe     CTCCTCCACATTGGAGACAAGAGATGCA 

All probes are labeled with FAM (6-carboxy-fluorescein) and TAMRA (6-carboxy-tetramethyl-rhodamine) at 
the 5’- and 3’-end, respectively. 

 
Statistics 
Statistical analyses were performed using SPSS 10.0 for Windows (SPSS Inc., Chicago, 
USA). Differences between genotypes were evaluated using the Mann-Whitney-U-test. A 
p-value smaller than 0.05 was considered statistically significant. 
 
Results 
Plasma and hepatic lipid composition in Abcg5- /- mice 
We have recently reported that Abcg5-/- mice have elevated plasma triglyceride levels 
compared to wild-type mice, whereas plasma cholesterol concentrations (measured by gas 
chromatography) were decreased.5 To further investigate plasma lipid composition, lipo-
proteins were fractionated by FPLC and both triglycerides and total sterols (cholesterol + 
plant sterols) were measured enzymatically (Fig. 1). Total sterol content was virtually 
identical in the two genotypes. The increase in plasma triglycerides was exclusively found in 
the VLDL-sized fraction; peak height was 2.5 times in the Abcg5-/- mice compared to wild-
types. 

As previously reported,5 liver weight was slightly increased in Abcg5-/- mice compared to 
wild-type littermates (Table II). This was not due to steatosis, because triglyceride concentra-
tions were unaffected. The concentrations of phospholipids as well as that of total sterols and 
unesterified sterols were almost identical between all groups. Sterol ester concentrations in 
Abcg5-/- mice were reduced by 45 % compared to wild-type and heterozygotes. It should be 
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noted that sterol concentrations were measured enzymatically and consisted of both chole-
sterol and plant sterols. We have previously shown that plant sterols comprise up to 42 % of 
total sterols in livers of Abcg5-/- mice while plant sterols were present in low amounts in livers 
of wild-type mice.5 
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Figure 1: Distribution of sterols 
(above) and triglycerides (below) 
in plasma lipoprotein fractions of 
wild-type and Abcg5- /- mice.  

Blood was collected via cardiac 
puncture and pooled before FPLC 
analysis. Analysis was performed 
as described in MATERIALS AND 
METHODS. 

 

Table II: Liver parameters of male Abcg5+/+, Abcg5+/- and Abcg5- /- mice on chow diet. 

         Abcg5+/+         Abcg5+/-        Abcg5- /-    

Ratio liver weight/body weight    0.049 ± 0.002     0.049 ± 0.004     0.058 ± 0.002*  

Total sterols      5.14 ± 0.64      5.52 ± 0.72       5.24 ± 0.43  

Sterol ester      0.77 ± 0.29       0.79 ± 0.50       0.43 ± 0.19*  

Unesterified sterols      4.37 ± 0.53       4.73 ± 0.26       4.80 ± 0.44  

Triglycerides      19.2 ± 15.4      11.7 ± 9.8        8.9 ± 3.5 

Phospholipids      34.8 ± 1.4       36.0 ± 0.4      36.8 ± 2.1  

Male Abcg5- /-, Abcg5+/- and littermate control mice, 5-7 months old, were fed standard laboratory chow. Mice 
were anesthetized with isoflurane and killed by cardiac puncture. Livers were excised and weighed. Aliquots 
were snap frozen in liquid nitrogen and stored at -80°C for biochemical analyses. Lipids were extracted and 
analysed as described in MATERIALS AND METHODS. No difference was made between cholesterol and 
other sterols. * indicates significant difference from wild-type group (Mann-Whitney-U-test, p<0.05). n =5-7 per 
group. 
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Table III: Hepatic mRNA expression levels in male Abcg5+/+, Abcg5+/- and Abcg5- /- mice on chow diet 
measured by real-time RT-PCR. 

mRNA       Abcg5+/+       Abcg5+/-     Abcg5- /- 

Srebp1a           1.00 ± 0.11            1.11 ± 0.11            1.06 ± 0.12 

Srebp1c           1.00 ± 0.41            1.08 ± 0.29            0.95 ± 0.42 

Srebp2           1.00 ± 0.14            1.08 ± 0.35            0.78 ± 0.17 

Lxra           1.00 ± 0.08            0.99 ± 0.12            1.05 ± 0.08 
    

Ldlr           1.00 ± 0.11            1.18 ± 0.24            0.78 ± 0.28 

Srb1           1.00 ± 0.20            1.06 ± 0.19            0.98 ± 0.10 
    

Hmgcr           1.00 ± 0.35            1.36 ± 0.56            0.50 ± 0.23* 

Acat1           1.00 ± 0.11            0.94 ± 0.25            1.19 ± 0.20 

Acat2           1.00 ± 0.18            1.24 ± 0.28            0.89 ± 0.32 

Cyp7a1           1.00 ± 0.59            0.85 ± 0.66            1.82 ± 0.59* 

Cyp27           1.00 ± 0.13            1.24 ± 0.14            1.22 ± 0.22 
    

Abcg8           1.00 ± 0.19            1.41± 0.44            1.26 ± 0.37 

Abca1           1.00 ± 0.12            1.01 ± 0.09            1.24 ± 0.11* 

Abcg1           1.00 ± 0.36            0.98 ± 0.21            1.04 ± 0.13 

Abcg2           1.00 ± 0.29            0.96 ± 0.19            0.98 ± 0.20 

Npc1l1           1.00 ± 0.13            0.97 ± 0.60            1.41 ± 0.26* 

Bsep           1.00 ± 0.18            1.00 ± 0.13            0.99 ± 0.05 

Male Abcg5- /-, Abcg5+/- and littermate control mice, 5-7 months old,  were fed standard laboratory chow. Mice 
were anesthetized with isoflurane and killed by cardiac puncture. Liver pieces were snap frozen in liquid nitro-
gen and stored at -80°C. mRNA extraction, cDNA synthesis and TaqMan PCR analysis was done as described 
in MATERIALS AND METHODS. All data were normalized to the median of beta-actin, 36b4, 18S rRNA, and 
cyclophilin as described by Vandesompele et al.23 n = 5-8 per group.  * indicates significant difference from 
wild-type group (Mann-Whitney-U-test, p<0.05).  

 
 
 
Hepatic gene expression 
In male mice, hepatic gene expression was determined by real-time RT-PCR (Table III). The 
mRNA levels of regulatory genes (SREBP1a, 1c, 2; LXRα) were identical in all groups. 
Expression of hepatic cholesterol uptake systems, i.e., Ldlr and Srb1, also did not differ 
between groups. On the other hand, expression of hepatic cholesterol metabolism genes was 
different in Abcg5-/- mice compared to wild-type and Abcg5+/- mice: the expression of Hmgcr, 
rate-controlling for cholesterol synthesis was reduced by 50 % in Abcg5-/- mice. Expression of 
Cyp7a1, encoding the enzyme responsible for the majority of bile salt synthesis, was upregu-
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lated by 82 % in Abcg5-/- mice. Expression levels of Acat1 and Acat2, involved in cholesteryl 
ester formation, were not impaired in Abcg5+/- and Abcg5-/- mice compared to wild-type 
controls. 

Gene expression of a wide spectrum of transporters potentially involved in cholesterol 
transport was screened: only the expression of Abca1 (+ 24 %) and Npc1l1 (+ 41 %) did show 
significant increases in Abcg5-/- mice compared to their wild-type littermates. Expression of 
Abcg1, Abcg2, Abcg8 and Bsep was identical in all three genotypes. As anticipated, Abcg5 
mRNA was virtually absent (5 % mRNA remaining compared to wild-type) in Abcg5-/- mice 
(Figure 2A). Surprisingly, Abcg5 expression in heterozygous mice was 76 % of wild-type 
values. No effect on the expression of the phospholipid flippase Mdr2 (Abcb4) was noticed 
(Figure 2B). 
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Figure 2: Hepatic Abcg5 and Mdr2 mRNA expression levels (above) and hepatobiliary sterol and 
phospholipid output rates (below) of Abcg5+/-, Abcg5+/- and Abcg5 - /- mice. 

A and B: Liver pieces were snap frozen in liquid nitrogen. mRNA extraction, cDNA synthesis and 
TaqMan PCR analysis was done as described in MATERIALS AND METHODS. All data were normal-
ized to the median of beta-actin, 36b4, 18S rRNA, and cyclophilin as described by Vandesompele et 
al.23 * indicates significant difference from wild-type group (Mann-Whitney-U-test, p<0.05). 

C and D: Mice were anaesthetized by intraperitoneal injection with Hypnorm (fentanyl/fluanisone, 
1 ml/kg) and Diazepam (10 mg/kg). Bile was collected by cannulation of the gallbladder for 15 
minutes. Biliary phospholipid and sterol concentrations were determined enzymatically as described 
previously;16 no difference was made between cholesterol and plant sterols. * indicates significant 
difference from wild-type group (Mann-Whitney-U-test, p<0.05). 
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Biliary sterol and phospholipid secretion rates are decreased in Abcg5- /- mice  
Abcg8-/- mice have been reported to have decreased hepatobiliary cholesterol and phospho-
lipid secretion rates,6 while for Abcg5-/- mice only gallbladder concentration data are 
available.5 Therefore, hepatic bile was collected from Abcg5+/+, Abcg5+/- and Abcg5-/- mice 
for 15 minutes to determine basal biliary lipid output rates. Abcg5 knockout mice presented 
with a significantly increased bile flow compared to heterozygotes and wild-type littermates 
(8.9 ± 2.3 in Abcg5-/- mice vs. 6.6 ± 1.5 and 5.0 ± 2.9 µl/min/100 g body weight in Abcg5+/+ 
and Abcg5+/- mice, respectively). Hepatobiliary sterol (page 91, Fig. 2C) and phospholipid 
excretion rates (Fig. 2D) were significantly decreased in both heterozygous and homozygous 
knockout mice compared to wild-type controls. Bile salt output rates were unaffected, i.e., 
325 ± 121, 309 ± 198 and 332 ± 164 nmol/min/100 g body weight in Abcg5+/+, Abcg5+/- and 
Abcg5-/- mice, respectively. 
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Figure 3: Hepatobiliary phospholipid 
and sterol output rates and the 
sterol:phospholipid ratio under basal 
conditions and during infusion with 
TUDCA in Abcg5+/-, Abcg5+/- and 
Abcg5 - /- mice. 

Phospholipids and sterols were 
measured enzymatically as de-
scribed previously;16 no difference 
was made between cholesterol and 
plant sterols.  
* indicates significant difference 
between basal level and maximal 
level during TUDCA infusion (Mann-
Whitney-U-test, p<0.05). 
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Biliary lipid excretion increases upon infusion with TUDCA in Abcg5- /-, Abcg5+/-  
and wild-type mice 
Systemic infusion of hydrophilic bile salts increases bile flow and facilitates hepatobiliary 
lipid secretion in wild-type mice.24 To investigate if this forced flow could restore impaired 
phospholipid- and sterol secretion in Abcg5-/- mice, we infused Abcg5+/+, Abcg5+/- and 
Abcg5-/- mice with increasing concentrations of tauroursodeoxycholate (TUDCA). Bile flow 
was increased in Abcg5-/- mice compared to wild-type and heterozygote mice already under 
basal conditions. This effect was even more pronounced at higher infusion rates (data not 
shown). Bile salt excretion rates were indistinguishable between genotypes (data not shown). 

As depicted in Figure 3, phospholipid excretion increased upon TUDCA infusion in all 
genotypes (+140 %, +280 % and +150 % in Abcg5+/+, Abcg5+/- and Abcg5-/- mice, 
respectively). In parallel, hepatobiliary sterol excretion also increased in all strains (+230 %, 
+ 700 %, and + 120 % Abcg5+/+, Abcg5+/- and Abcg5-/- mice, respectively). Noteworthy, the 
initially low sterol excretion rate in heterozygous Abcg5 mice recovered upon infusion of 
TUDCA to reach wild-type-levels. Taken together, the sterol:phospholipid-ratios in Abcg5+/- 
mice and in Abcg5-/- mice were significantly lower than in wild-type mice on the basal level. 
Upon infusion with TUDCA, the ratio normalized in Abcg5+/- mice but not in Abcg5-/- mice. 
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Figure 4: Bile flow and hepatobiliary bile salt, phospholipid and sterol output rates during infusion with 
increasing amounts of TDCA in Abcg5 - /- and wild-type mice. 
TDCA was infused via the jugular vein at rates of 25, 50, 75 and 100 nmol/min. Measurements were 
done as described in MATERIALS AND METHODS. The arrow points at the appearance of red-
colored bile in Abcg5 - /- mice. 
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Biliary lipid excretion increases upon infusion with TDCA in both Abcg5- /- and  
wild-type mice 
To determine if a more hydrophobic bile would restore hepatobiliary cholesterol excretion in 
Abcg5-/- mice, Abcg5-/- mice and littermate controls were infused with increasing amounts of 
the hydrophobic bile salt taurodeoxycholate (TDCA; page 93, Figure 4). At infusion rates of 
up to 75 nmol/min, bile flow and hepatobiliary bile salt output were indistinguishable between 
the two groups. At 100 nmol TDCA/min, the highest infusion rate tested, bile of the Abcg5 
knockout mice turned red and bile flow dramatically decreased. Therefore, we calculated the 
maximal capacity of hepatobiliary lipid secretion at the second highest rate (75 nmol/min) 

Both phospholipid excretion curves and sterol excretion curves were lower in the Abcg5-/- 
mice compared to wild-type controls. However, both phospholipid (3.5- times) and sterol 
(2.4-times) excretion increased in Abcg5-/- mice upon infusion with TDCA. This increase was 
not statistically different from that in wild-type mice (2.1-times for phospholipids and 
3.5-times for sterols). 
 
 
The Abcg5-independent sterol secretion is LXR-independent 
LXR is involved in the regulation of cholesterol homeostasis at various levels. To unravel if 
the remaining sterol excretion capacity in Abcg5-/- mice is LXR-dependent, wild-type and 
Abcg5-/- mice were fed the LXR agonist T0901317 for two weeks. Similar to results obtained 
before, LXR activation led to the presence of large, triglyceride-rich HDL particles in Abcg5-/- 
mice (data not shown).21 As also reported before, treatment with T0901317 yielded an 
increased hepatobiliary sterol secretion (+210 %) and a reduced phospholipid secretion 
(- 35 %), resulting in a relative sterol hypersecretion in wild-type mice.21 In Abcg5-/- mice, 
however, no increase in sterol secretion was observed. In contrast, a slight drop of the already 
low sterol secretion rate occurred (from 1.1 to 0.7 nmol/min/100 g BW).  

Upon infusion with TUDCA, phospholipid secretion rates more than doubled in all 
groups. The maximal excretory rate for sterols went up 4 times in wild-type mice treated with 
the LXR agonist compared to non-treated wild-type mice. However, in Abcg5-/- mice no 
difference was observed between LXR-treated and non-treated mice. Figure 5 visualizes the 
effect of LXR activation in Abcg5-/- mice and wild-type littemates. The sterol:bile salt ratio is 
increased in wild-type mice upon treatment with T0901317, whereas the lines for Abcg5-/- 
mice are similar to each other and significantly lower than the former.  
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Figure 5: The effect of LXR activation in Abcg5- /- mice and wild-type littemates during TUDCA 
infusion on hepatobiliary cholesterol output. 

TUDCA was infused via the jugular vein in a stepwise manner as described in MATERIALS AND 
METHODS: 150, 300, 450, 600 nmol/min. Sterols were measured enzymatically as described 
previously;16 no difference was made between cholesterol and plant sterols. 
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Increased hepatobiliary cholesterol excretion independent of Abcg5 and Abcg8 
To test whether the reported increase in hepatobiliary cholesterol excretion upon cholesterol 
feeding is LXR- (and Abcg5-) dependent, LXRα-/-, LXRα+/- and wild-type control mice were 
fed a diet containing 1 % cholesterol to increase delivery of cholesterol to the liver (Figure 6). 
Consequently, hepatic expression of Abcg5 and Abcg8 was increased in control mice and 
heterozygotes on high-cholesterol diet. In LXRα-/- mice on high cholesterol diet, Abcg5 and 
Abcg8 expression did not differ from chow-fed animals. Bile flow, biliary bile salt and 
phospholipid excretion rates did not differ between the groups. Surprisingly, hepatobiliary 
cholesterol excretion was increased in all mice on high cholesterol diet, regardless of 
genotype (Figure 6) 

 
 

0
2

4
6
8

10

12
14

LXR+/+ LXR+/- LXR-/-

ch
ol

es
te

ro
l 

(n
m

ol
/m

in
/1

00
 g

 b
w

) *
*

0
10
20
30
40
50
60
70

LXR+/+ LXR+/- LXR-/-

ph
os

ph
ol

ip
id

s 
(n

m
ol

/m
in

/1
00

 g
 b

w
)

0

1

2
3

4

5

6

LXR+/+ LXR+/- LXR-/-

*
*

0

1
2

3
4

5
6

LXR+/+ LXR+/- LXR-/-

* *

A     Cholesterol C     Abcg5

B     Phospholipids D     Abcg8

Lxrα +/+                 Lxrα +/- Lxrα -/-

Lxrα +/+               Lxrα +/- Lxrα -/-

Lxrα +/+               Lxrα +/- Lxrα -/-

Lxrα +/+                 Lxrα +/- Lxrα -/-

 

Figure 6: Hepatic Abcg5 and Abcg8 mRNA expression levels (right) and hepatobiliary cholesterol and 
phospholipid output rates (left) of LXRα+/-, LXRα+/- and LXRα-/- mice fed chow (open bars) or high-
cholesterol diet (filled bars). 

A and B: Mice were anaesthetized by intraperitoneal injection with Hypnorm (fentanyl/fluanisone, 
1 ml/kg) and Diazepam (10 mg/kg). Bile was collected by cannulation of the gallbladder for 30 
minutes. Biliary sterol and phospholipid concentrations were determined as described in MATERIALS 
AND METHODS. * indicates significant difference between chow-fed and high-cholesterol groups 
(Mann-Whitney-U-test, p<0.05).  

C and D: Liver pieces were snap frozen in liquid nitrogen. mRNA extraction, cDNA synthesis and 
TaqMan PCR analysis was done as described in MATERIALS AND METHODS. All data were 
normalized to beta-actin. * indicates significant difference between chow-fed and high-cholesterol 
groups (Mann-Whitney-U-test, p<0.05). 
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Discussion 

The mechanism by which cholesterol is excreted from the hepatocyte into the bile is still an 
unsolved problem in lipid biochemistry. The recent discovery of the ABC-half transporters 
Abcg5 and Abcg8 as important players herein1,2 has shed some light on the involvement of 
transporter proteins in this process, but substantial parts have remained in the dark. Knocking 
out the genes encoding Abcg5, Abcg8 or both in mice dramatically reduces biliary cholesterol 
concentrations,5,6,14 which was taken to indicate that Abcg5 and Abcg8 function as a hetero-
dimer in the excretion process. In this study we wanted to address the extent of rate-control by 
Abcg5 in hepatobiliary (chole)sterol secretion. For this purpose, actual hepatobiliary sterol 
secretion rates were determined under basal conditions and during bile salt infusions in 
Abcg5-deficient mice with and without treatment with the synthetic LXR agonist T0901317. 
In addition, LXRα-deficient mice fed a high-cholesterol diet were studied. 

Both hepatobiliary phospholipid and sterol secretion were strongly impaired under basal, 
non-stimulated conditions in Abcg5+/- and Abcg5-/- mice. Hepatic gene expression of Abcg5 
was reduced by only 24 % in the heterozygotes, whereas that of Mdr2 (Abcb4) was identical 
in all groups. The relatively small reduction of Abcg5 expression in heterozygotes already 
almost mimicked the effect of complete absence of Abcg5 on sterol secretion. Therefore, it is 
reasonable to conclude that under these conditions Abcg5 expression is limiting for a large 
fraction of hepatobiliary sterol secretion and for a part, either directly or indirectly, also for 
phospholipid secretion. This high degree of control was partly overcome when bile salt secre-
tion was stimulated by infusion of the hydrophilic bile salt TUDCA. Under these conditions, 
both sterol and phospholipid secretion rates approximated wild-type levels in the hetero-
zygotes, resulting in a normalization of the sterol:phospholipid ratio in bile. This indicates 
that a high bile salt flux creates a situation in which biliary sterol excretion becomes (partly) 
independent of Abcg5 expression levels. Under the same conditions, biliary sterol- and 
phospholipid secretion in Abcg5-/- mice did increase substantially, but remained low when 
compared to Abcg5+/+ and Abcg5+/- mice. It is tempting to speculate that this increase reflects 
an Abcg5/Abcg8-independent, but bile salt-dependent part of biliary cholesterol secretion that 
contributes approximately 20 % of total under chow-fed conditions. 

Infusion of the hydrophobic bile salt TDCA restored cholesterol secretion, but not 
phospholipid secretion, in mice lacking Mdr2 (Abcb4).24 TDCA infusions at low concentra-
tions increased phospholipid and sterol secretion in Abcg5-/- mice at the same relative rate as 
observed in wild-type mice, however, at a much lower absolute level. At higher 
concentration, bile turned red and mice became cholestatic. It is likely that this is caused by 
the detergent effect of TDCA on canalicular membranes in the absence of sufficient amounts 
of cholesterol and phospholipids.  
In a series of classical papers, Yousef and colleagues studied the effects of bile salts on biliary 
lipid composition in rats.25-28 Upon infusion of hydrophobic bile salts, typically phospholipid 
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secretion declined first, followed by decreases in bile flow, bile salt output and cholesterol 
output. Concomitantly with the decline in phospholipid output, phospholipid composition 
changed from mainly phosphatidylcholine to more phosphatidylethanolamine and 
sphingomyelins, which was attributed to partial solubilization of the canalicular membrane.28 
Our data from TDCA-infused Abcg5-/- mice, however, differ in the kinetics of the process 
reported by Yousef et al.: in Abcg5-/- mice, the maximum secretory rate for phospholipids and 
bile salts as well as the maximal bile flow rate were reached earlier than that of sterols. This 
may indicate that in the outer leaflet of the canalicular membrane, sufficient sterols were 
present - even in the absence of Abcg5 - which could be "dissolved" by hydrophobic micelles. 
Obviously, this model would argue against a role of Abcg5/Abcg8 as a flippase and would 
favor a liftase mode of action as proposed by Small.29 However, further studies are necessary 
to rule out that the late increase in sterol excretion in the Abcg5-/- mice is caused by hepatic 
micro-bleedings which could theoretically provide erythrocyte membranes as a source for the 
sterols measured in bile. 

Treatment with the LXR agonist T0901317 has been demonstrated to increase expression 
of Abcg5, Abcg8, Abca1 and other genes involved in the regulation of cholesterol 
transport.10,30 LXR activation dramatically increased sterol excretion in wild-type mice on 
basal levels and upon infusion with TUDCA. However, no additional effect of LXR 
activation was observed in Abcg5-/- mice. The remaining, Abcg5-independent sterol secretion 
is obviously independent from LXR-activated systems. 

We have recently reported that cholesterol concentrations in the gallbladder of Abcg5-/- 
mice are reduced by 50 % compared to wild-type mice.5 In this study, we found a much 
stronger reduction of biliary cholesterol output rates, as measured after cannulation through 
the gallbladder. This discrepancy between low cholesterol output rates upon cannulation and 
downstream concentrations in the gallbladder may be caused by processes in the gallbladder 
itself. It can be speculated that gallbladder epithelial cells might be able to deliver cholesterol 
to the bile. This issue clearly needs further investigation. 

To further substantiate the hypothesis that Abcg5-independent cholesterol secretion 
mechanism exist, we examined a model in which the expression of this transporter remains 
unchanged upon loading of the liver with dietary cholesterol, i.e., the LXRα-/- mouse on a high 
cholesterol diet. Wild-type mice react with an up-regulation of Abcg5/Abcg8 expression 
when challenged with a high cholesterol diet.30 This response is mediated via LXR and, 
consequently, abolished in LXRα-/- mice. Nevertheless, both wild-type and LXRα-/- mice 
showed a significant increase in hepatobiliary cholesterol excretion, independent of the 
Abcg5/Abcg8 expression level. This could either mean that the Abcg5/Abcg8 heterodimer is 
not rate-controlling under these conditions or that other routes compensate for the missing 
excretory system under this particular stress. Recently, Kosters et al. reported that, across 
various mouse models, a strong correlation exists between biliary cholesterol excretion and 
hepatic Abcg5/g8 expression.31 An exception to this rule was the diosgenin-treated mouse. 
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Diosgenin is a plant sterol-like compound known to induce hypersecretion of cholesterol by 
so far unidentified mechanisms.32 Absence of LXRα in combination with a high dietary 
cholesterol intake seems to add another model in which Abcg5/Abcg8 expression does not 
correlate with cholesterol excretion rates. We therefore favor the hypothesis that (an) LXR- 
and Abcg5/Abcg8-independent route(s) might come into play in specific situations. 

Taken together, our studies support the notion that Abcg5/Abcg8 has rate-controlling 
function for the majority of hepatobiliary cholesterol transport in mice. However, a con-
siderable fraction of cholesterol reaches the bile via an Abcg5/Abcg8-independent route. 
Furthermore, our data indicate that cholesterol excretion can be greatly increased without 
changes in Abcg5/Abcg8 expression levels. In other words, changes in hepatic Abcg5/Abcg8 
expression alone do not always predict changes in the actual metabolic flux. 
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Summary 

Reverse cholesterol transport (RCT) is defined as high-density lipoprotein (HDL)-mediated 
flux of excess cholesterol from peripheral cells to liver, followed by secretion into bile and 
disposal via the feces. Various steps of this pathway are controlled by the liver X receptor 
(LXR). We addressed the role of the intestine in LXR-dependent stimulation of fecal 
cholesterol excretion. To segregate biliary from intestine-derived cholesterol, wild-type and 
Mdr2 P-glycoprotein deficient mice (Mdr2-/-), which are unable to secrete cholesterol into 
bile, were treated with the LXR agonist GW3965. Treatment with GW3965 increased biliary 
cholesterol secretion by 74 % in wild-type mice, but had no effect in Mdr2-/- mice. LXR 
activation increased fecal neutral sterol excretion 2.1-fold in wild-type mice. Surprisingly, an 
identical increase was observed in Mdr2-/- mice. Fractional cholesterol absorption was 
reduced upon LXR activation in both strains, but more pronounced in Mdr2-/- mice coinciding 
with reduced Npc1l1 expression. Intestinal gene expression of Abca1, Abcg1, Abcg5 and 
Abcg8 was strongly induced upon LXR activation in both strains, while expression of 
HMGCoA reductase, controlling cholesterol synthesis, remained unaffected. Additionally, 
LXR activation stimulated the excretion of plasma-derived [3H]cholesterol into the fecal 
neutral sterol fraction in Mdr2-/- mice. Increased fecal cholesterol loss upon LXR activation is 
independent of biliary cholesterol secretion in mice. An important part of excess cholesterol is 
excreted directly via the intestine, supporting the existence of an alternative, quantitatively 
important route for cholesterol disposal. 
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Introduction 
Cholesterol accumulation in macrophages (foam cells) in the arterial vessel wall is considered 
a primary event in the development of atherosclerosis. Removal of excess cholesterol from 
these cells, as well as from other peripheral cells, is therefore of crucial importance. This 
pathway, referred to as reverse cholesterol transport (RCT), is usually defined as the HDL-
mediated flux of cholesterol from peripheral cells to the liver, followed by its secretion into 
bile and disposal via the feces. The ATP-binding cassette (ABC) transporter A1 (ABCA1) 
facilitates the obligatory first step of RCT, i.e., the efflux of cholesterol from peripheral cells 
towards HDL. HDL-cholesterol is subsequently taken up by the liver, mainly via scavenger 
receptor-BI (SR-BI), and finally may be excreted into bile, either as free cholesterol or after 
conversion to bile salts. Hepatobiliary elimination of cholesterol was shown to be mediated, at 
least partially, by the half-transporters ABCG5 and ABCG8.1 Part of biliary cholesterol which 
mixes with dietary cholesterol in the lumen of the small intestine is taken up by  the Niemann-
Pick C1 Like 1 (NPC1L1) protein, which has recently been shown to play a role in cholesterol 
absorption,2 and transported back to the liver by the chylomicron-remnant pathway. Another 
part, however, is lost into feces. It has become clear that cholesterol absorption is not a 
passive process, but depends on the combined actions of transporter proteins involved in 
uptake (NPC1L1) and efflux (ABCG5, ABCG8). 

Fecal excretion of cholesterol in mice can be enhanced via activation of the nuclear liver 
X receptor (LXR), for which oxysterols have been identified as natural ligands. LXR 
regulates expression of a number of genes crucially involved in RCT, including the members 
of the ATP-binding cassette transporter family mentioned above. Activation of LXR in mice 
leads to elevated HDL levels, increased biliary cholesterol excretion, reduced intestinal 
cholesterol absorption efficiency and, finally, to increased neutral sterol loss via the feces.3 

Recent data, however, indicate that the concept of RCT requires extensive re-thinking.1 
Overexpression of cholesteryl ester-transfer protein (CETP) in mice, resulting in low HDL 
levels, showed that neither the HDL levels nor the level of CETP activity dictated the magni-
tude of centripetal cholesterol flux (i.e., RCT) to the liver in mice.4 Studies in ApoA-1-/- mice, 
which have strongly decreased plasma HDL, revealed that neither HDL nor ApoA-1 levels 
are important determinants of centripetal cholesterol flux.5 More recently, we reported that the 
absence of plasma HDL, and thus of HDL-mediated RCT, in Abca1-null mice does not at all 
affect hepatobiliary cholesterol transport.3,6 

Recent data from our laboratory indicate that, besides the liver, the intestine may play a 
role as excretory organ in RCT:3 upon pharmacological LXR activation, fecal cholesterol 
excretion in various mouse models (C57BL/6J, DBA/1, Abca1-/- on a DBA/1 background) 
was increased to a much larger extent than could be explained by stimulation of biliary 
cholesterol secretion alone. To resolve the apparent discrepancies between the "classical" 
biliary route for removal of excess cholesterol and these findings, we now used an animal 
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model in which biliary cholesterol secretion is strongly reduced, i.e., Mdr2 P-glycoprotein 
(Pgp)-deficient (Mdr2-/-) mice. Mdr2 (or Abcb4 according to new nomenclature) mediates the 
ATP-dependent translocation of phospholipids at the canalicular membrane of hepatocytes. 
Consequently, Mdr2 P-glycoprotein deficiency in mice leads to an inability to secrete 
phospholipids into the bile. Due to the tight coupling of phospholipid and cholesterol excre-
tion, these mice also show a strongly impaired biliary cholesterol secretion.7,8 

The first question we addressed was whether LXR activation, known to strongly increase 
biliary cholesterol output in wild-type mice,3 would stimulate biliary cholesterol secretion in a 
phospholipid-independent manner. For this purpose, Mdr2-/- and wild-type mice were treated 
with the synthetic LXR agonist GW3965.9 Upon GW3965 treatment, biliary cholesterol 
secretion remained nearly undetectable in Mdr2-/- mice, whereas it increased in wild-type 
mice. This allowed us to assess whether activation of LXR would stimulate fecal neutral 
sterol output independent of its effects on biliary cholesterol secretion. It was found that wild-
type and Mdr2-/- mice treated with a synthetic LXR agonist showed a similarly increased fecal 
neutral sterol output without induction of genes involved in cholesterol synthesis, indicating 
that this increase must result from intestinal sources. This conclusion was supported by the 
finding that Mdr2-/- mice showed increased secretion of plasma-derived radio-labeled chole-
sterol into the feces upon treatment with the LXR agonist. We therefore postulate that, besides 
the liver, the intestine plays an important and up to now underestimated role in cholesterol 
disposal. 

 

Materials and Methods 

Animals and diet 
Female Mdr2-/- mice (4-6 months) on an FVB background were obtained from the Central 
Animal Facility, Academic Medical Center, Amsterdam, The Netherlands. Age-matched FVB 
wild-type mice were purchased from Harlan (Horst, The Netherlands). Mice received 
standard mouse chow containing 0.017 w/w % cholesterol (Arie Blok, Woerden, The 
Netherlands), or chow supplemented with the synthetic LXR agonist GW3965, 35 mg/kg/day 
(based on 26 g body weight and consumption of 3 g chow/day) for 10 days. GW3965 was 
kindly provided by GlaxoSmithKline, Stevenage, UK. All experiments were performed with 
the approval of the Ethical Committee for Animal Experiments of the University of 
Groningen. 
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Experimental methods 
Animals were housed in groups and feces were collected upon day 8 until day 10 of treat-
ment. After 10 days, animals were anaesthetized by intraperitoneal injection of Hypnorm 
(fentanyl/fluanisone, 1 ml/kg) and diazepam (10 mg/kg). After puncturing the gallbladder and 
disposal of its content, hepatic bile was collected for 30 minutes from the common bile duct 
via the gallbladder. During bile collection, body temperature was stabilized using a humidi-
fied incubator. Bile flow was determined gravimetrically assuming a density of 1 g/ml for 
bile. After bile collection, animals were killed by cardiac puncture. Blood was collected in 
EDTA-containing tubes. Livers were excised and weighed. The small intestine was rinsed 
with cold phosphate-buffered saline containing 100 µM phenylmethylsulforyl fluoride 
(PMSF) and divided into three equal parts. Parts of both the liver and intestine were snap-
frozen in liquid nitrogen and stored at -80°C for mRNA isolation and biochemical analysis. 
Samples for microscopic evaluation were frozen in isopentane and stored at -80°C, or fixed in 
paraformaldehyde, for hematoxylin/eosin, oil red O and Ki-67 staining. 

Fractional cholesterol absorption was measured in a separate experiment using the fecal 
dual-isotope method. Animals were housed individually one week prior to the experiment. 
Wild-type and Mdr2-/- mice were fed normal chow or chow supplemented with GW3965 (35 
mg/kg/day). After 6 days, mice received by gavage 150 µl of medium-chain triglyceride oil 
containing 1µCi of [14C]cholesterol (Amersham Bioscience, Buckinghamshire, UK) and 2 
µCi of [3H]sitostanol (American Radiolabeled Chemicals, St Louis, USA). Feces were 
collected for the next 4 days. After 4 days animals were sacrified and the small intestine was 
removed. The intestinal contens were flushed with saline containing 0.5 mM taurocholate and 
radioactivity was measured upon dissolving the intestine in NCS-TS (Amersham Bioscience). 

For determination of cholesterol kinetics, only Mdr2-/- mice were used. Mice were housed 
individually one week prior to the experiment. Mice were fed normal chow or chow supple-
mented with GW3965 (35 mg/kg/day). After 8 days, mice received an intravenous injection 
of 1.7 µCi [3H]cholesterol (NEN Life Science, Zaventem, Belgium) dissolved in Intralipid 
(20%, Fresenius Kabi, Den Bosch, The Netherlands) via retro-orbital injection. Blood 
samples (75µl) were drawn at day 1, 2, 3 and 4 after injection by orbita puncture. Feces were 
collected from individual mice at day 1, 2, 3 and 4 after injection. After 4 days, bile was 
collected as described above and animals were sacrificed afterwards. Liver and intestine were 
collected for radioactivity measurement. 
 
Analytical methods 
Bile salts were measured enzymatically.10 Commercially available kits were used for the 
determination of free cholesterol (Wako, Neuss, Germany), total cholesterol and triglycerides 
(Roche Molecular Biochemicals, Mannheim, Germany) and phospholipids (Wako) in plasma. 
From each group, plasma samples were pooled and used for lipoprotein separation by fast 
protein liquid chromatography (FPLC) on a Superose 6B 10/30 column (Amersham Bio-
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science). Livers were homogenized and hepatic lipids were extracted according to Bligh and 
Dyer.11 Hepatic triglyceride and cholesterol concentrations were determined using commer-
cially available kits (Roche, Wako). Phospholipids in bile and liver were determined as 
described by Böttcher et al.12 Cholesterol in bile was measured according to Gamble et al.13 
Feces were weighed and homogenized. Neutral sterols and bile salts were analyzed according 
to Acra et al.14 and Setchell et al.15 

Feces collected for cholesterol absorption measurements after oral administration of 
[3H]sitostanol and [14C]cholesterol were freeze-dried, saponified, and neutral sterols were 
extracted. The [14C] and [3H] content of the feces and dosing mixture were counted and the 
ratio was used to calculate the percentage cholesterol absorption:  

% cholesterol absorption = 100
mixture dosing HC/

feces HC/ - mixture dosing HC/
314

314314

×













  

To measure kinetics of fecal disposal of plasma-derived [3H]cholesterol, the [3H] content of 
plasma (10 µl) was measured by liquid scintillation counting. Before counting the [3H] 
content of feces, feces were freeze-dried, saponified, and neutral sterols were extracted 
according to Bligh and Dyer.11 

 
Histology 
Liver and small intestine were examined after hematoxilin-eosin (HE) staining and oil red-o 
(ORO) staining for neutral lipids. HE staining was performed on paraformaldehyde-fixed, 
paraffin-embedded sections by standard procedures. Oil-red-o staining was performed on 
frozen sections by standard procedures. 
 
Immunohistochemical staining of intestine 
Ki-67 staining was performed on paraformaldehyde-fixed, paraffin-embedded intestinal 
sections. Endogenous peroxidase activity was blocked by incubation of sections in 0.3% (v/v) 
H2O2 in 30 % (v/v) methanol for 4 minutes. Sections were pretreated with 10 nM citrate 
buffer (pH 6) for 8 minutes at 100 °C. Nonspecific binding was blocked by pre-incubation 
with normal goat serum. Sections were incubated with Ki-67 polyclonal antibody (Novo 
Castra, Newcastle, UK) (1:500) for 60 minutes. Secondary antibody against rabbit (IgG) 
labeled with biotine (Dako, Glostrup, Denmark) (1:100, 30 min.) was used. Antibody binding 
was visualized using streptavidine labeled with peroxidase (Dako), DAB (Sigma, St. Louis, 
USA) and peroxide. Sections were counterstained with hematoxylin. 
 
Immunochemical staining of Abca1 and Abcg5 in the small intestine 
For homogenates and brush border membrane isolation, mid sections of the small intestines 
were used. Mucosa was scraped before homogenization in buffer containing 250 mM sucrose, 
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10 mM Tris-base (pH 7.4), and a mixture of protease inhibitors containing 100 µM PMSF and 
Complete (Roche Diagnostics, Almere, The Netherlands). From these homogenates, brush 
border membrane (BBM) fractions were isolated by calcium precipitation as described by 
Schmitz et al.16 Enrichment of BBM fractions was determined by alkaline phosphatase 
activity measurements according to Keeffe et al.17 Protein was determined according to 
Lowry et al.18 Homogenates (50 µg protein) for detection of Abca1 and BBM fractions (15 µg 
protein, corrected for enrichment) for detection of Abcg5 were electrophoresed through poly-
acrylamide gels and blotted on nitrocellulose membranes. Membranes were blocked in Tris-
buffered saline (pH 7.4) containing 1% Tween 20 and 5% skim milk powder. Membranes 
were incubated with anti-Abca1 antibody,19 kindly provided by M. Hayden, (1:1000 in 
blocking buffer), or Abcg5 antiserum20 (1:1500 in blocking buffer) for 2 hours at room 
temperature. After washing, immunocomplexes were detected using horseradish peroxidase-
conjugated sheep anti-mouse IgG (Abca1) or goat ant- rabbit IgG (Abcg5) and ECL detection 
(All three from Amersham Bioscience, Little Chalfont, UK). 
 

RNA isolation and PCR procedures 
Total RNA was isolated with Trizol (Invitrogen, Parsley, UK) and quantified using Ribogreen 
(Molecular Probes, Eugene, USA). Equal amounts of RNA from the three distinct parts of the 
small intestine were pooled prior to reverse transcription. Real-time quantitative PCR was 
performed using an Applied Biosystems 7700 Sequence detector according to the manufac-
turer’s instructions. Primers were obtained from Invitrogen. Fluorogenic probes, labeled with 
6-carboxy-fluorescein (FAM) and 6-carboxy-tetramethyl-rhodamine (TAMRA), were made 
by Eurogentec (Seraing, Belgium). Primers and probes used in these studies have been 
described elsewhere (Abca1, Abcg5, Abcg8, Acat2, Hmgcr and Sr-b1,3 except Abcg1 
(NM_009593; forward CAAGACCCTTTTGAAAGGGATCTC, reverse GCCAGAATATT-
CATGAGTGTGGAC, probe CCCATGATGGCCACCAGCTCTCC), Abcg2 (AF140218; 
forward AATCAGGGCATCGAACTGTCA, reverse CAGGTAGGCAATTGTGAGGA-
AGA, probe CAAGCCAGGGCCACATGATTCTTCC) and Npc1l1 (AY437866; forward 
GAGAGCCAAAGATGCTACTATCTTCA, reverse CCCGGGAAGTTGGTCATG, probe 
ACTCCAGCAAACACCGCACTGCC).  All expression data were subsequently standardized 
for β-actin RNA, which was analyzed in separate runs. 
 

Statistics 
Statistical analyses were performed using SPSS 10.0 for Windows (SPSS Inc., Chicago, 
USA). Differences between the groups were analyzed by Kruskal-Wallis test followed by 
Mann-Whitney-U-test. A p-value smaller than 0.05 was considered statistically significant. 
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Results 

Plasma and liver parameters upon LXR activation in wild-type and Mdr2-/- mice 
Treatment with the LXR agonist GW3965 led to a significant increase in plasma cholesterol 
levels in wild-type mice (Table I). Plasma cholesterol levels also increased upon treatment in 
the Mdr2-/- mice, with basal plasma cholesterol levels of 36% of wild-type values (Table I). 
The increase in plasma cholesterol in both strains was mainly confined to the HDL-sized 
fractions, as shown by FPLC analysis (Figure 1). Plasma triglyceride concentrations were not 
significantly affected by GW3965 treatment in wild-type or Mdr2-/- mice (Table I). 

Although it has been reported that treatment of C57BL/6J mice with the LXR agonist 
T0901317 has a profound effect on liver weight,21 no significant change in liver weight was 
seen in FVB mice after treatment with GW3965 (Table I). Mdr2-/- mice had an increased liver 
weight compared to wild-type mice (+ 71%), in agreement with earlier reports.22 Bile duct 
proliferation was observed in all Mdr2-/- mice, but in none of the wild-type mice (data not 
shown). As shown earlier with the LXR agonist T0901317 by us21 and others,23 GW3965 
treatment also led to an increased triglyceride content in the liver of wild-type mice (+ 106%). 
Surprisingly, no increase was seen in Mdr2-/- mice upon GW3965 treatment, as confirmed by 
oil red-o staining (data not shown). GW3965 treatment did not lead to changes in liver 
cholesterol levels in wild-type or Mdr2-/- mice. 
 
 
Table I: Plasma and liver lipid levels of wild-type and Mdr2-/- mice maintained on chow diet in the 
presence or absence of the LXR agonist GW3965. 

 wild-type Mdr2-/- 
 control GW3965 control GW3965 

Plasma cholesterol (mM)   2.34 ± 0.41   3.22 ± 0.33 α   0.85 ± 0.20 α   1.36 ± 0.11β 

Plasma triglycerides (mM)   2.31 ± 0.67   2.76 ± 0.39   1.67 ± 0.28   1.77 ± 0.34 

Body weight (g)   25.8 ± 3.3   25.7 ± 3.6   26.3 ± 1.6   26.9 ± 2.8 

Liver weight (% of body weight)   4.51 ± 0.40   4.79 ± 0.23   7.72 ± 0.75 α   9.47 ± 1.02 β

Liver cholesterol (nm/mg liver)   6.00 ± 1.19   5.33 ± 1.19   6.67 ± 0.98   5.79 ± 0.53 

Liver phospholipids (nmol/mg liver) 31.37 ± 3.16 34.38 ± 4.96 29.92 ± 4.08 25.96 ± 1.04 β 

Liver triglycerides (nmol/mg liver) 12.83 ± 4.87 26.43 ± 5.91 α   4.55 ± 1.23 α   4.58 ± 1.08 

Female FVB wild-type (n = 7 per group) and Mdr2-/- mice (n = 6 per group) were fed a chow diet in the presence 
or absence of GW3965 (35 mg/kg/d) for 10 days. Blood was collected by cardiac puncture. Livers were collected 
and frozen immediately. Analysis of lipids was performed as described in MATERIALS AND METHODS. Values 
represent means ± S.D. αIndicates significant difference (Kruskal-Wallis test followed by Mann-Whitney U test, 
p<0.01) compared to control wild-type mice. β Indicates significant difference (Kruskal-Wallis test followed by 
Mann-Whitney U test, p<0.01) compared to control Mdr2-/- mice. 
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Figure 1: Effect of LXR activation on distribution of cholesterol in plasma lipoprotein fractions of 
wild-type and Mdr2-/- mice.  

FPLC analysis of plasma cholesterol of female FVB wild-type (A) and Mdr2-/- (B) mice. Mice were 
maintained for 10 days on chow diet in the presence (closed circles) or absence (open circles) of 
the LXR agonist GW3965 (35 mg/kg/d). Blood was collected via cardiac puncture and pooled 
before FPLC analysis. Analysis was performed as described in MATERIALS AND METHODS. 

 
 
 
 
Biliary secretion rates upon LXR activation 
We have previously shown that LXR stimulation enhances cholesterol secretion without 
increasing phospholipid secretion into bile, resulting in uncoupling of biliary cholesterol and 
phospholipid secretion.3 Treatment with GW3965 increased biliary cholesterol secretion 
1.7-fold in wild-type mice, whereas bile flow, biliary bile salt and phospholipid secretion 
were not affected (Table II). As a result, the ratio of cholesterol to phospholipids doubled 
upon GW3965 treatment. Mdr2-/- mice, compared to wild-type mice, showed an increased bile 
flow, similar to earlier reports22 and a severely decreased biliary cholesterol secretion. Upon 
GW3965 treatment biliary cholesterol secretion remained unaffected. As expected, 
phospholipids in bile of Mdr2-/- mice were not detectable (Table II). 
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Table II: Biliary output parameters of wild-type and Mdr2-/- mice maintained on a chow diet in the 
presence or absence of the LXR agonist GW3965. 

 wild-type  Mdr2-/- 

 control GW3965  control GW3965 

Bile flow (µl/min/100 g body weight)    4.7 ± 1.0   4.8 ± 1.0     7.4 ± 1.3α  10.0 ± 3.3 

Bile salts (nmol/min/100 g bw)   293 ± 97  318 ± 137    395 ± 67   549 ± 351 

Cholesterol (nmol/min/100 g bw)    1.9 ± 0.6   3.3 ± 1.1α     0.3 ± 0.2α    0.2 ± 0.2 

Phospholipid (nmol/min/100 g bw)  52.1 ± 11.6 44.2 ± 15.6         ND        ND 

Cholesterol/phospholipid ratio  0.04 ± 0.02 0.08 ± 0.02α           -          - 

Female FVB wild-type (n = 7 per group) and Mdr2-/- mice (n = 6 per group) were fed a chow diet in the presence 
or absence of GW3965 (35 mg/kg/d) for 10 days. Bile was collected for 30 min. Analysis of bile was performed 
as described in MATERIALS AND METHODS. Phospholipids in bile in Mdr2-/- mice were not detectable (ND). 
Values represent means ± S.D. α Indicates significant difference (Kruskal-Wallis test followed by Mann-Whitney 
U test, p<0.01) compared to control wild-type mice. β Indicates significant difference (Kruskal-Wallis test followed 
by Mann-Whitney U test, p<0.01) compared to control Mdr2-/- mice. 

 
Fecal sterol balance 
Neutral sterols and bile salts were determined in the feces (Figure 2). Fecal neutral sterol 
output was increased by 2.1-fold in wild-type mice after GW3965 treatment. Surprisingly, 
Mdr2-/- mice showed a similar 2.1-fold increase in fecal neutral sterol loss as wild-type mice 
after GW3965 treatment. There was no change in fecal bile salt output upon LXR activation 
in either strain. 
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Figure 2: Fecal loss of bile salts and 
neutral sterols of wild-type and Mdr2-/- mice 
maintained on chow diet in the absence or 
presence of the LXR agonist GW3965.  

Female FVB wild-type and Mdr2-/- mice 
were maintained on chow diet in the 
absence (white bars) or presence (black 
bars) of the LXR agonist GW3965 (35 
mg/kg/d) for 10 days. Animals were housed 
in groups during the experiment and feces 
were collected last 48 hour of experiment. 
Feces were analysed as described in 
MATERIALS AND METHODS. * Indicates 
significant difference (Mann-Whitney U test, 
p<0.05). 
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Cholesterol absorption 
GW3965 treatment reduced fractional cholesterol absorption as measured by the oral dual 
isotope test in wild-type mice by about 50% (Figure 3). Surprisingly, fractional cholesterol 
absorption in untreated Mdr2-/- mice was similar to that in wild-type mice. Upon LXR 
activation, however, fractional cholesterol absorption in Mdr2-/- decreased drastically to 
undetectable levels. The recovery of [14C]cholesterol in the small intestinal wall at  4 days 
after its intragastric administration was similar in untreated wild-type and Mdr2-/- mice (3.9 ± 
1.2% of dose in wild-type and 3.3 ± 0.2% in Mdr2-/- mice). LXR activation did not reduce this 
percentage in wild-type mice (3.1 ± 0.7% of dose), however, Mdr2-/- mice showed a strongly 
reduced recovery of [14C]cholesterol in the intestinal wall (0.8 ± 0.4% of dose). 
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Figure 3: Fractional cholesterol absorption of wild-type and Mdr2-/- mice maintained on chow diet in 
the absence or presence of the LXR agonist GW3965. Female FVB wild-type and Mdr2-/- mice 
were maintained on chow diet in the absence (white bars) or presence (black bars) of the LXR 
agonist GW3965 (35 mg/kg/d) for 10 days. Animals were housed individually. Fractional cholesterol 
absorption was measured using the fecal dual-isotope method as described in MATERIALS AND 
METHODS. * Indicates significant difference (Mann-Whitney U test, p<0.05). 

 
 
mRNA and protein expression in the small intestine 
As the results described above suggest involvement of the intestine in cholesterol excretion 
into the feces, we determined expression levels of several genes involved in cholesterol 
metabolism in the small intestine of wild-type and Mdr2-/- mice upon LXR activation. LXR 
activation by GW3965 treatment resulted in a more than 2-fold induction of Abcg5 and Abcg8 
mRNA levels in the small intestine in both strains (Table III), in agreement with increased 
protein expression of Abcg5 (Figure 4A). In addition, LXR activation led to a more than 
9-fold increase in Abca1 mRNA levels (Table III) and concomitant increase of Abca1 protein 
(Figure 4B) in the small intestine in both strains. Abcg1 mRNA expression in the small 
intestine was more than 12-fold induced after LXR stimulation in both strains (Table III). 
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Expression of Sr-b1 increased over 2-fold in both strains after LXR activation (Table III). In 
contrast, intestinal expression of Npc1l1, recently identified as intestinal cholesterol absorp-
tion protein,2 tended to decrease upon LXR activation in wild-type mice and was significantly 
decreased under these conditions in Mdr2-/- mice. Expression of Hmgcr and Acat2, indicative 
of intestinal cholesterol synthesis and esterification, remained unaffected upon GW3965 
treatment in wild-type and Mdr2-/- mice (Table III). 

To test whether increased intestinal cell proliferation might contribute to enhanced fecal 
cholesterol loss, Ki-67 staining was performed to visualize dividing cells. Visual inspection of 
Ki-67 stained intestinal sections, however, did not reveal indications for increased cell prolif-
eration upon LXR activation (data not shown). 

 
 
 
 
 

 

Table III: mRNA expression levels in small intestine of wild-type and Mdr2-/- mice treated with or 
without the LXR agonist GW3965. 

 wild-type  Mdr2-/- 

mRNA control GW3965  control GW3965 

Abca1 1.00 ± 0.41        9.51 ± 2.81 α         0.44 ± 0.15 α       4.40 ± 0.96 β 

Abcg1 1.00 ± 0.22      13.31 ± 4.48 α         0.83 ± 0.24     10.03 ± 3.96 β 

Abcg2 1.00 ± 0.30        1.42 ± 0.57         0.93 ± 0.40       1.21 ± 0.23 

Abcg5 1.00 ± 0.24        3.12 ± 1.21 α         0.69 ± 0.17 α       1.94 ± 0.74 β 

Abcg8 1.00 ± 0.30        2.88 ± 0.81 α         0.82 ± 0.36       1.79 ± 0.58 β 

Sr-b1 1.00 ± 0.38        2.19 ± 0.80 α         0.55 ± 0.18 α       1.71 ± 0.71 β 

Npc1l1 1.00 ± 0.42        0.71 ± 0.20         1.06 ± 0.21       0.47 ± 0.14 

Hmgcr 1.00 ± 0.19        1.19 ± 0.45         0.92 ± 0.43       1.04 ± 0.41 

Acat2 1.00 ± 0.30        1.07 ± 0.26         0.89 ± 0.27       1.07 ± 0.44 

Female wild-type FVB and Mdr2-/- mice were maintained on chow diet in the absence or presence of the LXR 
agonist GW3965 (35 mg/kg/d) for 10 days. RNA was isolated from 3 parts of the small intestine; equal amounts 
of RNA were pooled before synthesis of cDNA. Synthesis of cDNA and quantitative real-time PCR was 
performed as described in MATERIALS AND METHODS. All data were standardised for β-actin RNA. 
Expression in wild-type mice on control diet was set to 1.00. Values represent means ± S.D. α Indicates 
significant difference (Kruskal-Wallis test followed by Mann-Whitney U test, p<0.01) compared to control wild-
type mice. β Indicates significant difference (Kruskal-Wallis test followed by Mann-Whitney U test, p<0.01) 
compared to control Mdr2-/- mice. 
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Figure 4: Abca1 protein and Abcg5 protein expression in small intestines of wild-type and Mdr2-/- 
mice maintained on chow diet in absence or presence of the LXR agonist GW3965.  

Female wild-type FVB (A) and Mdr2-/- (B) mice were maintained on chow diet in absence or present 
of the LXR agonist GW3965 (35 mg/kg/d) for 10 days. Homogenized small intestine samples (50 
µg of total protein) were subjected to SDS/PAGE and immunoblotting for Abca1. Brush border 
membranes were isolated and subjected to SDS/PAGE and immunoblotting for Abcg5. 

 
Plasma-derived cholesterol excretion in feces of Mdr2-/- mice 
In order to determine whether cholesterol excreted into the feces upon LXR activation could 
originate from the plasma compartment, untreated and GW3965-treated Mdr2-/- mice received 
an intravenous injection of [3H]cholesterol dissolved in Intralipid. Although no difference 
could be detected in the specific activities of plasma cholesterol between both groups (page 
116, Figure 5A), LXR activation did markedly increase (by 66%) the recovery of plasma-
derived [3H]cholesterol in the neutral sterol fraction of the feces after 4 days by 66% (6.87 ± 
0.55 vs. 4.13 ± 0.68 %/dose) (Figure 5B). As expected, no [3H] was detectable in the sterol 
fraction of bile after Bligh and Dyer extraction (data not shown). 

Discussion 
Reverse cholesterol transport (RCT) is usually defined as the pathway responsible for removal 
of excess cholesterol from peripheral cells by HDL, its transport to the liver and, finally, 
disposal from the body. LXR activation has been proposed to enhance RCT by induction of 
Abca1 (and other transporters) in peripheral cells to allow cholesterol efflux towards HDL, 
increasing biliary cholesterol secretion and, ultimately, stimulation of fecal cholesterol output. 
Recently, we calculated that part of the increased fecal cholesterol output upon LXR activa-
tion in mouse models must be of intestinal origin.3 These calculations were, however, based 
on the estimates of 24h biliary cholesterol secretion. In the present study, we therefore chose 
to dissect hepatobiliary cholesterol secretion from intestinal cholesterol secretion by using 
Mdr2-/- mice, a model in which hepatobiliary cholesterol secretion is almost absent. 
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Figure 5: Specific activity of [3H]cholesterol in plasma and cumulative excretion of radioactivity in 
the neutral sterol fraction of feces in Mdr2-/- mice treated with or without the synthetic LXR agonist 
GW3965.  

Female individually housed Mdr2-/- mice were maintained on chow diet in the absence (n = 4) or 
presence (n = 5) of LXR agonist GW3965 (35 mg/kg/d) for 12 days. After 8 days of diet mice 
received [3H]cholesterol intravenously and blood samples were taken and feces were collected 
every 24 hours until the end of the experiment. Radioactivity was measured in samples as 
described in MATERIALS AND METHODS. * indicate significant difference (Mann-Whitney U test, 
p<0.05). 

 
As previously shown, LXR activation in wild-type mice led to increased HDL levels, 
increased biliary cholesterol secretion, decreased fractional cholesterol absorption and stimu-
lation of fecal neutral sterol loss. In wild-type mice, but not in Mdr2-/- mice, LXR activation 
also led hepatic steatosis.21,24 Grefhorst et al. proposed that the development of hepatic steato-
sis upon LXR activation is related to increased de novo lipogenesis in combination with an 
increased free fatty acid flux toward the liver.21 The lack steatosis upon LXR activation in 
Mdr2-/- mice is under investigation. 

As reported before,25 Mdr2-/- mice had reduced plasma HDL levels compared to wild-type 
mice. Expression of Abca1 appears to be a major determinant of plasma HDL.26,27 Our data 
show that, in Mdr2-/- mice, Abca1 mRNA expression was significantly reduced in the intestine 
as well as in the liver (data not shown). The reason herefore remains to be elucidated, but 
reduced Abca1 expression is a plausible explanation for low HDL levels in Mdr2-/- mice.  
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As expected, biliary cholesterol secretion in Mdr2-/- mice was severely impaired, i.e., by 87% 
compared to wild-type mice, whereas biliary phospholipid secretion was undetectable. Fecal 
neutral sterol and bile salt outputs were, however, similar to that observed in wild-type mice. 
These findings in female Mdr2-/- mice differ from previous observations in our laboratory, 
i.e., an increased fecal neutral sterol loss in male Mdr2-/- mice compared to sex- and age- 
matched controls.25 As this difference was rather striking, we additionally measured fecal 
neutral sterol loss in male wild-type and Mdr2-/- mice kept on the same diet as the female 
mice studied. From these analyses it appeared that fecal neutral sterol output, although two-
fold higher compared to females, was similar in male wild-type and Mdr2-/- mice (data not 
shown). To date, we cannot explain this discrepancy in outcome of studies that were 
conducted 6 years apart from each other. We suggest that differences in age of the mice, 
housing conditions and, particularly, changes in chow composition may contribute to these 
divergent results. 

Fractional cholesterol absorptions in untreated female Mdr2-/- mice was found to be  
similar to that of wild-type mice. This was surprising, as Mdr2-/- mice lack biliary phospho-
lipids which is expected to limit incorporation of cholesterol into micelles. Cholesterol 
absorption measurements using the plasma dual-isotope method employing i.v. administration 
of [3H]cholesterol and oral administration of [14C]cholesterol in male  by Voshol et al.25 
indicated a decreased cholesterol absorption in Mdr2-/- mice. However, as already stated in the 
original paper,25 these results should be judged with caution as the liver and intestine did not 
reach in isotopical equilibrium with plasma within 48 hours. Clearly, intrinsic differences 
between both techniques to measure cholesterol absorption have to be taken in account. Data 
from the currently used test indicate that Mdr2-/- mice take up cholesterol normally from the 
lumen, as supported by unaffected Npc1l1 expression and the similar [14C]cholesterol content 
of the intestinal wall after termination of the experiment. However, it is plausible to assume 
that the delayed chylomicron production in Mdr2-/- mice28 influences further processing of the 
enterocytic cholesterol pools. 

Biliary cholesterol secretion in Mdr2-/- mice remained impaired upon LXR activation, 
demonstrating that phospholipid secretion is a prerequisite for hepatobiliary cholesterol 
excretion also during LXR-induced hypersecretion. Surprisingly, however, fecal neutral sterol 
output increased to a similar extent in wild-type and Mdr2-/-mice. As dietary intake was 
similar in all groups and biliary cholesterol was almost absent in Mdr2-/- mice, a considerable 
part of this cholesterol has to originate directly from the intestine. 

To gain insight in the relative magnitude of LXR-induced “direct” intestinal secretion, it 
was of importance to assess the effects of LXR activation on fractional cholesterol absorption 
in both strains. As demonstrated by us29 and others,30,31 fractional cholesterol absorption was 
reduced by about 50% in wild-type mice upon LXR activation. Surprisingly, a much greater 
reduction was observed in the Mdr2-/- mice, indicating a virtually complete suppression of 
fractional cholesterol absorption upon treatment. The combination of a pronounced reduction 



Chapter 5 
 

 118 

of intestinal Npc1l1 expression, increased Abcg5/Abcg8 expression and relatively small 
amount of intraluminal cholesterol due to absence of biliary cholesterol are probably respon-
sible for this surprising finding. Knowing the daily input of dietary cholesterol, as estimated 
from measurement of food intake, and biliary cholesterol, as calculated on the basis of  30 
min output rates, and the fractional absorption rates, it is possible to estimate the apparent 
contribution of direct intestinal excretion to total fecal neutral sterol output. This calculated 
contribution was 20 % in untreated wild-type mice, which increased to 38 % upon LXR 
activation. Corresponding values for untreated and treated Mdr2-/- mice were 41% and 57%.  

Part of this cholesterol could, in principle, originate from enhanced sloughing of intestinal 
cells or be due to increased de novo cholesterol synthesis. Based on unchanged HMGCoA 
reductase gene expression, we consider it unlikely that cholesterol synthesis was increased 
upon LXR activation. Staining for the proliferation marker Ki-67 revealed no signs of 
increased intestinal cell proliferation upon LXR activation, making the possibility of 
enhanced cell shedding less likely. We also showed that the specific activity of cholesterol in 
plasma remained unchanged upon LXR activation in Mdr2-/- mice, whereas the excretion of 
plasma-derived labeled cholesterol into feces was increased (Figure 5). The amount of radio-
labeled fecal neutral secretion at 24 h after injection was about 0.7 % /dose in untreated 
Mdr2-/- mice. Assuming equilibration of the labeled cholesterol within 24 h32 and a total 
cholesterol pool of 143 µmol33 it can be calculated that about 1.0 µmol cholesterol leaves the 
body via this route per day. This value approximates 64% of the amount of neutral sterol 
actually measured in the stool of these mice, which is of the same order of magnitude as 
calculated from the fractional absorption rate. Since part of the labeled cholesterol may be 
reabsorbed this value may underestimate the true plasma-to-intestine flux. These three 
observations together strongly indicate that the intestine, independently of biliary cholesterol, 
plays an important role in the disposal of plasma-derived cholesterol from the body upon 
LXR activation. Therefore, we consider intestinal excretion a second route for cholesterol 
transport from the periphery to the feces and, by definition, an intrinsic part of the RCT 
system. 

The question remains, however, which pathway mediates the uptake of plasma-derived 
cholesterol by the enterocyte. In addition to that of Abcg5 and Abcg8, intestinal gene expres-
sion of Abca1 and Abcg1 was increased upon LXR activation. Abca1 is known to be localized 
at the basolateral membranes of CaCo-2 cells34 and of chicken enterocytes35 and may 
facilitate uni-directional cholesterol transport from these cells towards HDL.36 Thus it is 
highly unlikely that Abca1 contributes to uptake of cholesterol into the enterocyte. Moreover, 
Abca1-/- mice increase their fecal cholesterol secretion – in the absence of HDL - upon LXR 
activation to the same extent as wild-type mice do.3 Abcg1 is known to regulate cholesterol 
and phospholipid transport in macrophages.37 Localization and function of Abcg1 in the 
intestine is currently unknown, but based on the macrophage study37 it is very likely that 
Abcg1 plays a role in intracellular lipid transport processes. 
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SRBI, at least in macrophages, has been implicated in bi-directional flux of cholesterol and 
phospholipids.38,39 The direction of cholesterol transport is probably determined by the free 
energy difference between cholesterol pools. In the small intestine, Sr-b1 is localized both at 
the apical membrane of the brush border and at the basolateral membrane, with different 
expression levels along the length of the small intestine.40 This suggests that Sr-b1 has several 
functions in the intestine. Mice deficient in Sr-b1, however, show only a small increase in 
cholesterol absorption efficiency and small decrease in fecal neutral sterol output.41 This 
suggests a relatively small contribution of intestinal Sr-b1 to control of fecal cholesterol 
excretion. However, basolaterally located Sr-b1 could theoretically play a role in cholesterol 
uptake into the enterocyte particularly when, due to activation of Abcg5 and Abcg8, free 
cholesterol in the enterocytes decreases and uptake of the sterol from the plasma compartment 
may become energetically favorable. 

In conclusion, our results demonstrate that increased fecal neutral sterol excretion upon 
LXR activation is independent of biliary cholesterol excretion in mice. We propose the 
intestine as an additional excretory organ in RCT, implying that the "classical" definition of 
RCT needs to be redefined. 
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Summary 

Erythropoietic protoporphyria (EPP) is an inherited disorder of heme synthesis caused by 
deficiency of the mitochondrial enzyme ferrochelatase. EPP in humans is associated with liver 

disease, hypertriglyceridemia, and a low level of high density lipoprotein (HDL) cholesterol. 
To explore consequences of ferrochelatase deficiency in lipid metabolism, we have analyzed 
hepatic lipid content and plasma lipoprotein levels in chow-fed BALB/c mice homozygous 
(fech/fech) or heterozygous (fech/+) for a point mutation in the ferrochelatase gene and in 
wild-type controls (+/+). Livers of fech/fech mice show bile duct proliferation and biliary 

fibrosis, but bile formation is not impaired. The free cholesterol content of fech/fech livers is 
significantly increased when compared with fech/+ and +/+ livers. Plasma cholesterol in 
fech/fech mice (9.9 ± 6.4 mM) is elevated when compared with fech/+ and +/+ mice (2.9 ± 0.2 
and 2.5 ± 0.3 mM, respectively), because of an increased cholesterol content in the very low 

density lipoprotein-sized fractions, whereas HDL cholesterol is reduced. The ratio of 
cholesteryl ester to free cholesterol is 4.3 ± 0.6, 3.3 ± 0.3, and 0.3 ± 0.1 in the plasma of +/+, 
fech/+, and fech/fech mice, respectively. The latter is not due to reduced lecithin:cholesterol 
acyltransferase activity in plasma of fech/fech mice but to the presence of lipoprotein-X 

(Lp-X), a particle composed of bile-type lipids usually seen only in cholestatic conditions. 
Expression of mdr2, essential for biliary phospholipid/cholesterol secretion, is increased in 
fech/fech livers. In spite of this, biliary phospholipid/cholesterol secretion is reduced relative 
to that of bile salts. It is postulated that an inability of bile salts to stimulate lipid secretion 

adequately leads to formation of Lp-X in this noncholestatic condition. Distinct 
atherosclerotic lesions were found in aged fech/fech mice.  
Thus, ferrochelatase deficiency in mice leads to liver disease associated with altered hepatic 
lipid metabolism, a characteristic hyperlipidemia, and development of atherosclerosis. 
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Introduction 

Erythropoietic protoporphyria (EPP) is an inherited disorder of heme synthesis caused by 
deficiency of the mitochondrial enzyme ferrochelatase (EC 4.99.1.1), responsible for insertion 

of iron into protoporphyrin (PP).1 Impaired ferrochelatase activity in humans with EPP results 
in increased PP concentrations in erythrocytes, blood, liver, and feces.1 Skin lesions after 
exposure to sunlight represent the hallmark of EPP. Liver disease is one of the complications 
that may occur in patients with EPP but hepatic manifestations of EPP are diverse.1,2 About 40 
different mutations in the human ferrochelatase gene have been described so far.3 It appears 
that only mutations that give rise to severe deficiencies of enzyme activity predispose to 
development of liver disease for which transplantation is indicated.4 

Elevated plasma triglyceride levels and low levels of high density lipoprotein (HDL) 
cholesterol have been reported in EPP patients,5 but underlying mechanism(s) are unknown. 
In the present study, we used a mouse model of EPP6 to evaluate the effects of ferrochelatase 
deficiency on hepatic lipid metabolism and plasma lipoprotein levels. Mice homozygous 
(fech/fech) or heterozygous (fech/+) for a point mutation in the ferrochelatase gene were 

compared with wild-type (+/+) controls. Residual enzyme activity in various organs, 
including liver, is ~5% in fech/fech mice and ~60% in fech/+ mice.6 We have found that 
fech/fech mice on a normal chow diet develop bile duct proliferation and biliary fibrosis with 
porto-portal bridging.7 Bile formation is not impaired in these animals: in fact, biliary bile salt 
secretion is markedly enhanced. Heterozygotes, on the other hand, show normal bile 
formation and a characteristic fat accumulation in hepatocytes, indicating that impaired 
ferrochelatase activity per se may indeed affect hepatic lipid metabolism. We have determined 
the effects of (partial) ferrochelatase deficiency on hepatic and plasma lipoprotein levels in 
mice. Data show that reduced ferrochelatase activity in heterozygous fech/+ mice is associated 
with development of severe hepatic steatosis, while a marked hyperlipidemia, characterized 
by the presence of lipoprotein-X (Lp-X) and reduced HDL, is present in homozygous 

fech/fech mice. The latter is associated with the presence of atherosclerotic lesions.  

Materials and Methods 

Mice 
Male and female fech/fech and fech/+ mice with a BALB/c background were generously 
supplied by X. Montagutelli (Institut Pasteur, Paris, France) for establishing a breeding 
program at the Central Animal Laboratory, Faculty of Medical Sciences (University of 

Groningen, Groningen, The Netherlands). The animals were kept in a temperature- and light-
controlled environment and were protected from direct light by means of a yellow filter. 
Age-matched control BALB/c mice were purchased from Harlan BV (Zeist, The Netherlands). 
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Control animals were kept under the same ad libitum dietary conditions (SRM-A; Hope Farms 
BV, Woerden, The Netherlands) for at least 3 weeks prior to experiments. Animals received 

humane care according to local guidelines: experimental procedures were approved by the 
local Ethics Committee for Animal Experiments.  
 
Experimental procedures 
Male mice, 12–14 weeks of age, were anesthetized with isoflurane. A large blood sample was 
collected by cardiac puncture and transferred to an ethylenediaminetetraacetic acid-containing 

tube. Plasma was obtained for lipid and lipoprotein analysis: an aliquot was frozen 
immediately for determination of lecithin: cholesterol acyltransferase (LCAT) activity. The 
liver was excised and weighed. Small portions were rapidly frozen in liquid nitrogen for 
isolation of RNA, a part was slowly frozen in isopentane for preparation of sections for 
examination by microscopy, and the remainder was stored for lipid analyses.  

Separate groups of mice were used for determination of hepatic very low density lipo-
protein (VLDL) triglyceride production rates, as previously described.8 In short, mice were 
fasted overnight, anesthetized with isoflurane, and, after collection of a basal blood sample (75 
µl) by tail bleeding, Triton WR-1339 (12.5 mg per 100 µl) was intravenously administered via 
the penile vein. Subsequently, blood samples were collected at 1, 2, 3, and 4 h after Triton 
WR-1339 administration. The 4-h blood sample (~750 µl) was collected by cardiac puncture 

for VLDL isolation by density gradient ultracentrifugation.  
Separate groups of fech/fech, fech/+, and +/+ mice (n = 3 per group) were used for the 

collection of serum after a 16-h fast, for assessment of Lp-X as described below.  
Aged fech/fech and fech/+ mice (9–12 months) were used for evaluation of atherosclerotic 

plaques. For this purpose, the thorax was opened under Nembutal anesthesia and the heart was 

in situ perfused with phosphate-buffered saline at room temperature. The heart was then 
dissected out, cleaned of surrounding tissues, and stored in buffered formalin or rapidly frozen 
in isopentane until processed.  
 
Lipid analyses 
Plasma concentrations of total and free cholesterol, triglycerides, phospholipids, and free fatty 
acids were measured with commercially available kits, as previously described.8,9 Pooled 
plasma samples of the three groups of mice were used for lipoprotein separation by fast 
protein liquid chromatography (FPLC)9 or by density gradient ultracentrifugation according to 
Pietzsch et al.,10 using a Beckman (Fullerton, CA) Optima TLX tabletop ultracentrifuge.  

Fresh serum samples were used for assessment of Lp-X, using a commercially available 
kit (Lp-X Rapidophor; Immuno AG, Vienna, Austria), according to the manufacturer's 
instructions. Agarose electrophoresis was performed after addition of Sudan black (0.2%, w/v) 
to plasma and the mixture was incubated for 15 min at 45°C. Thereafter, an equal volume of 
0.5% agarose was added and the samples were applied to a 0.5% (w/v) agarose gel containing 
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100 mM Tris-HCl, pH 8.2. The gel was immersed in 50 mM barbital-HCl, pH 8.8, and 
electrophoresis was performed at 150 mA for 3 h.  

Hepatic lipid content was measured as previously described8 after Bligh and Dyer11 
extraction. Hepatic phospholipid species were separated by thin-layer chromatography 
followed by quantification through measurement of anorganic phosphate as detailed by 
Böttcher, van Gent and Pries.12  
 
Western blotting 
Fractions separated by FPLC were taken for semiquantitative assessment of apolipoprotein 
B-100 (apoB-100), apoB-48, and apoA-I contents by Western blotting exactly as described by 

Voshol et al.9 
 
RNA isolation and RT-PCR procedures 
Tissue samples for isolation of RNA were snap frozen in liquid nitrogen and stored at -80°C. 
Samples were homogenized and total RNA was isolated using the Trizol method (GIBCO, 
Grand Island, NY) and the SV total RNA isolation system (Promega, Madison, WI), 
according to the manufacturer instructions. Integrity of RNA was confirmed by agarose gel 
electrophoresis, and RNA concentration was measured spectrophotometrically. Single-
stranded cDNA was obtained from 12 µg of total RNA, using 80 U of Moloney murine 
leukemia virus reverse transcriptase, 16 µl of 5-fold concentrated buffer, 32 U of RNase 
inhibitor, 1.06 µg of random primer, and 8 µl of dNTP mix (10 mM) (all from Boehringer 
Mannheim, Indianapolis, IN) in a total volume of 80 µl, according to the manufacturer's 
instructions. Samples were incubated at 25°C for 10 min, at 45°C for 60 min, and at 95°C for 
5 min. Reverse transcriptase-polymerase chain reaction (RT-PCR) for acyl-coenzyme A 
(CoA):cholesterol acyltransferase gene-2 (acat-2), low density lipoprotein (LDL) receptor 
gene (ldlr), apoA-I gene (apoa-I), and apoB gene (apob) was done in 25-µl volumes using 1.5 
µl of cDNA, 0.125 µl (0.625 U) of Taq polymerase, 2.5 µl of 10-fold buffer, 0.5 µl of dNTP 
mix (10 mM) (all from Boehringer Mannheim), 1.0 µl of dimethyl sulfoxide (Merck, Rahway, 

NJ), and 0.5 µl of each primer (25 pmol; GIBCO). Primers used were GTGCCTGGGATCTT-
TTGTGT and AACATCCTGTCTCCAAACCG for acat-2,13 GGAGTGCATCAGCTTGG-
ACA and GTGATGCCATTTGGCCACTG for ldlr,14 GGCAGAGACTATGTGTCCCAGT-
TTGA and GTCATCCAGCGCGGGTTTGGCCTTCTC for apoa-I,15 and GACAGTGTCA-
ACAAGGCTTTGTATTGGGT and TGAAGACTCCAGATGAGGAC for apob.15 PCR 
included a predenaturation at 95°C for 2 min and a final extension of 5 min at 72°C. 

Amplification was done for 30 s at 95°C, annealing for 30 s at 56°C, and extension for 30 s at 
72°C. This step was repeated 22 times for both apoa-I and apob. The PCR products were 
separated on an 2.5% agarose gel and the intensity of the ethidium bromide staining was 
measured with an Imagemaster VDS gel documentation system and Imagemaster 1D elite 
software (Pharmacia, Uppsala, Sweden).  
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Competitive PCR for 18S ribosomal RNA and mdr2 
Homologous DNA competitors were generated according to the method by Celi, Zenilman, 
and Shuldiner.16 Briefly, a linker primer (CTGAACGCCACTTGTCCCTCAGACAAATC-
GCTGCACCAAC for ribosomal RNA, TATCCGCTATGGCCGTGGGAATCATCATGAA-
ACTGCCCCAGA for multidrug resistance gene-2 (mdr2)), with half containing the final 
primer binding site and the other half being a nested primer for the gene, was used to generate 
a competitor that is identical to the natural PCR product, but slightly shorter. Its concentration 
was estimated on an agarose gel in comparison with the Boehringer Mannheim MWM XIV 
ladder. PCR for ribosomal RNA was done with a 1.5-µl sample of cDNA and 1.5 µl of a 
competitor dilution containing approximately 55 x 106 copies per microliter, under the same 
conditions as mentioned above, with primers CTATTGCGCCGCTAGAGGTG and CTGAA-
CGCCACTTGTCCCTC. The protocol used included 2 min of preheating at 95°C, 18 cycles 
of 95°C, 60°C, 72°C (30 s each), followed by a final extension of 5 min at 72°C. For mdr2 

(primers TATCCGCTATGGCCGTGGGAA and ATCGGTGAGCTATCACAATGG),17 
7,000 and 11,000 copies of the competitor per microliter were used, with an annealing 
temperature of 54°C and 30 cycles, but otherwise identical conditions. The products were 
measured as described above. The original abundance of the mRNA in the sample was 
calculated by taking the ratio of competitor to natural product, corrected for the lower size, 

and therefore for the lower ethidium bromide intercalation of the competitor.  
 
Measurement of LCAT activity 
Plasma LCAT activity levels were measured in duplicate, using excess exogenous substrate 
containing [3H]cholesterol as described.18 The measured LCAT activity levels vary linearly 
with the amount of plasma added to the incubation mixture and are indicative of plasma 
LCAT concentrations. LCAT activity levels were related to the activities in a human plasma 
pool and expressed in arbitrary units, which correspond to the percentages of the activities 
present in the plasma pool. All animals were analyzed with one batch of substrates. LCAT 
activity was also measured with the endogenous substrate lipoproteins present in plasma, by 
assaying the rate of cholesterol esterification in whole plasma, as described previously.19  
 
Histological evaluation of liver and heart tissue 
Frozen liver and heart sections were stained for neutral fat with oil red O and counterstained 
with hemotoxylin. Localization of mdr2 P-glycoprotein (Pgp) and the bile salt export pump 
(bsep) was studied by confocal microscopy on 10-µm frozen liver sections, as described previ-
ously.20 Sections were fixed with 100% acetone for 10 min and air dried. Blocking was 
performed with 5% rabbit serum and the sections were then incubated with a 1:50 dilution of 
the P3II-26 antibody for mdr2 Pgp and antibody K12 for bsep.20 Formalin-fixed heart sections 
were stained with Alcian blue by standard procedures.  
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Statistics 
Comparison of data from +/+, fech/+, and fech/fech mice was done by analysis of variance 
and post hoc Newman-Keuls t-test. A P value of <0.05 was considered significant.  

Results 

Hepatic lipid content 
Livers of fech/fech mice show distinct bile duct proliferation and biliary fibrosis already at 2-3 
months of age, whereas hepatocyte morphology appears normal at this age (see also 
Figure 1).7 Analysis of hepatic lipid content, summarized in Table I, revealed a significant 
increase in free cholesterol content and in the sphingomyelin-to-phosphatidylcholine ratio in 
fech/fech mice in comparison with the other two groups. A marked accumulation of hepatic 
triglycerides, that is, an 8-fold increase when compared with wild-type controls, is present in 
livers of fech/+ mice but not in those of fech/fech mice. Staining of frozen liver sections for 
neutral lipid demonstrates that fat accumulates predominantly in perivenous hepatocytes, that 
is, cells surrounding the central  vein, of fech/+ livers (Figure 1).  
 
 
 
 
 
 
 
 
 

 

Table I: Lipid content of livers of chow-fed wild-type male BALB/c mice (+/+) and of mice
heterozygous (fech/+) or homozygous (fech/fech) for a point mutation in the ferrochelatase gene. 

 +/+ fech/+ fech/fech 

Free cholesterol           24.1 ± 0.6           27.0 ± 1.3 a          48.5 ± 6.0 b 

Cholesteryl ester             6.5 ± 1.0           26.6 ± 6.5 b          15.4 ± 8.8 b 

Triglycerides           28.0 ± 11.3         216.2 ± 79.7 a,b          27.2 ± 12.0 

Phospholipids            255 ± 26            261 ± 29           277 ± 31 

SM/PC ratio           0.91 ± 0.52           0.48 ± 0.24 a          2.01 ± 0.08 b 

Values are in nmol/mg protein and represent means ± SD for five or six animals per group.  
SM, sphingomyelin; PC, phosphatidylcholine.  
a Significant difference between fech/+ and fech/fech mice;  
b Significant difference from control values. 
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Figure 1: Oil red O staining for neutral fat on 
frozen liver sections of male wild-type (A), 
fech/+ (B), and fech/fech (C) mice fed standard 
laboratory chow.  

Arrow in (C) indicates the presence of proto-
porphyrin deposits in fech/fech liver. Original 
magnification:  40 x . 

C, Central vein 
p, portal vein 

 
 
 
 
 

 

Table II: Lipid concentrations in plasma of chow-fed wild-type male BALB/c mice (+/+) and of mice 
heterozygous (fech/+) or homozygous (fech/fech) for a point mutation in the ferrochelatase gene. 

 +/+ fech/+ fech/fech 

Total cholesterol 2.45 ± 0.29 2.95 ± 0.21a 9.85 ± 6.42b 

Triglycerides 0.86 ± 0.28 1.50 ± 0.59 1.06 ± 0.34 

Phospholipids 2.46 ± 0.36 3.35 ± 0.59  5.83 ± 1.04b 

Free fatty acids c 1.03 ± 0.29 1.14 ± 0.15 1.17 ± 0.57 

Values are in mmol/l and represent means ± SD for six animals per group. 
a Significant difference between fech/+ and fech/fech mice.  
b Significant difference from control values.  
c  Plasma free fatty acid levels were measured after an overnight fast. 
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Plasma lipid concentrations and lipoprotein profiles 
Plasma cholesterol levels are significantly higher in nonfasted fech/fech mice, ranging from 
4.5 to 18.5 mM in male mice 2-3 months of age, than in fech/+ and +/+ mice of similar age, 
with no difference between the latter two groups (Table II). The ratio of cholesteryl ester to 
free cholesterol in plasma is profoundly decreased in fech/fech mice when compared with 
fech/+ and +/+ mice, that is, 0.3 ± 0.1 (P < 0.05) versus 3.3 ± 0.3 and 4.3 ± 0.6, respectively. 
Plasma phospholipid concentrations are clearly increased in fech/fech mice when compared 
with the other two groups. Plasma triglyceride and fasting free fatty acid levels are similar 
across the three groups (Table II). 

Table III shows that LCAT activity, as measured by two independent methods, is 
increased rather than decreased in fech/fech animals in comparison with the other two groups, 
indicating that the low cholesteryl ester-to-free cholesterol ratio is not caused by a liver 
disease-related reduction in LCAT synthesis or secretion. Likewise, steady state mRNA levels 
of acyl-CoA:cholesterol acyltransferase 2, the cholesteryl ester-forming enzyme most 
abundantly present in liver,13 are not reduced in fech/fech mice (data not shown), in 
accordance with the elevated cholesteryl ester content in the livers of these animals (Table I).  

Separation of plasma lipoproteins by FPLC revealed that the characteristic HDL pattern of 
cholesterol in the +/+ mice is completely shifted toward the VLDL and intermediate density 

lipoprotein (IDL)/LDL-sized fractions in fech/fech mice (Figure 2A). Free cholesterol is 
abundantly present in the VLDL-sized fractions in fech/fech mice (Figure 2C), while the 
cholesteryl ester content of the HDL-sized fraction in these animals is clearly reduced in 
comparison with that in +/+ controls (Figure 2B). Phospholipids are mainly present in the 
VLDL-sized fractions in fech/fech mice and in the HDL-sized fractions in +/+ mice (Figure 
2D). Finally, triglycerides that are almost exclusively associated with VLDL-sized fractions in 
+/+ mice are abundant in the IDL/LDL-sized fractions in fech/fech mice (Figure 2E). 
Lipoprotein profiles in fech/+ mice closely resemble those in +/+ mice (not shown).  

 

 
 

Table III: Activity of lecithin:cholesterol acyltransferase (LCAT), measured by two independent 
methods, in plasma of chow-fed wild-type male BALB/c mice (+/+) and of mice heterozygous (fech/+) 
or homozygous (fech/fech) for a point mutation in the ferrochelatase gene. 

 +/+ fech/+ fech/fech 

LCAT a  (% of control) 54.5 ± 3.7 88.4 ± 4.2 b    97.1 ± 12.6 b 

LCAT c  (nmol/ml/h) 207.3 ± 16.9 317.3 ± 21.6 b 312 ± 96  

Values represent means ± SD of three to five animals per group. 
a Expressed as percentage of activity measured in control plasma pool. 
b Significant difference compared with control values. 
c Expressed as rate of esterification of endogenous substrate. 
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Figure 2: FPLC analysis of plasma lipids 
from male wild-type (open symbols) and 
fech/fech (closed symbols) mice.  

Pooled plasma samples were subjected to 
gel filtration using Superose 6 columns and 
lipid contents in each fraction were meas-
ured. Note that free cholesterol and 
phospholipids are predominantly present in 
the VLDL-sized fractions in fech/fech plasma. 
Profiles of fech/+ mice were indistinguishable 
from those of wild-type mice and are not 
shown for reasons of clarity. 
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Figure 3: Western blot analysis of apoA-I 
content of HDL-sized  FPLC fractions 
(top) and of apoB-100 and apoB-48 
contents in VLDL/LDL-sized fractions. 

ApoB is clearly more abundant in 
VLDL/LDL-sized fractions of fech/fech 
plasma. The apoA-I content of HDL is 
somewhat reduced and shows a shift 
toward smaller particles in fech/fech 
plasma. See Figure 2 for FPLC details. 

 

Western blotting of fractions separated by FPLC revealed a markedly higher content of apoB-
48 and B-100 in the VLDL- and IDL/LDL-sized lipoproteins in plasma of fech/fech mice than 
in that of +/+ mice (Figure 3, bottom). ApoA-I contents in HDL-sized fractions appear some-
what reduced and show a shift toward smaller particle size in fech/fech mice (Figure 3, top).  

The presence of high free cholesterol and phospholipids in the VLDL-sized fractions in 
fech/fech mice on FPLC separation is compatible with the presence of Lp-X.21 To ascertain 
the presence of Lp-X in plasma of fech/fech mice, density gradient ultracentrifugation was 
performed. Figure 4 shows that free cholesterol and phospholipids are mainly found in the 
LDL density range in fech/fech plasma, in contrast to the situation in +/+ plasma, in which 
lipid is mainly present in the HDL density range. Because Lp-X in mice consists of particles 
with VLDL size and LDL density, 21 these data are interpreted to indicate that fech/fech 
plasma indeed contains Lp-X. The presence of Lp-X in fasting serum samples of fech/fech 
mice could be directly demonstrated by use of a precipitation assay (Figure 5A), showing a 
clear precipitate that is not seen with control and fech/+ serum. Agarose gel electrophoresis 
revealed the presence of a major band with low mobility in fech/fech plasma (Figure 5B), 
reminiscent of the situation described in bile duct-ligated mice.21 No differences between 
control and fech/+ plasma were seen.  
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Figure 4: Lipid content of fractions isolated by density gradient ultracentrifugation of wild-type (+/+) 
and fech/fech (fech) mouse plasma. 

Total cholesterol (TC), free cholesterol (FC), cholesteryl ester (CE), phospholipid (PL), and triglyceride 
(TAG) contents of HDL (hatched bars), LDL (open bars) and VLDL (solid bars) fractions isolated by 
density grandient ultracentrifugation as described in MATERIALS AND METHODS. The majority of 
free cholesterol and phospholipids in fech/fech plasma is present in the LDL density fraction. 
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Figure 5: Demonstration of Lp-X in 
plasma of fasted fech/fech mice. 

A. Representative Lp-X precipitation 
assay showing precipitation in the gel 
on the cathode side in lane K1, con-
taining positive control serum provided 
by the manufacturer, and in lane 3, 
containing serum of a fasted fech/fech 
mouse, as indicated by the white 
arrow. No precipitates are present in 
lanes 2 and 4, containing serum of 
fasted control and fech/+ mice, 
respectively.  

+ Anode side of gel;  - cathode side.  

B. Agarose gel electrophoresis of 
plasma samples from control (lane 1), 
fech/fech (lane 2), and fech/+ (lane 3) 
mice. Plasma of fech/fech mice con-
tains a characteristic band of low 
mobility, indicated by the arrow.  

O, Origin; + anode side of gel; 
- cathode side of gel. 
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In vivo hepatic VLDL triglyceride production 
To check whether increased VLDL production by the liver contributes to the high lipid and 
apoB levels in plasma of ferrochelatase-deficient mice, we measured VLDL triglyceride 
production by the Triton WR-1339 procedure. Figure 6 shows the linear increase in plasma 

triglycerides in +/+, fech/+, and fech/fech mice on injection of Triton WR-1339: it is evident 
that this increase is less pronounced in fech/fech mice than in the other two groups. 
Calculation of hepatic VLDL triglyceride production rates from these concentrations, taking 
into account the fact that the plasma volume of fech/fech animals is somewhat larger than in 
the other groups,6 reveals a significantly lower value for fech/fech mice, that is, 0.086 ± 0.016 
µmol/h/g body weight, than for +/+ and fech/+ mice, that is, 0.121 ± 0.015 and 0.110 ± 0.029 
µmol/h/g body weight, respectively. Analysis of lipid composition of VLDL particles isolated 
from plasma collected 4 h after Triton WR-1339 injection revealed that particles from 

fech/fech mice are relatively enriched in cholesteryl esters at the expense of triglycerides 
(Table IV). 
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Figure 6: Linear increase in plasma 
triglyceride concentrations after intra-
venous administration of Triton WR-
1339. 

Triton WR-1339 was injected via the 
penile vein in wild-type (open circles), 
fech/+ (closed squares), and 
fech/fech (closed circles) mice as 
described in MATERIALS AND 
METHODS. Mean values ± SD are 
shown for n = 4–7 per group. 

 

 

Table IV: Lipid composition of VLDL particles isolated (d > 1.006) from plasma 4 h after intra-
venous injection of Triton WR-1339 in chow-fed wild-type male BALB/c mice (+/+) and of mice 
heterozygous (fech/+) or homozygous (fech/fech) for a point mutation in the ferrochelatase gene. 

 +/+ fech/+ fech/fech 

Free cholesterol 0.76 ± 0.13 0.83 ± 0.09 0.70 ± 0.03 
Cholesteryl ester 0.18 ± 0.06 0.13 ± 0.07 0.71 ± 0.15a 
Triglycerides 6.63 ± 1.71 6.92 ± 1.34 3.33 ± 0.43a 
Phospholipids 1.47 ± 0.30 1.62 ± 0.22 1.68 ± 0.09 

Values are in µmol/mg protein: protein content of the isolated very low density lipoprotein (VLDL) fractions 
was similar for the three groups, that is, 1.02 ± 0.21, 0.93 ± 0.16, and 0.90 ± 0.23 mg/ml for +/+, fech/+, 
and fech/fech, respectively. Values represent means ± SD of 7 (+/+), 4 (fech/+) and 4 (fech/fech) 
isolations.     a Significant difference from control values. 
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Hepatic mRNA levels of apob are similar in all three groups, as revealed by a semiquanti-
tative RT-PCR procedure (Figure 7). On the other hand, mRNA levels of apoa-I are increased 
in ferrochelatase-deficient mice. In addition, steady state levels of ldlr mRNA, normalized to 
18S mRNA, are increased by ~350% in fech/fech mice relative to controls (data not shown).  

Bile formation and mdr2 expression 
The presence of Lp-X is a characteristic feature of cholestatic liver disease. Although plasma 
markers of liver disease (aspartate aminotransferase, alanine aminotransferase, bile salts) are 

elevated in fech/fech mice,7 these animals show increased bile flow and increased secretion of 
bile salts.7 In view of this, the presence of Lp-X is unexpected at first sight. Bile secretion of 
biliary lipids, that is, free cholesterol and phospholipids, is also increased in fech/fech mice 
when compared with +/+ and fech/+ animals (Figure 8). Yet, the increase in biliary lipid 
secretion is less pronounced than that of bile salt secretion, resulting in a significant increase 
in the bile salt-to-phospholipid plus cholesterol ratio in bile of these animals (Figure 8), 
demonstrating a relative "undersecretion" of lipids into bile.  
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Figure 8: Bile flow and biliary lipid 
excretion rates in wild-type,  fech/+ and 
fech/fech mice. 

Bile was collected after canulation of the 
gallbladder for a 30-min period. Mean 
values ± SD are shown for five or six 
animals per group Bile flow, biliary 
secretion rates of bile salts (BS/100), 
phospholipids (PL), and cholesterol (FC), 
and the ratio of biliary bile salts to 
phospholipids plus cholesterol (BS/lipid).  

* Significantly different from control 
values 

#  significant difference between fech/+ 
and fech/fech mice. 

0

500

1000

1500

apoA apoB mdr2

 +/+
 fech/+
fech/fech

*

*

Figure 7: Steady state mRNA levels 
of apoa-I, apob, and mdr2 in livers of 
wild-type (open columns), fech/+ 
(hatched columns), and fech/fech 
(solid columns) mice determined by 
RT-PCR 

Values are normalized to 18S mRNA 
levels and represent mean values ± 
SD of 3-4 independent experiments.  

* Significantly different from control 
values. 
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Because biliary lipid secretion critically depends on activity of mdr2 Pgp and data have 
established that this transporter is also essential for Lp-X formation in bile duct-ligated 
mice,21 expression and localization of this protein were compared in +/+ and fech/fech mice. 
A competitive RT-PCR procedure revealed that mdr2 mRNA levels are slightly but 
significantly higher in fech/fech than in +/+ livers (Figure 7). On immunohistochemistry, mdr2 
Pgp was found to be present in a canalicular staining pattern in fech/fech and +/+ liver (Figure 
9). Yet, staining in fech/fech liver appeared more diffuse than in +/+ liver: this "fuzzy" 

staining pattern has been interpreted to suggest localization in a pericanalicular vesicular 
compartment.22.23 A similar pattern was observed for the bsep (Figure 9).  
 
Atherosclerosis 
In view of the atherogenic plasma lipid profile present in fech/fech mice, we screened sections 
of hearts obtained from relatively old (up to 12 months of age) mice for the presence of 
atherosclerotic lesions. Characteristic infiltrates with pigment-containing cells were present in 
hearts of fech/fech mice only (Figure 10A); the nature of these cells has not been determined. 
Finally, characteristic lipid-containing lesions were present in the valve area of hearts of 
fech/fech mice on oil red O staining (Figure 10B), indicative of the development of 
atherosclerosis. No lesions were found in hearts of fech/+ mice.  

                wild-type                         fech/fech  

 
 
 
Bsep 
 
 
 
 
 
 
 
Mdr2 
 

 

 

Figure 9: Immunolocali-
zation of the bile salt 
export pump Bsep and 
Mdr2 Pgp by confocal 
microscopy in livers from 
wild-type and fech/fech 
mice.  

Both bsep and mdr2 Pgp 
show a distinct canalicular 
staining pattern in wild-
type mice whereas 
staining in fech/fech mice 
has a "fuzzy" appearance. 

Bar indicates 10 µm. 
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Figure 10: Presence of athero-
sclerotic lesions in fech/fech 
mice. 

A: Deposits of pigment-containing 
cells, indicated by the arrow, 
were present in hearts of aged 
fech/fech mice.  

Alcian blue staining, original 
magnification 40 x.  

 

 

 

 

 

B: Oil red O staining for neutral 
fat on frozen sections demon-
strates the presence of fat 
deposits in hearts of aged 
fech/fech mice.  

Original magnification: 80 x. 

 

Discussion 

This study shows that impaired activity of the mitochondrial enzyme ferrochelatase is asso-
ciated with pronounced alterations in hepatic and plasma lipid concentrations in chow-fed 
mice. An ~50% reduction in enzyme activity leads to development of severe hepatic steatosis 
without significant effects on plasma lipid profiles and VLDL production in fech/+ mice. 
Homozygous fech/fech mice show a marked hyperlipidemia, characterized by an increased 
content of cholesterol, triglycerides, apoB-100, and apoB-48 in VLDL/IDL-sized lipoproteins, 
reduced HDL cholesterol, and the presence of Lp-X. This combination is associated with the 
development of atherosclerotic lesions. Because some of these features have also been 
reported in patients with EPP, that is, low HDL and increased triglycerides in LDL/VLDL,5 it 
appears that impaired ferrochelatase activity per se and/or EPP-associated liver disease has 
unfavorable effects on plasma lipoprotein profiles. Whether or to what extent these effects are 
specific for EPP-associated liver disease cannot be determined with certainty on the basis of 
these experiments; in view of reduced hepatic iron content in fech/fech mice,7 however, it is 
highly unlikely that iron toxicity plays a role.  
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Hepatic steatosis, mainly confined to perivenous hepatocytes, is the only overt phenotypical 
feature of fech/+ mice found so far. Steady-state plasma free fatty acid concentrations are not 
elevated in these animals, indicating that increased supply of fatty acids to the liver is not the 
cause of steatosis, as is the case in diabetes- or fasting-induced fatty liver. Preliminary 

findings have revealed that mitochondrial fatty acid ß-oxidation may be impaired in these 
animals (T. Plösch, V. Bloks, and F. Kuipers, unpublished results). Homozygous fech/fech 
mice did not show hepatic triglyceride accumulation, which may reflect compromised fat 
metabolism associated with liver disease. On the other hand, livers of fech/fech mice do have 
increased free cholesterol content. This excess free cholesterol, which must be present in 
cellular membranes, is associated with a relative increase in hepatic sphingomyelin content: 
sphingomyelin is able to accommodate two times as much cholesterol as is phosphatidyl-
choline.24 An increase in sphingomyelin content of membrane fractions, in particular of 
microsomes, has also been reported in livers of rats rendered cirrhotic by exposure to 
phenobarbital-CCl4

 or by bile duct ligation,25 contributing to increased membrane rigidity in 
these models.  

An intriguing finding of this study is the presence of Lp-X in plasma of the fech/fech 
mouse, as concluded on the basis of elevated plasma free cholesterol in the presence of high 
LCAT activity, elevated plasma phospholipids, the combination of FPLC and ultracentrifuga-
tion lipoprotein separation data, agarose gel electrophoresis, and a precipitation assay. 
Because these mice are not cholestatic in a functional sense and in fact show increased bile 
flow and biliary bile salt secretion, this study demonstrates, to the best of our knowledge for 
the first time, that Lp-X can be formed in the absence of obstructed bile flow in a situation in 
which LCAT is not deficient. The presence of Lp-X has so far been demonstrated only in 
animal models with experimentally induced cholestasis21,26 and in humans with cholestatic 
liver disease27 as well as in subjects with LCAT deficiency.28 It is considered to represent a 

particle composed of bile-destined lipids redirected toward the plasma compartment in 
situations when bile flow is obstructed. Oude Elferink et al.21 elegantly showed that formation 
of Lp-X in cholestatic mice critically depends on the presence of mdr2 Pgp, the canalicular 
phospholipid translocator that is essential for biliary phospholipid secretion under normal 

conditions.29 Thus, mdr2 Pgp-deficient mice do not form Lp-X on ligation of the common bile 
duct whereas mice overexpressing the human homolog (MDR3) show increased Lp-X 
formation under these experimental conditions.21 The authors speculate that mdr2 Pgp present 
in subapical vesicles in cholestatic livers is active in phospholipid translocation into these 
vesicles followed by transcytosis toward the sinusoidal membrane and exocytosis to the blood 
compartment. Data of the present study support this option, because in fech/fech mice Lp-X is 
formed in the absence of biliary obstruction.  

A major question that arises concerns the cause of Lp-X formation in fech/fech mice. In a 
previous study,7 we demonstrated that ferrochelatase-deficiency was associated with a 
strongly increased hepatobiliary bile salt flux. Bile salt secretion triggers the secretion of 
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phospholipids and cholesterol into bile: the relationship between bile salt secretion on the one 
hand and phospholipid and cholesterol secretion on the other hand is curvilinear in nature in 
almost all species studied so far (see reference 30 and 31 for review). The ability of bile salts 
to stimulate lipid secretion is critically dependent on the activity of mdr2 Pgp.30,31 It has been 
demonstrated that hepatic mdr2 expression is induced when hepatic bile salt flux is increased 
by cholate feeding in rats.32 The current study shows that increased hepatic bile salt flux in 
fech/fech mice is also associated with increased mdr2 expression. Yet, the amount of biliary 
cholesterol and phospholipids relative to that of bile salts is reduced in these animals, 
indicating that the coupling between the secretion rates of these bile constituents is disturbed. 
We speculate that the inability of bile salts to induce adequate phospholipid and cholesterol 
secretion into bile represents the mechanistic basis of Lp-X formation in fech/fech mice. 
Factors that may contribute to relative hyposecretion of biliary lipids include a) the presence 

of high concentrations of protoporphyrins in bile of these animals, which may interfere with 
the interactions between bile salts and the canalicular membrane; and b) altered composition 
of the canalicular membrane that interferes with the ability of bile salts to induce release of 
lipids from the membrane, for instance, because of a high sphingomyelin content.33 
Alternatively, confocal microscopy revealed that mdr2 Pgp in fech/fech liver may, in part, be 
present in a putative subapical compartment, reminiscent of the situation observed in bile 
duct-ligated mice.21 Thus, it may be that the relatively low lipid secretion occurs because the 
mdr2 Pgp content of the canalicular membrane is actually reduced. The presence of mdr2 Pgp 
in the subapical compartment may be responsible for formation of Lp-X in this scenario.  

In addition to the presence of Lp-X, hyperlipidemia in fech/fech mice is characterized by 
increased LDL cholesterol, triglycerides, and apoB, as well as reduced HDL cholesterol. 
Measurement of hepatic VLDL production by the Triton WR-1339 procedure revealed that the 
VLDL triglyceride production rate is reduced in these animals, predominantly because of the 
formation of small, triglyceride-poor particles. No change in hepatic apob mRNA levels was 
found, suggesting defective particle assembly as the underlying cause. The reason therefore 
remains unclear at the moment, and yet the data exclude increased VLDL production as a 
contributing factor in the development of hyperlipidemia. Part of the hyperlipidemia, 

therefore, is likely attributed to impaired lipolysis and/or clearance of lipoproteins in these 
animals in spite of increased hepatic LDL receptor expression. VLDL triglyceride production 

was not affected in fech/+ mice, demonstrating that hepatic steatosis is not by definition 
associated with increased triglyceride secretion by the liver via this pathway. Low HDL 
cholesterol levels in fech/fech mice, in spite of increased hepatic apoa-I expression, remain 
unexplained at the moment. Low HDL is a common feature in human liver disease34 but the 
underlying mechanism(s) have remained unclear.  

Ferrochelatase deficiency in mice was found to be associated with the presence of 
pigment-containing cells in the heart, presumably reflecting deposition of protoporphyrin-
laden macrophages. The pathological significance thereof, if any, is not known. In addition, 
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distinct depositions of neutral fat-containing cells were found, indicating development of 
atherosclerosis in these mice. This may be due to high circulating levels of Lp-X, although the 
atherogenic potency of this aberrant particle has not been described. It is known, however, 
that Lp-X is not taken up by hepatocytes and is unable to downregulate cholesterol synthesis 
in HepG2 cells.35 Uptake seems to be limited to cells of the reticuloendothelial system,36 
which may lead to deposition of lipid-laden macrophages. Low HDL cholesterol may 
contribute in this respect, as it will lead to reduced efflux and impaired reverse cholesterol 
transport from macrophages.  

In conclusion, this study shows that ferrochelatase deficiency in mice leads to liver 
disease associated with a characteristic hyperlipidemia and atherosclerosis. Lp-X can be 
formed in conditions in which bile formation is not impaired and data indicate that disturbed 
biliary lipid secretion per se can give rise to Lp-X formation. The fech/fech mouse provides a 
model to evaluate the consequences of EPP-related liver disease and treatment thereof for 
lipid and lipoprotein metabolism.  
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Summary 

Liver and (small) intestine are key organs in maintenance of cholesterol homeostasis: both 
organs show active de novo cholesterogenesis and are able to transport impressive amounts of 
newly synthesized and diet-derived cholesterol via a number of distinct pathways. Cholesterol 
trafficking involves the concerted action of a number of transporter proteins, some of which 
have been identified only recently. In particular several ATP-binding cassette (ABC) 
transporters fulfill critical roles. For instance, the ABCG5/ABCG8 couple is crucial for 
hepatobiliary and intestinal cholesterol excretion, while ABCA1 is essential for HDL 
formation and, hence, for interorgan trafficking of the highly water-insoluble cholesterol 
molecules. Very recently, the Niemann-Pick C1 Like 1 protein has been identified as a key 
player in cholesterol absorption by the small intestine and may represent a target of the 
cholesterol absorption inhibitor ezetimibe. Alterations in hepatic and intestinal cholesterol 
transport affect circulating levels of atherogenic lipoproteins and thus the risk for 
cardiovascular disease. This review specifically deals with the processes of hepatobiliary 
cholesterol excretion and intestinal cholesterol absorption as well as the interactions between 
these important transport routes. During the last few years, insight in the mechanisms of 
hepatic and intestinal cholesterol transport has greatly increased not in the least by the 
identification of involved transporter proteins and the (partial) elucidation of their mode of 
action. In addition, information has become available on (transcription) factors regulating 
expression of the encoding genes. This knowledge is of great importance for the development 
of a tailored design of novel plasma cholesterol-lowering strategies.  
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Introduction 

Elevated plasma cholesterol concentrations comprise a major risk factor for development of 
atherosclerosis and cardiovascular disease remaining the leading cause of morbidity and 
mortality in Western societies. This, in combination with the fact that a relatively high propor-
tion of hypercholesterolaemic patients fail to reach their target LDL-cholesterol 
concentrations on “standard” (diet, statins) therapy alone, provides the basis for a quest for 
more effective treatment modalities and/or supportive strategies. The development of 
ezetimibe, a specific and potent inhibitor of intestinal cholesterol absorption1 that reduces 
plasma LDL-cholesterol by ~20% in mildly hypercholesteroleamic patients,2 and the 
established LDL-lowering effects of dietary plant sterols/stanols3 that interfere with 
cholesterol absorption has focused attention to the intestine as a promising site of action. As a 
consequence, there is an increased interest in achieving a better understanding of the 
molecular mechanisms involved in control of intestinal cholesterol absorption. Uptake from 
the intestine represents a major source for cholesterol entry into the body pools.4 However, it 
should be realized that although the intestine is an important station in cholesterol trafficking, 
the liver is the dominant regulatory unit. Therefore, the plasma cholesterol-lowering effects of 
cholesterol absorption inhibitors are primarily brought about by metabolic adaptations in the 
liver, i.e., the organ in which diet-derived cholesterol ends up via the chylomicron remnant 
pathway. Furthermore, it must be kept in mind that the major part of cholesterol that is taken 
up by the intestine on a daily basis is not derived from the diet but is actually biliary 
cholesterol that comes directly from the liver. Therefore, to be able to design more effective 
strategies for prevention or treatment of cardiovascular disease a comprehensive and 
integrated picture of intestinal and hepatic cholesterol metabolism is required. During the last 
few years, there have been highly significant advances in our understanding of specific areas 
of cholesterol transport, particularly concerning mechanisms of hepatobiliary cholesterol 
excretion and the actual cholesterol absorption process. The current chapter reviews these 
recent developments and addresses some of the still unresolved issues.  

Quantitative estimates of cholesterol transport rates 

The total turnover of body cholesterol pools in adult humans (~70 kg) equals about 1-1.5 
grams per day, i.e., in the order of 1% of the whole body cholesterol content.4 A major part of 
this turnover reflects the conversion of cholesterol to bile salts by the liver and their 
subsequent loss via the feces.5 Under steady state conditions, the loss of cholesterol from the 
body is compensated for by de novo synthesis and absorption from the diet. De novo synthesis 
in adults amounts up to 0.6-1 g/day, as revealed by careful balance studies and confirmed by 
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direct measurements employing stable isotope techniques (e.g., Neese et al.6). A “typical 
Western diet” provides 0.3-0.5 g/day of cholesterol which mixes with an even larger amount 
of biliary cholesterol, i.e., ~ 1 g/day, in the upper small intestine. There are data to indicate 
that biliary cholesterol is absorbed from the intestine with greater efficacy than dietary 
cholesterol is,7 because it is delivered in mixed micelles and therefore readily available for 
absorption. Cholesterol therefore undergoes extensive enterohepatic circulation, which 
represents an important yet often ignored factor in the control of cholesterol homeostasis. In 
view of the fact that most studies show that humans absorb about 50% of all cholesterol 
entering the intestine (e.g., Ostlund et al.8), it is clear from these figures that the intestine 
processes a considerable amount of cholesterol each day, which, via the chylomicron remnant 
pathway, is directly delivered to the liver. Because the liver is the principal site for the 
production as well as the clearance of LDL-cholesterol,9 alterations in the delivery of 
intestine-derived cholesterol to the liver can potentially have a significant impact on plasma 
LDL-cholesterol concentrations through interference with hepatocytic cholesterol 
metabolism.  

The massive enterohepatic circulation of cholesterol has important but often under-
estimated methodological implications when evaluating cholesterol absorption in 
experimental settings. In most recent studies in humans as well as in experimental animals, 
dual (radioactive or stable) isotope tracer techniques are used to estimate fractional 
cholesterol absorption. Principally, two approaches can be discerned, i.e., the dual-isotope 
fecal collection method and the dual-isotope plasma ratio method. In the first, labeled 
cholesterol is given orally together with a labeled non-absorbable marker, in most cases 
sitostanol or sitosterol, and feces is collected for a given period of time. The fecal ratio of 
labeled cholesterol over marker provides an estimate of the fractional absorption rate. The 
second method requires simultaneous administration of exact amounts of (differently) labeled 
cholesterol both intravenously and orally/intragastrically, and plasma ratio’s over time 
provide a value for the fractional absorption rate. The pro’s and con’s of both methods have 
recently been discussed by Turley and Dietschy4 and Wang and Carey10: the important issue 
with respect to interpretation of the data is that the cholesterol absorption rates obtained 
always reflect a fractional (percent) value and are by definition not a measure of the absolute 
amount of cholesterol that is delivered to the liver from the intestine. For the latter, one needs 
to know the mass of the intraluminal cholesterol pool and this is usually not the case since the 
contribution from bile and other endogenous sources (e.g., sloughing of intestinal cells) is 
unknown in most situations. Hence, a direct translation of changes in fractional absorption 
rates to absolute changes in the amounts of chylomicron remnant cholesterol reaching the 
liver is sometimes difficult to make. 
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Mechanisms of hepatobiliary cholesterol transport 

Bile formation is an important function of the liver, which is performed by the parenchymal 
liver cells or hepatocytes. Hepatocytes are polarized cells with their basolateral (sinusoidal) 
membrane facing the blood and their apical (canalicular) membrane facing the bile 
canaliculus. Both membrane domains are separated from each other by tight junctions. Bile is 
an aqueous solution that contains, apart from a variety of other organic molecules, bile salts, 
phospholipids and free cholesterol in millimolar concentrations. These bile components are 
mainly present in the form of aggregates, i.e., mixed micelles, simple micelles or vesicular 
structures (see Verkade et al.11). Formation of bile is an osmotic process. Bile salt secretion, 
which is mediated by the so-called Bile Salt Export Pump (BSEP) or ABCB11, provides the 
major driving force for bile formation and, in addition, stimulates the secretion of cholesterol 
(see below). 

Dependency of biliary cholesterol secretion on bile salt and 
phospholipid secretion 

It has been known for decades that biliary cholesterol and phospholipid secretion is tightly 
coupled to that of bile salts. Infusion of bile salts into different animal species as well as in 
humans invariably leads to induction of biliary cholesterol (and phospholipid) secretion (see 
Verkade et al.11 for review). The stimulatory actions of bile salts on biliary lipid secretion 
depend to a large extent on their relative hydrophobicity: the more hydrophobic the higher 
their efficacy to induce lipid secretion. When bile salts are incubated with isolated cells or 
erythrocytes, release of cholesterol and phospholipid is readily induced.12,13 Hence, biliary 
lipid secretion that occurs at the canalicular pole of the hepatocyte could be a passive process 
fully controlled by the detergent actions of bile salts. It therefore came as a great surprise 
when it was found that biliary lipid secretion is fully abrogated in mice lacking the gene 
encoding mdr2 P-glycoprotein (Mdr2), now known as Abcb4.14 This ABC transporter 
supposedly mediates transport of phosphatidylcholine from the inner leaflet to the external 
leaflet of the canalicular membrane where, in concert with bile salts, phospholipid/chole-
sterol-containing vesicles are formed that are subsequently secreted into the canalicular 
lumen. The most convincing evidence for this concept came from studies of the group of 
Crawford15-17 demonstrating the presence of vesicle-like structures expanding from the 
canalicular membrane using ultra-rapid fixation of liver tissue. As far as we know, 
reconstitution of this system in cultured polarized cell systems has not succeeded. Therefore, 
formal proof of this mechanism of lipid secretion is still lacking. ABCB4 is supposed to 
provide the driving force for vesicle formation since in the absence of this protein no vesicles 
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could be detected.17 Since the Abcb4-null mice, in addition to a complete absence of 
phospholipid, also show a virtually complete absence of biliary cholesterol secretion,14,18,19 
the sterol was supposed to follow phospholipids passively. However, this concept has 
appeared to be too simplistic, because in later studies it was shown that cholesterol secretion 
can be restored to almost normal levels when Abcb4-null mice are infused with hydrophobic 
bile salts.19 A clear uncoupling of cholesterol secretion into bile from that of phospholipids 
and bile salts has also been shown in a number of other conditions.11 Biliary cholesterol 
secretion shows great species-to-species variation whereas the cholesterol content in the liver 
seems much less variable.20  

The Abcg5/Abcg8 heterodimer as mediator of biliary cholesterol 
secretion 

Very recently, candidate proteins that may account for the phenomena described in section 
1.2.1 have been identified. In 2002, the groups of Hobbs21 and Patel22 almost simultaneously 
identified mutations in the genes that encode two ABC halftransporters, i.e., ABCG5 and 
ABCG8, that underlie the inborn error of metabolism called sitosterolemia. Patients suffering 
from this disease accumulate large amounts of plant sterols in their bodies, have an increased 
cholesterol absorption, a decreased bile cholesterol secretion, and, finally, a complete 
abrogation of secretion of plant sterols into the bile.23-25 ABCG5 and G8 were postulated to 
function as exporters of sterols in the form of a heterodimer at the apical membranes of small 
intestinal epithelial cells (see below) and of hepatocytes. Defects in either of the two proteins 
is sufficient to cause the full phenotype of sitosterolemia, suggesting that expression of only 
one of the two proteins does not salvage the transport function.  

ABCG5/Abcg5 and ABCG8/Abcg8 are predominantly expressed in hepatocytes and in 
small intestinal enterocytes in humans and mice. The two genes are arranged in a head-to-
head configuration in the human26 and mouse27 genome. Expression of both genes is co-
ordinately regulated and highly induced in mice kept on a high-cholesterol diet.28,29 LXRα, a 
nuclear receptor activated by oxysterols that plays a crucial role in regulating genes involved 
in cholesterol trafficking, is required for induction of murine Abcg5 and Abcg8 expression 
upon cholesterol feeding.28 Treatment of mice with synthetic LXR agonists induces the 
expression of both genes in liver and intestine.28,30  

Via adenoviral overexpression of the human genes in cell lines it was recently found that 
both proteins are required to ensure proper processing from ER through Golgi and sub-
sequently to the apical membrane. ABCG5 or G8 expressed singly remained in the ER. These 
studies by Graf et al.31 were carried out with tagged proteins which still leaves the possibility 
open that the tags may have disrupted the normal routing of the proteins. The proposed 
concept that simultaneous expression of ABCG5 and G8 is at least essential for proper 
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transport via the secretory pathway could explain why mutations in either gene induce the full 
phenotype in sitosterolemia patients. The group of Hobbs has subsequently constructed 
transgenic ABCG5/G8 overexpressing mice as well as double knock-out mice.32,33 In the 
transgenics, a P1 clone containing both human genes with the connecting promotor region 
was inserted, leading to up to fourteen times overexpression of both genes exclusively in liver 
and intestine.32 In gallbladder bile of these mice, cholesterol content was five-fold increased 
while bile salt content was unchanged. This supported an important role of the heterodimer in 
biliary cholesterol secretion. Detailed analysis of Abcg5/g8 double knock-out mice confirmed 
the role of the heterodimer in biliary sterol secretion.33 The cholesterol content of gallbladder 
bile was decreased by more than 90% in these mice whereas no significant effects on bile salt 
content were observed. Interestingly, also plasma and liver cholesterol contents were 
decreased in the Abcg5/g8 knock-out mice. Since the content of plant sterols was increased 
dramatically, secondary effects caused by these sterols may underlie this phenomenon. 
Heterozygous Abcg5/g8 mice showed a 30-40% decrease in biliary cholesterol concentration, 
indicating that the biliary phenotype is not due to a secondary effect induced by massive 
amounts of plant sterols in the liver. Feeding these mice a high-cholesterol diet induced a 
massive increase of cholesterol in the liver but had little effect on biliary cholesterol secretion, 
again indicating a crucial role of ABCG5 and ABCG8 in biliary cholesterol secretion.33  

The molecular mechanism by which the ABCG5/ABCG8 heterodimer mediates 
cholesterol secretion is still an enigma. It is generally assumed that cholesterol readily flips 
between the lipid bilayers in biological membranes. Studies in model membranes invariably 
show high rates of flipping, which making a role for ABCG5/G8 as a cholesterol flippase 
unlikely. Recently, Small34 advanced an alternative hypothesis. In his view, ABCG5/G8 
activity decreases the activation energy for cholesterol efflux out of the outer leaflet of the 
canalicular membrane. If Small’s hypothesis would be true, current schemes of the 
mechanism of biliary cholesterol secretion need substantial revision. Presently, co-secretion 
of the two lipids in the form of vesicles is the most favored mechanism, based on the rather 
strict coupling of cholesterol and phospholipid that has been observed in a large variety of 
studies. However, when ABCG5 and G8 indeed serve to lower activation energy for 
cholesterol efflux, one might assume that mixed micelles would be the preferred carrier to 
capture this activated cholesterol rather than to assume that cholesterol diffuses laterally into 
phospholipid domains before their combined secretion in the form of vesicles.  

Based on the genetics of sitosterolemia, i.e., no phenotypic differences in humans with 
defects in either ABCG5 or ABCG8, mouse studies and in vitro studies as described above, it 
was hypothesized that Abcg5 and Abcg8 function as obligate heterodimers. In line herewith, 
QTL analysis identified Abcg5/Abcg8 as important genes for the genetic susceptibility and 
pathogenesis of cholesterol cholelithiasis in inbred strains of mice.35 Kosters et al.36 found a 
close relationship between biliary cholesterol secretion rates normalized to phospholipid 
secretion and both hepatic Abcg5 and Abcg8 expression levels normalized to Abcb4 
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expression, when various mouse models of cholesterol hypo- and hypersecretion were 
included in the analysis. It should be noted, however, that there was one exception to the rule: 
the 15-fold induction of biliary cholesterol secretion induced by diosgenin feeding occurred 
without any change in Abcg5/Abcg8 expression. Very recently, Klett et al.37 reported a mouse 
model of sitosterolemia created by a targeted disruption of the Abcg8 gene alone. These mice 
showed very significanly elevated levels of plasma and tissue plant sterols (sitosterol, 
campesterol) consistent with sitosterolemia. These mice also showed an impaired ability to 
secrete cholesterol into bile (-70%), as determined after gallbladder canulation. Heterozygous 
Abcg8+/- mice that were not sitosterolaemic showed an intermediate phenotype with respect to 
biliary cholesterol secretion (-34%). In a separate study, Plösch et al.38 reported that the 
cholesterol content of gallbladder bile was decreased by ~60% in sitosterolaemic mice in 
which the Abcg5 gene alone was disrupted: no heterozygous mice were included in this 
particular study. It is of interest to note that hepatic expression levels of Abcg5 and of Abcg8 
were reduced in the mice in which the respective partner gene was selectively disrupted,37,38 
possibly as a consequence of the close proximity of both genes.  

All together, these data support an important role of the Abcg5/Abcg8 heterodimer in 
control of biliary cholesterol secretion. However, some issues warrant further evaluation to 
establish its exact role in the secretory process. First, Kosters et al.36 observed that diosgenin-
induced hypersecretion of cholesterol into bile does not require induction of Abcg5/Abcg8 
expression. In addition, it should be noted that cholesterol secretion is not completely 
abrogated in the Abcg5/Abcg8 double knock out mouse and that there is still a considerable 
amount (30-40%) of biliary cholesterol secretion left in both the Abcg5 and Abcg8 single 
knock outs.37,38 Surprisingly, the cholesterol content of gallbladder bile of Abcg5-deficient 
mice was remarkably enhanced by treatment of these animals with a synthetic LXR agonist, 
to a similar extent as observed in wild-type mice,38 in spite of the fact that hepatic Abcg8 
mRNA level was not induced. Combined, these data suggests that alternative secretory 
mechanisms, possibly independent of Abcg5/Abcg8, may exist. 

Mechanisms of intestinal cholesterol absorption 

Intestinal cholesterol absorption has long been considered to represent primarily a passive 
process, in spite of the fact that it was recognized decades ago that the process is selective in 
the sense that dietary cholesterol is absorbed relatively efficiently while structurally similar 
plant sterols and other non-cholesterol sterols are not. After hydrolysis of the small portion of 
dietary cholesterylester and solubilization by mixed bile salt/(phospho)lipid micelles, 
cholesterol was supposed to traverse the unstirred waterlayer where the micelles subsequently 
disintegrated in the local acid microclimate to deliver their cargo at the enterocytic membrane. 
Size and composition of the bile salt pool39,40 as well as the amount of phospholipids present 
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in the intestinal lumen41,42 were shown to exert regulatory actions on the amount of 
cholesterol that is ultimately absorbed. The last few years, however, the paradigm of passive 
enterocytic cholesterol uptake has changed considerably. Cholesterol absorption has been 
shown to be saturable and to display very large person-to-person variation. Several groups 
have worked intensely to identify and characterize the proteins involved . Scavenger receptor 
(SR)-B1 appeared to be a good candidate. This protein was shown to be expressed at the 
apical membranes of enterocytes of mainly duodenum and jejunum, exactly the sites where 
most cholesterol is likely to be absorbed.43 In isolated brush border membrane vesicles 
cholesterol uptake could be inhibited by the SR-B1 ligand apoA-I and also by antibodies 
against SR-B1.44,45 In addition, the recently developed specific inhibitor of cholesterol 
absorption, ezetimibe, was found to bind to SR-B1.46 However, SR-B1 null mice absorbed 
even more cholesterol than the corresponding wild-type mice did, indicating that SR-B1, if 
indeed involved in transport, is at least redundant. It can not be excluded that the SR-B1 null 
mice have compensated for their defect by upregulation of other cholesterol transporters, but 
as far as we know this has not yet been studied in detail.  

Has the “real cholesterol transporter” been identified ? 

In a very recent paper,47 the identity of a prime candidate for the putative cholesterol uptake 
transporter has been revealed. Altmann and his colleagues searched human and rodent 
expressed sequence tag (EST) databases for sequences highly expressed in the intestine that 
contained several characteristic “transporter” features, i.e., transmembrane domains, extra-
cellular signal sequences, sites for N-linked glycosylation, but, in addition, also a sterol-
sensing domain. These domains are found in a number of important proteins involved in 
cholesterol metabolism, including HMGCoA reductase, Niemann-Pick C1 (NPC1) and Sterol 
Regulatory Element Binding Protein Cleavage-Activating Protein (SCAP). From their 
analysis only a single credible candidate gene emerged: the rat homologue of Niemann-Pick 
C1 Like 1 protein (NPC1L1). NPC1L1 has ~50% amino acid homology to NPC1.48 The latter 
protein functions in intracellular cholesterol trafficking and is defective in the inborn 
cholesterol storage disease Niemann Pick Type C. In contrast to NPC1, which is ubiquitously 
expressed, NPC1L1 appeared to be predominantly expressed in the small intestine in humans, 
rats and mice. Much lower expression levels were observed in liver, gallbladder, testis and 
stomach. In the rat small intestine, NPC1L1 mRNA levels varied along the duodenum-ileum 
axis with peak expression in the proximal jejunum, i.e., the site were most of the cholesterol is 
thought to be absorbed. NPC1L1 protein levels showed a similar distribution pattern along the 
length of the small intestine. In the jejunum, NPC1L1 mRNA was confined to enterocytes and 
the protein appeared to be predominantly localized apically, i.e., close to or at the plasma 
membrane facing the intestinal lumen.  
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NPC1L1-null (Npc1l1-/-) mice were created to establish the actual role of the protein in 
cholesterol absorption. NPC1L1-deficiency did not affect development, fertility or any hema-
tological or plasma parameter that was measured. Intestinal morphology was normal. Plasma 
cholesterol and triglyceride levels were similar in knock out and wild-type littermates while a 
significantly lower hepatic cholesterylester content was observed in the Npc1l1-/- mice. 
Fractional cholesterol absorption rates, determined by a fecal dual isotope method, were 51 ± 
3% and 45 ± 4% in wild-type (Npc1l1+/+) and heterozygous Npc1l1+/- mice, respectively, but 
only 16 ± 0.4% in Npc1l1-/- mice. Addition of cholate to the diet did not improve cholesterol 
absorption in the latter, indicating that bile salt deficiency is not the cause of cholesterol mal-
absorption in these animals. Interestingly, ezetimibe treatment reduced cholesterol absorption 
efficiency in wild-type mice to exactly the value seen in non-treated Npc1l1-/- mice while the 
drug had no additional effect in these knock-outs. Together, these data indicate that NPC1L1 
plays an essential role in ezetimibe-sensitive cholesterol absorption and that part of the 
absorption process (~ 30% of total in this particular mouse strain) is NPC1L1-independent. 
Acute experiments employing radiolabeled cholesterol demonstrated that uptake by the 
enterocytes was drastically reduced in the Npc1l1-/- mice, supporting a role of the protein in 
the uptake of cholesterol across the apical membrane of the enterocytes. These data are of 
great importance for our understanding of the cholesterol absorption process. Obviously, 
identification of NPC1L1 as a bona fide cholesterol transporter awaits demonstration of actual 
transport activity in appropriate systems. In addition, a number of other issues remains to 
addressed. For instance, it should be demonstrated that ezetimibe really binds to or interacts 
with the NPC1L1 protein. It was reported that attempts in this direction have been 
unsuccessful so far.  

In this context it is highly interesting that Smart et al.49 very recently identified annexin2 
(ANX2) and caveolin1 (CAV1) as potential important components of the intestinal sterol 
transport machinery that may also be targeted by ezetimibe. Complexes of CAV1 and ANX2 
with cyclophilins A and 40, have been implicated in trafficking of exogenous cholesterol from 
caveolae at the plasma membrane to the endoplasmic reticulum. Studies in zebrafish larvae 
using morpholino oligonucleotide antisense technology revealed that deletion of ANX2 
prevented complex formation as well as processing of a fluorescent cholesterol reporter and 
results in reduced sterol mass. Exposure of fish embryos to ezetimibe completely disrupted 
the complex, with CAV1 and ANX2 detected only as monomers. Feeding of ezetimibe to 
chow-fed C57BL/6 mice did not affect complex stability in enterocytes but, intruigingly, 
when mice were fed a cholesterol-containing Western-type diet the complex did become 
sensitive to disruption by ezetimibe. Likewise, ezetimibe treatment disrupted the CAV2-
ANX2 complex in hypercholesterolaemic LDL receptor-deficient mice. Furthermore, it was 
shown by immunopreciptitation on enterocytes followed by mass spectrometry that 
cholesterol selectively co-precipitated with the complex, which was prevented by 
pretreatment of the enterocytes with ezetimibe. Experiments in CaCo2 cells revealed that 
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ezetimibe itself co-precipitated with CAV1 but not with ANX2 or with cyclophilin A. Thus, 
these data suggest that ezetimibe disrupts the CAV1-ANX2 complex through a direct 
interaction with CAV1 protein, implying an intracellular site of action of drug. Whether or not 
interactions between NPC1L1 and CAV1-ANX2 are operational at some stage of the 
cholesterol absorption process remains elusive for the moment. 

Controlled efflux to the intestinal lumen as determinant of chole-
sterol absorption efficacy ? 

In addition to a role of proteins in cholesterol uptake, there is good evidence now that ABC 
transporter proteins are involved in efflux of sterol from the enterocytes to the intestinal 
lumen and that the efficiency of the absorption process is, at least in part, governed by this 
“reflux” system. The function of ABCG5/G8 in biliary cholesterol secretion has been 
discussed above. Both proteins are also expressed in the intestine, mainly in jejunal sections, 
where they are responsible for the efflux of plant sterols as indicated by the greatly increased 
absorption of plant sterols in patients with sitosterolemia.21,22 Since these proteins mediate 
cholesterol secretion from liver to bile one may assume that they exert a similar activity in the 
intestine. Indeed, overexpression of both human proteins reduced cholesterol absorption 
efficiency and greatly increased fecal neutral sterol loss.32 The role of the intestine in 
cholesterol homeostasis has for long been confined to its absorptive function towards bile- 
and diet-derived cholesterol. However, the notion that the intestine itself may function as an 
important secretory organ for cholesterol is novel. Plösch et al.30 studied the effect of dietary 
administration of the LXR agonist T0901317 in C57Bl6 and in DBA/1 mice. By 
determination of biliary cholesterol secretion and fecal neutral sterol loss, the net intestinal 
transport could be estimated. In C57Bl/6 mice, the intestine secreted more cholesterol than 
was (re)absorbed and this net secretion tripled during treatment with T0901317. A similar 
conclusion can be drawn from the work of Yu et al.32,33,50 In the Abcg5/g8 double knock-out 
mice, biliary cholesterol secretion is almost absent, yet their endogenous neutral sterol 
excretion is barely affected. Conversely in the ABCG5/G8 overexpressor neutral sterol output 
was strongly increased. In these mice fecal neutral sterol output was more than fivefold 
increased to reach a value of about 110 µmol/day/100g BW. Unfortunately, biliary output was 
not quantified making a direct comparison with the data of Plösch et al.30 impossible. The 
increase in fecal neutral sterol excretion of about 90µmol/day/100g BW is equivalent to 60 
nmol/min/100g BW of biliary cholesterol flow on the assumption that no biliary cholesterol is 
reabsorbed. This underestimated value is about 3fold higher than the (already very high) total 
T0901317-induced biliary cholesterol secretion reported by Plösch et al.30 Accordingly, one 
has to conclude that also in the experiments of Yu et al.33 substantial net cholesterol secretion 
from the intestine occurs.  
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The origin of this net intestinal cholesterol secretion is an intriguing issue. It is generally 
assumed that there is no appreciable cholesterol flux from the circulation to the enterocyte. 
When this assumption would hold in the now rapidly changing understanding of cholesterol 
fluxes, the cholesterol secreted into the intestine can only be derived directly from the entero-
cytes. In the experiments from Plösch et al.30 intestinal HMG-CoA reductase expression did 
not change. So, either the enzyme in the intestine is regulated post transcriptionally or the 
extra cholesterol is not derived from the de novo synthesis. Yu et al.50 did not find any effect 
of the LXR agonist on intestinal neutral sterol output in the Abcg5/g8 double knock-out 
mouse indicating that the heterodimer is fully responsible for the LXR-mediated effect on 
neutral sterol excretion. There have been reports for a role of other genes in regulation of 
sterol uptake.51,52 Whether these genes are involved in cholesterol uptake or in additional 
efflux pathways is not clear at the moment and requires further investigation. 

Intestinal lipoprotein formation as part of the cholesterol absorp-
tion cascade 

Cholesterol that has entered the enterocyte traffics to the endoplasmic reticulum to be esteri-
fied by acylCoA:cholesterol acyltransferase-2 (ACAT2), the ACAT isoform that is highly 
expressed in intestine and liver. The mechanisms by which cholesterol and plant sterols move 
to the endoplasmic reticulum are largely unknown but, as outlined above, several chaperones 
of vesicular transport have been implicated in the process. Studies in ACAT2-deficient mice53 
revealed that the fractional absorption of dietary cholesterol was not affected as compared to 
wild-type controls when the animals were fed a low-cholesterol chow diet. Yet, when animals 
were fed a high-fat, high-cholesterol diet, fractional cholesterol absorption was much less in 
ACAT2-deficient mice than in controls. As a consequence, these animals were protected from 
diet-induced hypercholesterolaemia and gallstone formation. Thus, ACAT2 seems to be of 
regulatory importance in cholesterol absorption in mice only when cholesterol intake is at an 
appreciable level, as also appeared to be the case for ABCG5/ABCG8.32,33 It has been 
postulated that selectivity of intestinal sterol absorption is, at least in part, related to sterol 
selectivity of ACAT2: the enzyme shows a strong preference for cholesterol rather than 
sitosterol.54 In this scenario, microsomal sterols not esterified by the actions of ACAT2 would 
be transported back to the apical plasma membrane to be effluxed by the ABCG5/ABCG8 
heterodimer. The nature of this apical transport process is still unresolved. Non-selective 
ACAT inhibitors, examplified by the sulfamic acid phenyl ester avasimibe, have been 
developed and were shown to reduce the absorption of dietary cholesterol, to impair the 
secretion of VLDL particles by liver cells and to reduce the extent of atherosclerosis in animal 
models (e.g., Delsing et al.55). Avasimibe is currently in clinical trials and has, for instance, 
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been shown to induce a modest reduction of triglycerides and VLDL-cholesterol with no 
significant changes in LDL-cholesterol in subjects with combined hyperlipidemia.56 
Avasimibe monotherapy was not effective in subjects with homozygous familial 
hypercholesterolemia,57 and showed only a modest synergistic effect on total cholesterol 
levels when given with atorvastatin. Thus, the clinical benefit of this particular drug appears 
limited for the moment: it may be that increasing selectivity of novel drugs towards ACAT2, 
perhaps with an intestine-specific profile, will improve effectivity of this approach.  

A final crucial event in the cholesterol absorption process involves the incorporation of 
newly esterified cholesterol molecules, together with a small amount of unesterified sterol, 
triglycerides and phospholipids, along with apolipoprotein B48 into nascent chylomicrons 
that are delivered into the lymphatics. The availability of apoB48 is essential for cholesterol 
absorption: mice lacking functional apoB48 in their intestine do not absorb measurable 
quantities of cholesterol.58 The assembly of chylomicrons, like that of VLDL in hepatocytes, 
is facilitated by the microsomal triglyceride transfer protein (MTP). The remarkable effects of 
MTP inhibitors on plasma lipid concentrations may involve consequences of reduced 
cholesterol absorption but there safety concerns with respect to the use of these drugs that 
need to be solved.59 

It has been known for decades that the intestine is an important source of HDL but 
whether or not intestinal HDL serves specific physiological functions, for instance in choles-
terol absorption, is not clear. ABCA1, crucial for HDL formation, is highly expressed in 
enterocytes of the small intestine and present at the basolateral plasma membrane.60 In a 
chicken model of ABCA1 dysfunction, Mulligan et al.61 showed that the percentage of orally 
administered 14C cholesterol appearing in plasma was reduced by 79% and that radiolabeled 
cholesterol accumulated in the intestinal wall. From these data, the authors concluded that 
ABCA1 regulates the efflux of cholesterol from the basolateral membrane during absorption 
of dietary cholesterol in chicken which, unlike mammals, lack lymphatic contribution to 
intestinal lipid absorption. The quantitative importance of this pathway in overall absorption 
in mammals remains, therefore, to be established. Measurement of fractional cholesterol 
absorption in ABCA1-deficient mice by different dual isotope measurements revealed no 
marked differences in comparison to wild-type controls when animals were kept on low 
cholesterol diets.62,63 Since biliary cholesterol content is not affected in ABCA1-deficient 
mice,64 it is likely that absolute amounts of cholesterol absorbed were also not strongly 
affected in the absence of ABCA1 under these experimental conditions. Likewise, 
measurement of fractional cholesterol absorption in a single patient with Tangier disease 
revealed a value in the “normal range”.65 Interestingly, fractional cholesterol absorption was 
significantly higher in ABCA1-/- mice than in wild-type mice when fed a high-cholesterol 
Western type diet.62 Evidently, the mechanisms of action of and the interactions between the 
various pathways involved in cholesterol absorption, that may be different under various 
dietary conditions, need further exploration. 
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Concluding remarks 

Since the beginning of this century insight in mechanisms involved in regulation of 
cholesterol handling in liver and intestine has increased considerably, as summarized in the 
figure (Figure 1). Separate proteins active in cholesterol import and efflux have been 
characterized in the intestine, constituting a so-called substrate cycle. It has been known for 
many years that in humans the responses to dietary cholesterol and cholesterol-lowering 
medication as well as several parameters of cholesterol metabolism (fractional absorption 
rate, conversion to bile salts, biliary secretion rates) show wide interindividual variations. 
Subtle difference in the activity of one or both of the arms of the substrate cycle may account 
for these variations. Although most of the regulatory modulators active in vivo have not yet 
been elucidated the available knowledge allows development of drugs specifically targeted to 
these transport systems. Ezetimibe and dietary plant sterols probably already fulfill these 
criteria. In this chapter we have shown that biliary secretion may not be the only pathway via 
which cholesterol can be excreted form the body. A direct route has to exist as well although 
it is not yet clear which carriers and transcellular mechanism account for this activity. 
Nevertheless elucidation of the steps involved may provide attractive additional targets to 
stimulate cholesterol disposal from the body. Such strategies potentially would be powerful 
complements to the traditional therapies aimed at decreasing cholesterol synthesis and 
together with statins may lead to potent regression of atherosclerotic lesions.  
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Figure 1: Schematic representation of cholesterol transport in liver and intestine and the 
proteins involved (chol: cholesterol; ps: plant sterol). 
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General discussion 

Cholesterol is the predominant sterol present in the mammalian body. It has indispensable 
structural and metabolic functions: it determines cell membrane fluidity and is the precursor 
of bile salts and steroid hormones. Because of its crucial, physiological importance, mammals 
are able to synthesize cholesterol completely de novo, starting with the ubiquitous precursor 
acetyl-CoA. Mammals are therefore - in principle - independent from dietary intake of 
cholesterol.  

All eukaryotic cells contain sterols and all mammals feed at least in part on other 
eukaryotes. Therefore, the diet unavoidably contains varying amounts of cholesterol, plant 
sterols, or sterols specific for other resources. However, only cholesterol is absorbed in a 
quantitatively important ways in the mammalian intestine, whereas other sterols are only 
present in trace amount in the body.  

Sterols pose a potential threat for the well-being of the organism: accumulation of 
cholesterol in macrophages, leading to the formation of foam cells, and potentially high 
plasma LDL levels, are considered a key step in the development of atherosclerosis. 
Fortunately, the synthesis and breakdown of cholesterol is tightly controlled and several 
means exist to pharmacologically interfere with these processes, allowing to adjust prevailing 
plasma cholesterol levels. However, other dietary sterols, particularly plant sterols, could be 
pro-atherogenic as well. As their concentration obviously cannot be regulated via their 
synthesis, it must be regulated by controlling their rate of absorption and/or excretion. Work 
described in this thesis deals with the mechanisms responsible for removal of cholesterol and 
other sterols from the body. 
 
Sterol transport by enterocytes 
Cholesterol approaches the enterocyte mainly in association with mixed micelles, together 
with bile salts and phospholipids. It has long been thought that it then enters the enterocyte 
passively, in which further routing would take place intracellularly. Recently, a set of proteins 
has been identified that is involved in cholesterol uptake.1,2 The new cholesterol absorption-
inhibitor ezetimibe has been demonstrated to block a route involving a couple of proteins, 
including the recently discovered Nieman-Pick-C1-Like-1-protein (NPC1L1) and 
annexin2/caveolin1.1-3 Although is has not been shown explicitly, it is likely that this route 
does not discriminate between cholesterol and plant sterols: ezetimibe also reduces plant 
sterol absorption in patients with sitosterolemia, who usually absorb huge amounts of plant 
sterols, and in laboratory animals.4 

Once inside the enterocyte, the fate of cholesterol markedly differs from that of plant 
sterols. Cholesterol is efficiently esterified by ACAT2, whereas plant sterols are not.5-7 This 
means that cholesterol can be incorporated into chylomicrons and transported to the lymph to 
become available for the liver and peripheral cells.8 Plant sterols, in contrast, which are poor 



General discussion
 

167 

substrates for ACAT2, cannot enter this route and are available for other transport systems.6,7 
Already 34 years ago, Salen et al. proposed that esterification is crucial for the difference in 
intestinal handling between cholesterol and other sterols.9  

The transport system Abcg5/Abcg8 facilitates plant sterol transport back to the intestinal 
lumen.10,11 Abcg5-/-/Abcg8-/- mice have been demonstrated to accumulate plant sterols in their 
body similar to human patients with sitosterolemia.12 In this thesis, it is demonstrated that in 
mice lacking only Abcg5 similar phenomena occur, in favor of the hypothesis that these 
transporters act as heterodimers. However, cholesterol absorption is unaffected in chow-fed 
Abcg5-/- mice which indicates that the Abcg5/Abcg8 system does not control cholesterol 
absorption under physiological circumstances.13 

If gene expression of Abcg5 and Abcg8 is increased by activation of the Liver-X-Receptor 
(LXR), cholesterol absorption is reduced in wild-type, but not in Abcg5-/- or Abcg5-/-/Abcg8-/- 
mice.14 This can be interpreted as an indication that the heterodimer is, in principle, able to 
transport cholesterol and to prevent it from entering the ACAT2 route. In addition, in 
Chapter 3 we provide evidence that the increase in intestinal Abca1 expression upon LXR 
activation may be the cause of increased plasma plant sterol levels in Abcg5-/- mice. Abca1 
might thus be able to mediate transport of plant sterols as well as of cholesterol to HDL.13 A 
similar observation has recently been published by Field et al. in CaCo-2 cells in vitro.15 

The aforementioned transport system may be involved in a phenomenon described in 
Chapters 2 and 5. It has been a dogma for many years that the liver is the main organ for 
removal of excess cholesterol from the organism (see below). However, in several mouse 
models examined in this thesis, hepatobiliary cholesterol transport does not account for the 
majority of fecal cholesterol (Chapters 2 and 5). This indicates that the enterocyte might – in 
addition to its role in cholesterol absorption - have an important role in the excretion of 
cholesterol from plasma into the intestinal lumen, at least under conditions when LXR is 
activated. The exact mechanisms involved in this process are not yet clear. Possibly, chole-
sterol is taken up from HDL via the action of a scavenger receptor, e.g., SR-BI, at the 
basolateral side of the enterocyte. Also the LDL-receptor is expressed in enterocytes, making 
receptor-mediated endocytosis another option for cholesterol uptake.16 It seems feasible to 
suggest that, once cholesterol has entered the enterocyte from plasma, it may be excreted by 
the action of Abcg5/Abcg8 to the intestinal lumen, especially when these proteins are 
expressed at high levels induced by pharmacological LXR activation 
 
Hepatobiliary cholesterol excretion 
The liver is considered the major excretory organ for cholesterol and an integrative part of the 
reverse cholesterol transport pathway according to the classical concept.17,18 Hepatobiliary 
cholesterol excretion is tightly coupled to that of phospholipids and is stimulated by bile salt 
excretion.19 The physicochemical details of this process are still poorly understood. At least 
three different transport systems are involved in hepatobiliary cholesterol excretion: Mdr2-
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P-glycoprotein (Abcb4) for phospholipids, Abcg5/Abcg8 for cholesterol and Bsep (Abcb11) 
for bile salts.12,20,21 Mdr2-P-glycoprotein translocates phosphatidylcholine to the outer leaflet 
of the canalicular membrane putatively leading to the formation of vesicles-like structures 
into the canalicular lumen.22,23 This “vesicle” formation is supported by the action of bile 
salts, which are excreted by the bile salt export pump Bsep.21 In the absence of phospholipid 
secretion, the detergent actions of bile salts damage the bile ducts.20 The Abcg5/Abcg8 
complex, finally, promotes cholesterol excretion into bile.12  

For dissecting the interaction between these processes, knock-out mice for Mdr2,20 
Bsep,24 Abcg5,13 Abcg825 and Abcg5/Abcg812 have been used extensively during the past 
couple of years. In the absence of Mdr2-P-glycoprotein, hepatobiliary phospholipid excretion 
is completely disrupted.20 Based on electronmicrographs, “vesicle” formation at the bile cana-
licular membrane seems to be absent in Mdr2-/- mice.22,23 Simultaneously, cholesterol 
excretion is strongly decreased. By infusion of hydrophobic bile salts (e.g., TDCA), 
cholesterol excretion could be restored in Mdr2-/- mice, whereas phospholipid excretion could 
not.26 On the other hand, Abcg5-/- and Abcg5-/-/Abcg8-/- mice have reduced cholesterol 
concentrations in gallbladder bile. Phospholipid concentrations in both mouse models are also 
reduced compared to wild-type littermates.12,13 The effective excretion rates have been 
determined in Abcg5-/- (Chapter 4 of this thesis) and Abcg8-/- mice only.25 In both models, 
cholesterol excretion is significantly lowered compared to wild-type mice, but not completely 
absent. Phospholipid excretion is also disturbed, the reason of which is not yet clear but 
independent from changes in Mdr2 expression. Cholesterol output rose in both knockout 
models to similar extents upon infusion of TDCA, but without ever reaching the level of 
heterozygous or wild-type mice. Abcg8-/- mice became cholestatic upon infusion with TDCA 
(Kosters et al., unpublished), whereas in Abcg5-/- mice bile turned red at infusion rates of 100 
nmol TDCA/min and bile flow subsequently started to decrease (Chapter 4). 

In a series of classical papers, Yousef and colleagues studied the effects of bile salts on 
biliary lipid composition in rats.27-30 Upon infusion of hydrophobic bile salts, typically 
phospholipid secretion declined first, followed by decreases in bile flow, bile salt output and 
cholesterol output. Concomitantly with the decline in phospholipid output, phospholipid 
composition changed from mainly phosphatidylcholine to more phosphatidylethanolamine 
and sphingomyelins, which was attributed to partial solubilization of the canalicular 
membrane.30 Our data from TDCA-infused Abcg5-/- mice, however, differ from the kinetics of 
the process reported by Yousef: in Abcg5-/- mice, the maximum secretory rate for 
phospholipids and bile salts as well as the maximal bile flow rate were reached earlier than 
that of sterols. This may indicate that in the outer leaflet of the canalicular membrane, 
sufficient sterols were present - even in the absence of Abcg5 - which could be "dissolved" by 
hydrophobic micelles. Obviously, this model would argue against a role of Abcg5/Abcg8 as a 
flippase and would favor a liftase mode of action as proposed by Small.31 However, further 
studies are necessary to rule out that the late increase in sterol excretion in the Abcg5-/- mice is 
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caused by hepatic micro-bleedings which could theoretically provide erythrocyte membranes 
as a source for the sterols measured in bile. 

When LXRα-/- mice were fed a high cholesterol diet, they excreted a similar amount of 
cholesterol into bile as their wild-type and heterozygote littermates did (Chapter 4). However, 
the latter two showed clearly increased hepatic mRNA levels of Abcg5 and Abcg8 upon high 
cholesterol feeding, whereas this response was absent in the LXRα-/- mice. Kosters et al. have 
described a correlation between expression of Abcg5 and Abcg8 in the liver and excretion 
rates of cholesterol into bile in mice.32 However, they also noted some exceptions to this 
general rule, e.g. the diosgenin-fed mouse model,33 in which this relation did not hold true. 
The LXRα-/- mouse on high-cholesterol diet adds another exception to this list. This again 
indicates that in particular metabolic situations, Abcg5 and Abcg8 are not rate-controlling for 
hepatobiliary cholesterol excretion.  
 
Reverse cholesterol transport 
Besides the excretory functions of the enterocyte and the hepatocyte, cholesterol flow from 
the periphery to these excretory organs is of crucial importance to prevent local, potentially 
harmful, accumulation in peripheral cells. This flow has traditionally been referred to as 
reverse cholesterol transport (RCT) or centripetal cholesterol flux.17,18,34 The first step of 
reverse cholesterol transport is the transfer of cholesterol from the peripheral cell to pre-ß-
HDL, which leads to the formation of mature HDL particles (see Attie et al. for review).35 
Epidemiological and experimental studies clearly demonstrated the protective effects of high 
HDL levels against development of atherosclerosis.36-40 The underlying explanation was that 
HDL acts as the sole carrier of cholesterol from the periphery to the liver. In addition, HDL-
cholesterol has been advocated as the main source of biliary cholesterol.41,42 Hence, the 
picture has emerged that HDL cholesterol is cholesterol on its way to disposal. 

 The ABC-transporter Abca1, which is defective in Tangier disease, has been shown to be 
crucial for the formation of HDL.43-45 It is involved in transfer of cholesterol from the peri-
pheral cell to pre-ß-HDL, although it most likely does not act as a bona fide cholesterol 
transporter.46 As expected, both patients with Tangier disease as well as Abca1 knock-out 
mice are prone to atherosclerosis.35 However, Groen et al. were able to demonstrate that 
Abca1-/- mice do have normal hepatobiliary cholesterol excretion rates.47 In Chapter 2 of this 
thesis, we investigated the physiological role of Abca1 in mice treated with the synthetic 
LXR-agonist T0901317: Abca1 has been shown to be a definite LXR target gene.48-50 We 
indeed observed an increased hepatic expression of Abca1, a rise in HDL levels and an 
increased fecal sterol disposal in wild-type mice treated with the LXR agonist.51 As expected, 
HDL cholesterol remained completely absent in the Abca1-/- mice also after LXR activation. 
Nevertheless, cholesterol excretion into bile as well as sterol disposal into the feces was 
undistinguishable from that in wild-type mice. It was concluded that the beneficial effect of 
HDL cannot be the transport function per se. One option would be that HDL contains 
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substances which protect against atherosclerosis, for example by protecting against oxidation 
of lipids. Indeed, the HDL receptor (SR-BI) is present in macrophages and could mediate this 
interaction.52 Alternatively, HDL levels may only indirectly indicate the activity of Abca1 
function in peripheral cells, namely in macrophages. High HDL levels would then only be an 
indicator of active Abca1 in macrophages, which, in turn, would mean that they are less prone 
to foam cell formation. The mechanisms by which HDL protects against the development of 
atherosclerosis, therefore, needs further investigation. 
 

Perspectives 

Mechanisms of regulation 
As eluded to in some detail in this thesis, cellular cholesterol homeostasis is a result of the 
integrated actions of proteins involved in synthesis, transport and breakdown of cholesterol. 
Quite early, pharmaceutical means have been developed to interfere with these three types of 
protein-dependent processes in various organs to lower blood cholesterol levels in patients 
with hypercholesterolemia.  

Cholesterol synthesis can be efficiently reduced by treatment with statins.53 Statins are 
inhibitors of HMG-CoA reductase, an important rate-controlling enzyme in the cholesterol 
synthesis pathway.54 Statins are frequently prescribed drugs in our Western society.55 
However, not all patients react upon statin treatment with the desired reduction of plasma 
cholesterol levels. Possibly, the non-responders have underlying causes of the hyper-
cholesterolemia which are less dependent on the endogenous synthesis rate, for instance when 
synthesis is low a priori. This may be the case in subjects with a relatively high intestinal 
cholesterol absorption efficacy. 

Intestinal cholesterol transport was thought to be the target of plant sterols which are 
added to dietary products to interfere with cholesterol absorption (see ref. 56 for review). 
These products have been demonstrated to efficiently lower cholesterol absorption: In a study 
with normolipidemic, male, healthy subjects, cholesterol absorption was reduced by 50 to 
75 % upon a diet containing mainly sitostanol or sitostanol esters.57 In parallel, LDL-
cholesterol level were reduced by 8 to 22 %. However, the mechanism of action of plant 
sterols is still obscure. It was speculated that plant sterols interfere with cholesterol 
micellisation in the intestinal lumen and thereby impair absorption. Alternatively, it has been 
proposed that plant sterol competitively block the uptake transporter for cholesterol. 
However, a third mechanism is possible which goes beyond the protein level (see below). 
An effective manner to interfere with cholesterol absorption is provided by the recently 
discovered drug ezetimibe. Ezetimibe is effective in reducing blood cholesterol levels, 
especially when combined with statins, in hypercholesterolemic subjects.3 It putatively inter-
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feres with the uptake of cholesterol via the Niemann-Pick-C1-like-1 protein (Npc1l1)-
mediated pathway, although no direct interaction of ezetimibe with Npc1l1 has been 
demonstrated so far.1  Ezetimibe has also been shown to target a complex formed from 
annexin 2 and caveolin 1 in enterocytes.2 The relationship between the annexin 2-caveolin 1 
route and Npc1l1 needs further investigation. 

Finally, acceleration of cholesterol turnover is a consequence of therapy with bile salt-
binding resins like cholestyramine. Cholestyramine binds bile salts in the intestine, inhibits 
their re-uptake and therefore interrupts their enterohepatic circulation.58 As a consequence of 
de-repressed hepatic bile salt synthesis, more cholesterol will be used for bile salt synthesis, 
erecting a relative depletion of cholesterol in hepatic cells. These cells will adopt by 
increasing bile salt synthesis as well as the expression of the LDL-receptor on their surface, 
leading to reduction of plasma LDL-cholesterol levels.  

All these pathways are regulated, in part, at the level of gene expression. Consequently, it 
seems feasible to interact with cellular cholesterol homeostasis by influencing transcription 
factors involved in the regulation of important, specific genes. A key regulator of cholesterol 
homeostasis is LXR.59 General activation of LXR in mammals by synthetic LXR agonists 
leads to increased HDL levels, increased hepatobiliary cholesterol excretion and reduced 
intestinal cholesterol absorption.13,14,50,51 Hence, LXR is a prime target for drug 
development.60-62 

First-generation LXR agonists, e.g., T0901317, are efficient in achieving the three goals 
described before.50,63 However, LXR activation also enhances transcription of SREBP-1c and 
FAS, leading to increased de novo lipogenesis, hepatic steatosis, increased VLDL production 
and elevated plasma triglyceride levels in mice.64,65 These side-effects render them unsuitable 
for therapeutic interventions. Two strategies exist to circumvent these problems: targeting to 
specific tissues or reducing the side-effects in all tissues by designing gene-specific agonists. 
Combination therapy may also be worthwhile. Efficacy of the latter approach has been tested 
by co-administration of mice with T0901317 and the PPARα agonist Wy14643.66 The PPARα 
agonist induces beta oxidation; hence, the elevation of plasma triglyceride levels as induced 
by T0901317 was attenuated. In contrast and somewhat surprising, hepatic steatosis was not 
prevented in this model. Obviously, efforts must be made to achieve an effective combination 
of drugs to counterbalance the side-effects. Also “weaker” LXR agonist ("LXR modulators") 
are currently being investigated which are thought to activate lipogenic genes less than 
cholesterol transport genes.67 

Targeting to specific tissues is the second, interesting option for preventing negative side 
effects. If one could target an LXR agonist specifically to macrophages, cholesterol efflux 
towards HDL via Abca1 could theoretically be enhanced. This would not have a measurable 
effect on HDL levels, as macrophages contribute only marginally to overall HDL formation. 
However, it would affect a key step in the development of atherosclerotic plaques in a 
desirable way. 
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Another potentially promising approach would be the specific activation of LXR in entero-
cytes, leading to increased expression of Abcg5 and Abcg8 and, consequently, reduced 
cholesterol absorption from the intestine. This approach has been used recently by Kaneko 
and co-workers.68 These authors developed LXR agonists that are closely related to sterols 
and are therefore substrates of Abcg5 and Abcg8 on their own. Accordingly, these ligands are 
effectively taken up by the enterocyte to activate LXR, leading to increased expression of 
Abcg5 and Abcg8. Subsequently they are excreted back into the intestinal lumen. The 
increased level of Abcg5/Abcg8 leads to enhanced efflux of cholesterol to the intestinal 
lumen, thereby reducing net absorption. 
 
Hydrodynamic injection of siRNA as a new tool for liver specific gene knock-down: 
potential applications 
A major problem associated with studies concerning ABC-transporter function in cholesterol 
transport is related to the fact that the relevant genes Abcg5, Abcg8 and Abca1 are expressed 
at high levels in both enterocytes and hepatocytes.10,69,70,71 Therefore, it is difficult to evaluate 
the relative contribution of these two organs, for instance in development of hyper-
cholesterolemia, in in vivo studies. Consequently, one has to find ways to influence their 
expression in tissue-specific ways.  

One suitable way would be the use of agonist or antagonist which are tissue-specific, for 
example the agonist described above.68 However, such agonists are not yet freely available 
and antagonists to reduce gene expression have not yet been reported. Another efficient 
means would be to generate tissue-specific knockout mice or tissue-specific overexpressors. 
These are elegant models, but their development is laborious, time-consuming and expensive.  

 Adenoviral overexpression is efficient to reach high expression levels predominantly in 
the liver (see, for example, refs. 72-74). It is a well-defined method, which was also applied 
during the course of the projects described in this thesis (data not shown). Using currently 
available systems, it is nevertheless time-consuming to produce sufficient quantities of virus 
particles for in vivo application.74,75 In addition, in the European Union it requires extensive 
permission to work with genetically modified viruses. 

During the last couple of years, a new technique for the transient expression of a 
transgene in mouse liver has become available. This technique is based on the injection of 
“naked” plasmid DNA with high pressure into the tail vein of the mouse. It is commonly 
referred to as hydrodynamic injection or high-volume-injection.76,77 In short, the endotoxin-
free DNA is dissolved in buffer; the volume of the buffer has to be 1/10 of the body weight of 
the mouse. Subsequently, the solution is injected into the tail vein of the mouse within 10 
seconds under isoflurane anesthesia. The solution will approach the heart via the vena cava 
inferior. As the volume injected exceeds the cardiac output rate, it will be forced to the organs 
connected to the vena cava in a retrograde way. Amongst these, the liver is the organ with the 
most expandable structure; therefore, the majority of the solution will reach the liver.78,79 The 
mechanism by which DNA then enters the hepatocyte is not known in detail. Possible mecha-
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nisms include both receptor-mediated endocytosis and pore formation, referred to as hydro-
poration.80,81 The transgene is predominantly expressed in the liver, with average transfection 
rates of approximately 40 % of the hepatocytes.77 The duration of expression largely depends 
on the properties of the transgene and its promoter. The method has been successfully applied 
in our lab using marker genes (data not shown) and will putatively be an easy, fast way of 
transgene expression in mouse liver in the near future. 

A second new technique is currently revolutionizing modern cell biology. RNA inter-
ference (RNAi) is an efficient way to transiently knock-down the expression of a target gene 
(see ref. 82 for review). Its molecular background is specific breakdown of mRNA which is 
induced upon the recognition of double-stranded RNA of the same sequence by a cellular 
system, dicer. Two efficient systems for delivering double-stranded RNA to the cell are of 
special interest for our field of research. The first is the use of small interfering RNA (siRNA) 
which is chemically synthesized, the second is viral expression of siRNA. Commercially 
available siRNA can be directly used to transfect cells and therefore silence gene expression 
in vitro.83 Moreover, this siRNA can be applied to mice by using the hydrodynamic injection 
technique (see above).84 This provides a simple means to reduce hepatic expression of a target 
gene in vivo. In addition, systems are available were siRNA is transcribed from a viral 
genome, for example an adenovirus or a retrovirus.85,86 This combines the high efficacy of 
viral delivery with the specificity of RNAi. Both viral delivery as well as hydrodynamic 
injection of synthetic siRNA will provide new possibilities for research on tissue-specific 
effects of genes involved in cholesterol homeostasis. 

A couple of research questions can be approached by the hydrodynamic injection method. 
For example, one could study if reconstitution of Abcg5 in Abcg5-/- mice with plasmid DNA 
carrying an Abcg5 construct would increase hepatobiliary cholesterol and phospholipid excre-
tion even in the presence of high concentrations of plant sterols in the canalicular membrane. 
Furthermore, in a couple of models heterozygous mice show sufficient expression to perform 
a particular process, whereas this process is completely absent in knockout mice. Here, it 
could be desirable to reduce gene expression to levels at which the encoded protein becomes 
limiting. This could putatively be reached by hydrodynamic injection of siRNA.  The 
hydrodynamic injection of siRNA will therefore be of importance for a couple of future 
projects in our field of research. 
 
Regulation of cholesterol metabolism in the fetus and early in childhood:  
a new field with broad perspectives 
The importance of cholesterol for the organism is most obvious during ontogenesis, when the 
growing embryo and fetus requires large amounts of cholesterol for its rapidly growing cell 
mass. Hence, both the embryo and the fetus synthesize relatively large quantities of 
cholesterol. In addition, a maternal supply of cholesterol to the embryo is plausible. Besides 
its role as a structural membrane constituent and hormone precursor, cholesterol is critically 
involved in pattern formation in early development. A number of proteins with basal 
functions in pattern formation, the so called hedgehog proteins, must be covalently bound to 
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cholesterol in order to become active (see Farese and Herz87 for review). In this respect, a 
shortage of cholesterol can create major disturbances with devastating consequences for body 
organization. Furthermore, cholesterol is indispensable for brain development as a part of 
myelin. Consequently, the developing brain has a huge demand of cholesterol.88 From this 
point of view it becomes clear that mutations which disrupt cholesterol synthesis or 
distribution to the developing embryo lead to major defects or even intrauterine death.  

One major genetic aberration has been described which is compatible with life, the Smith-
Lemli-Opitz syndrome.89 In Smith-Lemli-Opitz syndrome, 7-dehydrocholesterol reductase 
activity is impaired which leads to abnormal low cholesterol synthesis and accumulation of 
the precursor 7-dehydrocholesterol.90 The Smith-Lemli-Opitz syndrome is characterized by 
mental retardation, microcephaly, and pattern defects as misplaced thumbs and congenital 
cardiac abnormalities. Similar defects are seen when cholesterol synthesis is inhibited 
pharmacologically during embryogenesis in experimental animals.91 Mutations in hedgehog 
genes have been shown to have lead to anomalities comparable to those seen in Smith-Lemli-
Opitz syndrome. 

In desmosterolosis, a defect in 24-dehydrocholesterol reductase leads to accumulation of 
desmosterol and deleterious effects in humans.92,93 In 24-dehydrocholesterol reductase knock-
out mice, the murine model of desmosterolosis, only minor developmental changes occur.94 
This discrepancy can putatively be explained by the fact that in mice maternal cholesterol can 
reach the embryo and fetus, whereas this is not the case in humans.87,95 Therefore, maternal 
cholesterol fulfills the crucial role in the mouse embryo. 

Besides its synthesis, cholesterol transport is also of crucial importance for the embryo 
and fetus, at least in mice. Mutations in the genes encoding ApoB,96,97 Srbi,98 or Abca199 lead 
(partially) to intrauterine death in mice, but not in human. Obviously, the different 
environment of the rodent and the human embryo is of importance for cholesterol 
homeostasis: whereas the human embryo and fetus is connected to the maternal circulation 
solely via the placenta, the yolk sac plays an additional role in rodents for adequate 
nutrition.87,95 This adds an extra layer of complexity to the unraveling of human and murine 
embryonic cholesterol homeostasis. 

It is obvious that large shortages in cholesterol availability during embryogenesis have 
devastating effects. But what about small, more subtle variations? During the last couple of 
years it has become clear that the nutritional status of both the unborn fetus and the newborn 
have implications for adulthood. In principle, both a shortage and an excess of cholesterol 
could have negative implications for the health status of the individual. 

An excess of cholesterol may predispose the fetus to the development of atherosclerosis 
later in life (see refs. 100 and 101 for review). It has been demonstrated that maternal hyper-
cholesterolemia leads to fatty streak formation, i.e., pre-atherosclerotic lesions, already in 
utero.102 Furthermore, the size of atherosclerotic lesions in normocholesterolaemic children 
under 14 years was increasing faster in children of hypercholesterolaemic mothers.103 There-
fore, exposure to high levels of cholesterol in fetal life is most likely a risk factor for the 
development of cardiovascular disease in the adult. 
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In analogy, intrauterine starvation has been proposed to result in increased risks for the 
development of cardiovascular disease as well. The so-called Barker hypothesis states that 
fetal undernutrition, measurable as underproportionate fetal growth, predisposes for 
cardiovascular disease later in life.104-106 Barker proposed that during a critical period of 
intrauterine life, programming takes place which fixes the level at which cholesterol – and 
other important substances - is maintained later in life. Until now, this hypothesis has been 
underlined with a wide array of epidemiological data. Classically, historical hospital 
documents have been analyzed for data on births weight for term babies and then these data 
were compared with the medical records for the adults. Results from studies from different 
countries show, for example, that the so-called small for gestational age (sga) babies have a 
higher risk for cardiovascular mortality and noninsulin-dependent diabetes later in life 
(summarized in ref. 106).  

However, these epidemiological data indicate the existence of correlations, but do not 
reveal causal relationships. Until now, no mechanistical model has been proposed to explain 
these phenomena. In principle, the time has come to combine the molecular parts to a more 
compelling picture of the metabolic situation in the embryo. It has been speculated that 
increased expression of the SREBPs is responsible for the accelerated synthesis of cholesterol 
in fetal tissues.95 However, time- and tissue-specific expression of this transcription factor has 
not been defined so far. The PPARs have been demonstrated to be expressed in the fetus in a 
time-dependent way.107 The role of these and of other regulators of cholesterol homeostasis 
(or of lipid homeostasis in general) has not been elucidated in detail. But, as discussed above 
with the LXR target Abca1, some of their target genes play a role in development. The 
placenta has a high cholesterol synthesis rate on its own, but not much is known about its 
regulation. Finally, a number of ABC-transport proteins is expressed at high levels in the 
placenta, which makes it an interesting target for further projects within the framework of this 
research line. 
 
Concluding remarks 
In our society, morbidity and mortality from cardiovascular diseases is becoming an 
increasingly severe problem. Overnutrition and a sedentary lifestyle lead to obesity and 
hypercholesterolemia already in a high percentage of children, who will be the future patients 
with atherosclerosis-associated diseases.108-112 Certainly, preventive educational programs 
have to be developed to adjust and prevent this process. However, also therapeutic options 
have to be improved to ameliorate hypercholesterolemia.  

It seems that the major tools are now in ours hands. The most important metabolic path-
ways have been outlined and we have some clue about their regulation. Clearly, intracellular 
handling of cholesterol needs more emphasis, as well as the regulation of cholesterol homeo-
stasis during development. However, the current situation allows to identify promising targets 
for cholesterol-lowering therapies at a molecular level and to develop effective means to 
prevent cardiovascular disease in the future. 
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Summary 

Cholesterol fulfills an indispensable role in mammalian physiology. It is an important 
constituent of all cell membranes. Furthermore, it is the precursor of steroid hormones, which 
regulate a variety of physiological functions, and of bile salts, which are necessary for the 
generation of bile flow and the intestinal absorption of lipids and lipophilic vitamins. Chole-
sterol can be derived from the diet as well as from endogenous synthesis, the latter being the 
major source in humans.  

Apart from its vital role in the body, cholesterol also poses a potential threat on human 
well-being. High plasma cholesterol concentrations, especially in the Low-Density-
Lipoprotein (LDL) fraction, are associated with an increased risk for development of 
atherosclerosis. This is due to its accumulation in macrophages present in blood vessels, 
representing a key step in the formation of an atherosclerotic plaque. Therefore, it is not 
surprising that various, tightly regulated pathways exist to eliminate excess cholesterol from 
the body. The route from peripheral tissues via the liver to the feces has been defined as 
reverse cholesterol transport. Shortly, at the level of the peripheral cell, cholesterol is 
excreted via the action of the ATP-binding cassette transporter ABCA1 towards High-
Density-Lipoprotein particles (HDL), the so-called “good cholesterol”. The parenchymal cells 
of the liver (hepatocytes) take up cholesterol from HDL and excrete it into the bile either as 
free cholesterol or after its conversion into bile salts. Subsequently, cholesterol (or its 
bacterial metabolites) and bile salts end up in the feces. 

Different mechanisms exist to maintain cellular cholesterol homeostasis. On the one 
hand, the expression of enzymes which are involved in cholesterol and bile salt synthesis 
(liver cells only) is regulated at various levels, controlling both cholesterol synthesis and 
catabolism. On the other hand, the expression of transport proteins, which promote uptake, 
trafficking and excretion of cholesterol in the cell, is also tightly regulated. As a consequence 
cholesterol fluxes within the body are also tightly controlled. Gene expression of the major 
transporters studied in this thesis is regulated by a transcription factor called Liver-X-Receptor 
(LXR). This receptor senses the level of oxidized cholesterol derivatives, oxysterols, and 
thereby indirectly the concentration of cholesterol in the cell. This thesis aims to elucidate the 
mechanisms involved in cholesterol transport and their molecular regulation by LXR, 
especially at the level of the enterocyte and the hepatocyte. Chapter 1 provides a summary of 
the processes involved in maintenance of cholesterol homeostasis. 

It has previously been postulated that the beneficial effect of HDL is its function as a 
cholesterol carrier involved in reverse cholesterol transport from the periphery to the liver. In 
other words, cholesterol found in HDL was considered to be on its way to elimination. The 
ABC-transporter ABCA1, which is ubiquitously present in different cell types in the body, 
including hepatocytes, enterocytes, and macrophages, is of crucial importance for the 
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formation of HDL. Chapter 2 characterizes reverse cholesterol transport in mice lacking 
Abca1 (Abca1-/-). As expected, these mice completely lack HDL. However, both hepatobiliary 
cholesterol excretion and fecal cholesterol disposal are entirely normal in Abca1-/- mice 
compared to wild-type mice. Moreover, also as on activation of LXR with its synthetic ligand 
T091317, Abca1-/- mice are indistinguishable from their wild-type littermates. Both strains 
show a marked increase in hepatobiliary and fecal cholesterol excretion. This clearly demon-
strates that Abca1 – and also HDL – does not play a critical role in mass reverse cholesterol 
transport. Also a second finding of this study is remarkable: when summing up dietary chole-
sterol intake and hepatobiliary cholesterol excretion, and subtracting fecal cholesterol 
disposal, one can calculate the amount of cholesterol which is absorbed in the intestine. 
Interestingly, this amount is negative under conditions of LXR activation, which means that 
the intestine actively excretes cholesterol. This issue is further addressed in Chapter 5 
(below). 

Cholesterol differs only in the side chain from sterols which are common in plants, e.g., 
sitosterol and campesterol. These plant sterols contain additional methyl- or ethyl-groups at 
their side chain. In a typical "Western style" diet, the intake of plant sterols approximately 
equals that of cholesterol. These plant sterols are, however, only found in trace amounts in the 
body. The ABC half-transporters Abcg5 and Abcg8 have been demonstrated to limit absorp-
tion of plant sterols by efficiently pumping them back from the enterocyte into the intestinal 
lumen. The rare inherited disease sitosterolemia has been demonstrated to be caused by 
mutations in the gene of either Abcg5 or Abcg8. These so-called half-transporters putatively 
act as a heterodimer. In Chapter 3 we describe a mouse model of sitosterolemia, the Abcg5 
knockout mouse. These mice show symptoms very similar to human sitosterolemia patients, 
i.e., increased plasma plant sterol levels. This shows that absence of Abcg5 alone is sufficient 
to abolish the protective function of the complex. Treatment with the LXR agonist T091317, 
which results in increased expression of, e.g., Abcg5, Abcg8, and Abca1, did not influence 
fractional cholesterol absorption in Abcg5 knockout mice. In wild-type mice, however, it 
reduced fractional cholesterol absorption, which means that Abcg5/Abcg8 may also influence 
cholesterol uptake. Very surprisingly, LXR activation increased plasma plant sterol levels and 
therefore aggravated sitosterolemia in the Abcg5 knockout mice, possibly by an intestinal 
Abca1-dependent mechanism. 

Chapter 4 characterizes the hepatic function of Abcg5/Abcg8. There were differing data 
available on cholesterol concentrations in gallbladder bile of Abcg5- and Abcg8-knockout 
mice and Abcg5/Abcg8 double-knockout mice, the latter having the lowest concentrations of 
all. To determine the role of Abcg5 in hepatobiliary cholesterol excretion, the cholesterol 
excretion rate rather than gallbladder concentrations were measured in Abcg5-/-, Abcg5+/- and 
wild-type mice. While bile flow and bile salt output were normal in Abcg5-/- mice, cholesterol 
and phospholipid output were reduced by 85 and 31%, respectively. To get insight not only in 
the steady-state situation, but also in the maximal cholesterol excretion rate, mice were 



 

 186 

infused with an increasing concentration of the hydrophilic bile salt tauroursodeoxycholate to 
stimulate bile flow. Similar relative increases in cholesterol- and phospholipid excretion rates 
were observed. Upon LXR activation, the maximal cholesterol- and phospholipid output rates 
were dramatically increased in wild-type mice, whereas there was no effect in Abcg5-/- mice. 
These data suggest that Abcg5 is indeed strongly involved in the control of hepatobiliary 
cholesterol excretion. However, LXR-independent routes may exist that may contribute to 
overall hepatobiliary cholesterol output. This is supported by findings in LXRα-/- mice: upon 
feeding a high-cholesterol diet, these mice showed an increased hepatobiliary cholesterol 
excretion rate, similar to that of wild type or LXRα+/- mice on the same diet. However, Abcg5- 
and Abcg8 expression levels were not increased in LXRα-/- mice in contrast to heterozygote or 
wild type mice. Hence, in this particular model Abcg5 and Abcg8 appear to be not rate-
controlling for hepatobiliary cholesterol excretion. 

The liver has been thought to be the main organ for cholesterol disposal. However, in 
Chapter 3 we describe that, upon LXR activation, the intestine must be a source of fecal 
cholesterol in mice. In Chapter 5, Mdr2 knockout mice were used to further evaluate the role 
of the intestine in fecal cholesterol excretion. Mdr2 transports phospholipids from the hepato-
cyte to bile, a process which is indispensable for cholesterol excretion. Consequently, Mdr2-/- 
mice do not excrete cholesterol into bile. Upon treatment with the synthetic LXR agonist 
GW3965, fecal cholesterol excretion increased in both wild-type and Mdr2 knockout mice to 
the same extent, independent of biliary cholesterol excretion. In addition, LXR activation 
stimulated the excretion of [3H]-cholesterol from plasma to the feces also in Mdr2-/- mice. The 
data presented in Chapter 5 therefore give a strong indication that the intestine may play an 
important and novel role in reverse cholesterol transport. 

Under pathophysiological conditions, hepatobiliary cholesterol excretion may be 
disturbed in the absence of functional cholestasis. This is the case in an animal model of 
erythropoietic protoporphyria, the fech/fech mouse, which is discussed in Chapter 6. 
Fech/fech mice have a mutation in the gene encoding the enzyme ferrochelatase, which 
catalyzes the ultimate step in heme synthesis. The biochemical hallmark of the disease is the 
accumulation of the hydrophobic heme precursor protoporphyrin in the body. This leads to 
bile duct proliferation and biliary fibrosis, but normal bile flow, in the fech/fech mice. We 
found that, in addition, fech/fech mice have elevated liver and plasma cholesterol levels. This 
increase is predominantly caused by free cholesterol which, together with phospholipids, is 
present in lipoprotein-X (Lp-X). Lp-X is an unusual particle commonly found under 
cholestatic conditions and in the rare metabolic disorder familial lecithin:cholesterol 
acyltransferase (LCAT) deficiency. It is thought to be derived from cholesterol and 
phospholipids which are en route to bile, but ultimately cannot be excreted due to cholestasis. 
The fech/fech mouse is, besides the Lcat-/- mouse, the first model in which Lp-X is found in 
the absence of cholestasis. However, fech/fech mice show an uncoupling of biliary bile salt 
from lipid secretion, i.e., relatively more bile salts are needed for the excretion of cholesterol 
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and phospholipids. This indicates that the process of hepatobiliary cholesterol excretion is 
impaired in these mice, which may contribute to the accumulation of bile-destined lipids in 
plasma.  

Finally, Chapter 7 reviews the complex network of transport proteins and regulating 
factors involved in the maintenance of cholesterol homeostasis in the body. It summarizes the 
regulation of intestinal cholesterol absorption and hepatobiliary cholesterol excretion. Putative 
mechanisms are proposed which separate the handling of cholesterol from that of plant sterols 
in the enterocyte. Furthermore, the mode of action of new drugs developed for the treatment 
of hypercholesterolemia is described. 

In conclusion, cholesterol homeostasis in mammals is achieved by regulating endogenous 
synthesis and intestinal uptake of cholesterol on the one hand and cholesterol catabolism (i.e., 
to bile salts and steroid hormones) and excretion to the feces (either via the hepatocyte or the 
enterocyte) on the other hand. Some of the regulatory mechanisms involved are already 
targets for drugs to lower plasma cholesterol and consequently the risk for coronary vascular 
diseases. Detailed knowledge of all of these processes from the molecular to the systemic 
level is a crucial landmark on the way to an efficient cholesterol-lowering treatment in 
humans. 
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Samenvatting 

Cholesterol vervult een aantal belangrijke fysiologische functies in het lichaam van 
zoogdieren. Het is een belangrijk bestanddeel van de celmembraan. Verder is het de precursor 
van steroïdhormonen, die een groot aantal fysiologische functies reguleren, en van galzouten, 
die noodzakelijk zijn voor de galvorming en voor de absorptie van lipiden en vetoplosbare 
vitaminen uit de darm. Bronnen van cholesterol zijn het dieet en de endogene synthese, 
waarbij de endogene synthese in de mens het meest belangrijk is. 

Ondanks zijn onmisbare rol in het lichaam vormt cholesterol een potentiële bedreiging 
van de gezondheid. Het is gebleken dat verhoogde plasma cholesterolconcentraties, in het bij-
zonder in de “Low-Density-Lipoprotein” (LDL) fractie, geassocieerd zijn met een verhoogd 
risico op het ontstaan van atherosclerose. Dit is een gevolge van ophoging van cholesterol in 
macrofagen in de bloedvaatwand, hetgeen een eerste stap is in het ontstaan van de athero-
sclerotische plaque. Er zijn verschillende wegen om een overmaat aan cholesterol uit het 
lichaam te verwijderen. De weg van het perifere weefsel (inclusief macrofagen), via de lever, 
naar de ontlasting wordt reverse cholesterol transport genoemd. Volgens de klassieke 
definitie wordt cholesterol door de perifere cel (b.v. de macrofaag) met behulp van de “ATP-
binding cassette transporter” Abca1 uitgescheiden naar “High-Density-Lipoprotein” deeltjes 
(HDL), ook wel “goed cholesterol” genoemd. De parenchymcel van de lever, de hepatocyt, 
neemt cholesterol op van het HDL en scheidt het uit naar de gal, direct als vrij cholesterol of 
na omzetting in een galzout. Uiteindelijk komen cholesterol (of bacteriële metabolieten 
hiervan) en galzouten in de ontlasting terecht en verlaten dus het lichaam. 

Er zijn verschillende mechanismen om de cholesterolhomeostase in cellen te handhaven. 
Enerzijds wordt de expressie van enzymen die bij de synthese van cholesterol en galzouten 
(alleen in levercellen) betrokken zijn op een aantal niveau’s gereguleerd. Daardoor kan zowel 
de aanmaak als de afbraak van cholesterol worden gecontroleerd. Ten tweede wordt ook de 
expressie van transporteiwitten gereguleerd, die de opname, intracellulair transport en 
uitscheiding van cholesterol verzorgen. Op deze manier worden óók de fluxen van cholesterol 
in het lichaam strikt gecontroleerd. Genexpressie van de belangrijkste transporteiwitten, 
behandeld in dit proefschrift, wordt vooral gereguleerd door de transcriptie factor Liver-X-
Receptor (LXR). Deze receptor “meet” het niveau van geoxideerde cholesterolderivaten, de 
zogenaamde oxysterolen, en daarmee indirect de cholesterolconcentratie binnen de cel. 
Onderzoek beschreven in dit proefschrift heeft tot doel de mechanismen te ontrafelen, die 
betrokken zijn bij het transport van cholesterol en de moleculaire regulatie hiervan door LXR, 
voornamelijk op het niveau van de darm- en levercel. Hoofdstuk 1 geeft een samenvatting 
van de processen betrokken bij de cellulaire en “whole body” cholesterolhomeostase.  

Algemeen wordt verondersteld dat het positieve effect van HDL, bescherming tegen het 
ontstaan van atherosclerose, wordt bewerkstelligd via de rol van dit deeltje als cholesterol-
carrier in het reverse cholesterol transport. In dit model is HDL dus belangrijk als transport-
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middel voor cholesterol van de periferie naar de lever, waar het vervolgens wordt geëlimi-
neerd. Het ABC transporteiwit Abca1 is cruciaal voor de vorming van HDL. Het komt in vele 
weefsels tot expressie, in het bijzonder de lever, de (dunne) darm en in de macrofagen. 
Hoofdstuk 2 omvat een karakterisering van het reverse cholesterol transport in muizen die 
het Abca1 gen niet tot expressie brengen (Abca1-/-). Zoals verwacht ontbreekt in deze muizen 
het HDL. Desondanks is gevonden dat de hepatobiliaire cholesterolexcretie en de uitscheiding 
van cholesterol via de ontlasting volledig normaal in Abca1-/- muizen in vergelijking met 
controle muizen. Sterker nog, óók na LXR activering met de synthetische LXR agonist 
T091317 was er geen verschil tussen Abca1-/- muizen en controle muizen aantoonbaar. In 
beide groepen werden zowel de hepatobiliaire als de fecale cholesterolexcretie sterk 
gestimuleerd. Deze bevinding laat duidelijk zien dat Abca1 - en dus óók HDL - niet 
kwantitatief belangrijk is voor het reverse cholesterol transport, in tegenstelling tot de 
heersende opvatting. Op grond van deze resultaten is het zinvol de klassieke definitie van 
reverse cholesterol transport te herzien. Ook een andere uitkomst van deze studie was 
verrassend. Wanneer het cholesterol uit het dieet en uit de gal wordt opgeteld en daarna het 
cholesterol in de ontlasting wordt afgetrokken, geeft het verschil de hoeveelheid cholesterol 
dat door de darm wordt opgenomen. Intrigerend was het feit dat dit getal negatief werd als 
een LXR agonist werd toegediend aan de muizen, wat inhoudt dat de darm actief cholesterol 
uitscheidt onder deze condities. Dit “nieuwe” LXR effect wordt in hoofdstuk 5 in meer detail 
beschreven. 

Cholesterol verschilt alleen in de structuur van de zijketen van sterolen die in hoge 
concentraties in planten voorkomen, zoals sitosterol en campesterol. In een representatief 
“Western style” dieet zitten evenveel plantsterolen als cholesterol. Echter plantsterolen 
worden ten opzichte van cholesterol in slechts zeer lage concentraties in het lichaam 
teruggevonden. Het is aangetoond dat de ABC half-transporters Abcg5 en Abcg8 de absorptie 
van sterolen uit de darm limiteren, doordat zij sterolen effectief uit de darmcel weer terug naar 
het darmlumen pompen. De zeldzame erfelijke ziekte sitosterolemie wordt door mutaties in 
de genen coderend voor Abcg5 of Abcg8 veroorzaakt. Het wordt verondersteld dat zij samen 
een functioneel dimeer vormen. Hoofdstuk 3 beschrijft de karakterisering van een muismodel 
voor sitosterolemie, de Abcg5 knockout muis. Deze muizen hebben symptomen die heel sterk 
lijken op die in humane patiënten, in het bijzonder verhoogde plasma plantsterol niveaus. Dat 
betekent dat afwezigheid van Abcg5 alleen voldoende is om het beschermende effect van het 
Abcg5/Abcg8 complex te verbreken. 

Behandeling met een synthetisch LXR agonist, T091317, resulteerde in een verhoogde 
expressie van, onder anderen, Abcg5, Abcg8 en Abca1 in lever en darm van controle muizen. 
In Abcg5 knockout muizen werd de fractional cholesterol absorption door de LXR agonist 
niet beïnvloed. Daarentegen verlaagde toediening van de LXR agonist wel de fractional 
cholesterol absorption in wildtype muizen. Dit houdt in dat Abcg5/Abcg8 wellicht betrokken 
is bij regulatie van cholesterolabsorptie. Verbazingwekkend verhoogde LXR activering de 
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plantsterolconcentraties in het plasma van Abcg5 knockout muizen, mogelijk door een Abca1-
afhankelijk mechanisme. 

Hoofdstuk 4 beschrijft de functie van Abcg5/Abcg8 in de lever. In de literatuur zijn 
verschillende uitkomsten beschreven over cholesterolconcentraties in de galblaas van Abcg5- 
en Abcg8-knockout muizen en Abcg5/Abcg8-dubbel-knockout muizen, waarbij de laatst-
genoemden de laagste cholesterolconcentratie van allen hebben. Om echter precies de betrok-
kenheid van Abcg5 bij het hepatobiliair cholesterol transport te karakteriseren hebben wij de 
uitscheidingssnelheid van cholesterol in Abcg5-/-, Abcg5+/- en wildtype muizen bepaalt en niet 
alleen de galblaasconcentratie. De productie van gal en de excretie van galzouten waren niet 
veranderd in Abcg5-/- muizen, maar cholesterol- en fosfolipidenuitscheiding waren 85 % en 
31% lager in vergelijking met de wildtype muizen. Om ook de maximale capaciteit van de 
transporters te bepalen, zijn deze muizen vervolgens met een oplopende hoeveelheid 
galzouten geïnfundeerd om de galuitscheiding maximaal te stimuleren. Toediening van het 
hydrofiele galzout tauroursodeoxycholaat leidde tot vergelijkbare relatieve verhogingen van 
de cholesterol- en fosfolipidenuitscheiding in wildtype en knockout muizen. Na toediening 
van een LXR agonist ging de maximale uitscheidingssnelheid wel in wildtype, maar niet in 
Abcg5-/- muizen omhoog. Wij concluderen uit deze data dat Abcg5, en dus waarschijnlijk de 
Abcg5/Abcg8 heterodimeer, sterk betrokken is bij de controle van de hepatobiliaire 
cholesterol uitscheidingssnelheid, maar dat er óók een Abcg5/Abcg8-onafhankelijke route 
aanwezig is, die wellicht ook onafhankelijk wordt gereguleerd. Dit wordt ondersteund door 
resultaten uit onderzoek bij LXRα-/- muizen: op een cholesterolrijk dieet neemt de 
uitscheidingssnelheid van cholesterol door de lever naar de gal toe, net zo als in controle of 
LXRα+/- muizen op een identiek dieet. De expressie van Abcg5- en Abcg8 is echter niet 
verhoogd in LXRα-/- muizen in tegenstelling tot de expressieniveaus van deze genen in 
controle of heterozygote muizen. Derhalve zijn in dit specifieke model Abcg5 and Abcg8 niet 
snelheidsbepalend voor de uitscheiding van cholesterol naar de gal. 

Er is altijd verondersteld dat de lever het meest belangrijke orgaan is voor de uitscheiding 
van cholesterol uit het lichaam. In hoofdstuk 3 is beschreven dat, met name na LXR 
activering, óók de darm een bron van fecaal cholesterol moet zijn in de muis. In hoofdstuk 5 
zijn Mdr2 knockout muizen gebruikt om de betrokkenheid van de darm bij de fecale 
cholesterolexcretie gedetailleerd te bestuderen. Mdr2 transporteert fosfolipiden uit de 
hepatocyt naar de gal, hetgeen direct aan cholesteroluitscheiding is gekoppeld. Dus missen 
Mdr2 knockout muizen niet alleen fosfolipiden maar óók cholesterol in de gal. Behandeling 
van Mdr2 knockout muizen met de synthetische LXR agonist GW3965 stimuleerde de fecale 
sterol uitscheiding in even sterke mate als in wildtype muizen, dus onafhankelijk van de 
cholesterolexcretie via de gal. Sterker nog, LXR activering stimuleerde ook in Mdr2 knockout 
muizen de excretie van [3H]-cholesterol vanuit het plasma direct naar de ontlasting. Data uit 
hoofdstuk 5 geven dus duidelijke indicaties dat de darm een belangrijke en nieuwe rol in het 
reverse cholesterol transport speelt.  
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Onder pathofysiologische omstandigheden kan het hepatobiliaire cholesteroltransport ver-
stoord zijn. Dit is bijvoorbeeld hetgeen in een diermodel voor erythropoietische 
protoporfyrie, de fech/fech muis (hoofdstuk 6). Bij fech/fech muizen is het gen voor het 
enzym ferrochelatase gemuteerd. Dit enzym katalyseert de laatste stap in de synthese van 
heem. In erythropoietische protoporfyrie is dan ook sprake van accumulatie van de hydrofobe 
heemprecursor protoporfyrin. Dit is in fech/fech muizen geassocieerd met galgangproliferatie 
en biliaire fibrose, maar met een normale galuitscheiding. Verrassenderwijs produceert de 
lever van fech/fech muizen méér gal dan die van controle muizen. Fech/fech muizen vertonen 
bovendien verhoogde cholesterolwaarden in de lever en het plasma. In het plasma bevindt het 
cholesterol zich tezamen met fosfolipid met name in Lipoprotein-X (Lp-X). Lp-X is een zeld-
zaam partikel dat met name onder cholestatische omstandigheden wordt gevonden en in de 
zeldzame metabole ziekte familial lecithin:cholesterol acyltransferase (LCAT) deficiency. Het 
is bekend dat bron van Lp-X cholesterol en fosfolipiden zijn die op weg naar de gal waren, 
maar door de cholestase er uiteindelijk niet terecht kunnen komen. Fech/fech muizen vormen 
een uniek model omdat Lp-X zonder cholestase aanwezig is. Deze muizen laten wél een 
ontkoppeling van biliaire galzout- en lipidsecretie zien, dat betekent dat relatief meer 
galzouten noodzakelijk zijn voor de excretie van cholesterol en fosfolipiden. Blijkbaar is het 
proces van hepatobiliaire cholesterolexcretie verstoord in fech/fech muizen, resulterend in 
accumulatie van gal lipiden in plasma. Het achterliggende mechanisme van dit verschijnsel is 
nog niet opgehelderd. 

Hoofdstuk 7 geeft een overzicht van het complexe netwerk van transporteiwitten en 
regulerende factoren betrokken bij de cholesterolhomeostase in het lichaam. In het bijzonder 
wordt de regulatie van de intestinale cholesterolabsorptie en de hepatobiliaire cholesterol-
excretie in detail bediscussieerd. Mogelijke mechanismen verantwoordelijk voor de verschil-
lende wijze van omgang met cholesterol en plantsterolen in de darmcel worden besproken. 
Verder wordt de veronderstelde werkwijze van nieuwe geneesmiddelen voor de behandeling 
van hypercholesteremie beschreven. 

Cholesterol homeostase in zoogdieren word bereikt door regulatie van endogene synthese 
en intestinale cholesterolabsorptie enerzijds en cholesterolkatabolisme (bijvoorbeeld omzet-
ting naar galzouten) en excretie naar de ontlasting (via de hepatocyt of de darmcel) 
anderzijds. Enige van de regulerende mechanismen ervan zijn inmiddels geïdentificeerd als 
mogelijke targets geneesmiddelen, met als doel het plasma cholesterol te verlagen en 
uiteindelijk het risico op hart- en vaatziekten te verminderen. Gedetailleerde kennis van al 
deze processen - van het moleculaire naar het systemische niveau - is van cruciaal belang 
voor verdere ontwikkeling van effectieve cholesterolverlagende therapieën in de mens. 
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Zusammenfassung 

Cholesterol spielt eine unersetzliche Rolle in der Physiologie der Säugetiere. Es ist ein 
integraler Bestandteil der Zellmembran. Des Weiteren ist Cholesterol die Vorstufe der 
Steroidhormone, die eine Vielzahl physiologischer Parameter regulieren, und der Gallensalze, 
die für den Gallenfluss und die intestinale Absorption von Lipiden und lipophilen Vitaminen 
notwendig sind. Quellen für Cholesterol sind die Nahrung und die endogene Synthese, wobei 
letztere beim Menschen überwiegt. 

Trotz seiner lebenswichtigen Rolle stellt Cholesterol auch eine potentielle Gefahr für die 
Gesundheit dar: Erhöhte Plasma-Cholesterolspiegel, insbesondere in der Low-Density-
Lipoprotein-Fraktion, sind mit einem erhöhten Atherosklerose-Risiko assoziiert. Dies liegt 
daran, dass die Anreicherung von Cholesterol in Makrophagen ein Schlüsselschritt in der 
Entstehung von atherosklerotischen Plaques ist. Es überrascht daher nicht, dass verschiedene 
Wege existieren, um Cholesterol aus dem Körper zu eliminieren. Die Route aus dem peri-
pheren Gewebe über die Leber in den Stuhl wurde als reverser Cholesteroltransport definiert: 
Kurz gesagt wird Cholesterol mit Hilfe des ATP-binding-cassette-(ABC)-Transporters 
ABCA1 aus der periphären Zelle auf einen High-Density-Lipoprotein-Partikel übertragen. 
Dadurch entsteht das so genannte „gute“ HDL-Cholesterol. Der Hepatocyt nimmt Cholesterol 
auf und scheidet es entweder als Cholesterol selbst oder als Gallensalz in die Galle aus. Im 
Darm werden sowohl Cholesterol als auch die Gallensalze teilweise durch die Darmflora 
modifiziert. Schließlich enden sowohl Cholesterol (beziehungsweise seine bakteriellen 
Metabolite) als auch Gallensalze im Stuhl. 

Es existieren unterschiedliche Mechanismen, um die zelluläre Cholesterolhomöostase zu 
gewährleisten: Einerseits wird die Expression der Enzyme, die bei der Cholesterol- und 
Gallensalzsynthese eine Rolle spielen, auf unterschiedlichen Niveaus reguliert. Dadurch wird 
sowohl der Cholesterolkatabolismus als auch die Cholesterolsynthese kontrolliert. 
Andererseits unterliegt auch die Expression der Transportproteine einer Regulation, die sich 
auf die Cholesterolaufnahme, Verteilung, Transport und Exkretion auswirkt. Folglich werden 
auch die Cholesterolströme im Körper strikt kontrolliert. Die Genexpression der wichtigsten 
in dieser Arbeit behandelten Transportproteine wird durch einen Transkriptionsfaktor 
reguliert, der als "Liver-X-Receptor" (LXR) bezeichnet wird. Dieser Rezeptor misst das 
Niveau von oxidierten Cholesterolderivaten, Oxysterolen, und dadurch indirekt die 
Konzentration an Cholesterol in der Zelle. Ziel der vorliegenden Arbeit war es, die 
Mechanismen des Cholesteroltransports sowie ihre molekulare Regulation durch LXR zu 
beschreiben. Besondere Beachtung sollten dabei der Hepatocyt und der Enterocyt finden. 
Kapitel 1 gibt einen Überblick über die Prozesse, die bei der Aufrechterhaltung der 
Cholesterolhomöostase eine Rolle spielen.  

Bisher wurde angenommen, dass der positive Effekt von HDL seine Funktion als 
Cholesterol-Carrier im reversen Cholesteroltransport von der Peripherie zur Leber ist. Mit 
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anderen Worten: Cholesterol in der HDL-Fraktion befindet sich auf dem Weg der Eliminie-
rung. Der ABC-Transporter Abca1, der auf einer Vielzahl von Zellen anwesend ist - darunter 
Hepatocyten, Enterocyten, und Makrophagen – ist unabdingbar für die Bildung von HDL. 
Kapitel 2 charakterisiert den reversen Cholesteroltransport bei Mäusen, denen Abca1 fehlt 
(Abca1-/-).Wie erwartet fehlt diesen Mäusen auch das HDL. Trotzdem sind sowohl die 
hepatobiliäre Exkretion als auch die fäkale Ausscheidung von Cholesterol in Abca1-/--Mäusen 
vollkommen normal, wenn man sie mit Wildtyp-Mäusen vergleicht. Überdies sind die 
Abca1-/--Mäuse auch bei Aktivierung von LXR mit dem synthetischen Liganden T0901317 
nicht von Wildtyp-Mäusen zu unterscheiden: Beide zeigen einen deutlichen Anstieg sowohl 
der hepatobiliären als auch der fäkalen Cholesterolexkretion. Dies zeigt deutlich, dass Abca1 
– und damit also auch HDL – keine kritische Rolle im reversen Cholesteroltransport spielt. 
Ein weiteres Ergebnis dieser Studie ist erwähnenswert: Wenn man bei Mäusen den 
Cholesteroleintrag aus der Nahrung und die hepatobiliäre Cholesterolexkretion addiert und 
die Cholesterolausscheidung im Stuhl abzieht, kann man berechnen, wie viel Cholesterol im 
Darm absorbiert wird. Interessanterweise wird bei LXR Aktivierung dieser Betrag negativ, 
was bedeutet, dass der Darm netto Cholesterol abgibt. Dieser Effekt wird in Kapitel 5 noch 
näher untersucht (siehe unten). 

Cholesterol unterscheidet sich lediglich in der Seitenkette von anderen Sterolen, die 
häufig bei Pflanzen anzutreffen sind, zum Beispiel Sitosterol und Campesterol. Bei einer 
typischen „westlichen“ Ernährungsweise nehmen wir täglich ungefähr gleich viel Cholesterol 
wie Pflanzensterole zu uns. Trotzdem finden sich in unserm Körper nur Spuren dieser 
Pflanzensterole. Es wurde gezeigt, dass die Absorption dieser Pflanzensterole durch die ABC 
Halb-Transporter Abcg5 und Abcg8 limitiert wird: Sie pumpen die Pflanzensterole effektiv 
aus den Enterocyten zurück ins Darmlumen. Bei der seltenen Erbkrankheit Sitosterolämie 
finden sich Mutationen entweder im Gen für Abcg5 oder Abcg8: Die Transporter 
funktionieren vermutlich als Heterodimere. In Kapitel 3 beschreiben wir ein Tiermodell für 
Sitosterolämie, die Abcg5 Knockout-Maus. Diese Mäuse sind durch Symptome ähnlich deren 
des Menschen charakterisiert, nämlich durch erhöhte Sitosterolkonzentrationen im Plasma. 
Abwesenheit von Abcg5 allein ist folglich ausreichend, um die protektive Wirkung des 
gesamten Komplexes zu unterbinden. Die Behandlung mit dem LXR-Agonisten T0901317, 
die unter anderem zu einer erhöhten Expression von Abcg5, Abcg8 und Abca1 führt, hatte 
keinen Einfluss auf die fraktionelle Cholesterolabsorption in Abcg5-/--Mäusen. In Wildtyp-
Mäusen kam es hingegen zu einer Reduktion der fraktionellen Cholesterolabsorption, was 
bedeutet, dass Abcg5/Abcg8 möglicherweise die Cholesterolaufnahme beeinflussen können. 
Überraschenderweise erhöht LXR-Aktivierung die Pflanzensterolkonzentrationen im Plasma 
bei Abcg5-/--Mäusen und verschlimmert daher die Sitosterolämie; dies deutet auf einen LXR-
abhängigen Cholesterolaufnahmemechanismus hin, an dem möglicherweise Abca1 beteiligt 
ist. 
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Kapitel 4 charakterisiert die Funktion von Abcg5/Abcg8 in der Leber. Es standen bisher nur 
widersprüchliche Daten über die Cholesterolkonzentration in Gallenblasen-Galle von Abcg5- 
oder Abcg8-Knockout-Mäusen sowie von Abcg5/Abcg8-Doppelknockout-Mäusen zur Ver-
fügung, wobei letztere die niedrigste Konzentration aufwiesen. Um die Rolle von Abcg5 in 
der hepatobiliären Cholesterolexkretion zu studieren, haben wir anstelle der Konzentration die 
Exkretionsrate in Abcg5-/--, Abcg5+/-- und Wildtyp-Mäusen gemessen. Der Gallenfluß und die 
Gallensalzexkretion sind in Abcg5-/--Mäusen normal. Die Cholesterol- und Phospholipid-
exkretion sind verglichen mit Wildtyp-Mäusen hingegen um 85 beziehungsweise 31 % 
vermindert. Um ferner nicht allein die Gleichgewichtsbedingungen zu bestimmen, sondern 
auch die maximal mögliche Exkretionsrate bei erhöhter Gallenproduktion, wurden diese 
Mäuse mit einer ansteigenden Dosis Gallensalz infundiert. Die Infusion mit dem hydrophilen 
Gallensalz Tauroursodeoxycholat führt zu vergleichbaren relativen Erhöhungen der 
Cholesterol- und Phospholipidexkretion bei Wildtyp- und Knockout-Mäusen. Behandlung mit 
einem LXR-Agonisten führt zu einer Steigerung der maximalen Exkretionsrate in Wildtyp-, 
aber nicht in Abcg5-/--Mäusen. Aus diesen Experimenten schlussfolgern wir, dass Abcg5 bei 
der Kontrolle der hepatobiliären Cholesterolexkretion betroffen ist, aber dass daneben 
möglicherweise noch andere - LXR-unabhängige - Mechanismen bestehen. Diese Hypothese 
wird auch durch Versuche in LXRα-/--Mäusen gestützt: Füttert man LXRα-/--, LXRα+/-- und 
Wildtypmäuse mit einer cholesterolreichen Nahrung, so erhöht sich in allen drei Gruppen die 
hepatobiliäre Cholesterolexkretion. In LXRα-/--Mäusen - in Abwesenheit von LXR - geht dies 
im Gegensatz zu den beiden anderen Gruppen nicht mit einer erhöhten Expression von Abcg5 
und Abcg8 in der Leber einher. Daher sind in diesem besonderen Modell Abcg5 und Abcg8 
nicht bestimmend für die Cholesterolausscheidung in die Galle. 

Die Leber wurde bisher als das wichtigste Organ für die Beseitigung von Cholesterol aus 
dem Körper angesehen. In Kapitel 3 haben wir bereits beschrieben, dass bei LXR-Aktivierung 
auch der Darm eine Quelle von fäkalen Sterolen sein muss. In Kapitel 5 werden Mdr2-
Knockout-Mäuse benutzt, um die Rolle des Darms in der fäkalen Cholesterolausscheidung 
näher zu beleuchten. Mdr2 ermöglicht den Transport von Phospholipiden aus den 
Hepatocyten in die Galle. Es ist lange bekannt, dass dieser Prozess auch Voraussetzung für 
die Cholesterolexkretion in die Galle ist. Konsequenterweise fehlen bei Mdr2-/--Mäusen 
sowohl Phospholipide als auch Cholesterol in der Galle. Werden nun Mdr2-/--Mäuse mit dem 
synthetischen LXR-Agonisten GW3965 behandelt, so steigt die fäkale Cholesterolexkretion 
im gleichen Maße an wie die von Wildtyp-Mäusen, unabhängig von der Cholesterol-
ausscheidung in die Galle. Außerdem stimuliert LXR-Aktivierung auch die Exkretion von 
[3H]-Cholesterol aus dem Plasma in den Stuhl von Mdr2-/--Mäusen. Diese Daten sind ein 
deutlicher Hinweis darauf, dass der Darm eine wichtige und neuartige Rolle im reversen 
Cholesteroltransport spielen könnte.  

Unter pathophysiologischen Bedingungen kann die hepatobiliäre Cholesterolexkretion 
beeinträchtigt sein, ohne dass es zu einer funktionellen Cholestase kommt. Dies ist bei einem 
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Tiermodell für erythropoietische Protoporphyrie der Fall: Die fech/fech Maus wird in 
Kapitel 6 näher beschrieben. Fech/fech Mäuse besitzen ein mutiertes Gen für das Enzym 
Ferrochelatase, das den abschließenden Schritt der Hämsynthese katalysiert. Das 
biochemische Kennzeichen dieser Erkrankung ist die Anhäufung der hydrophoben 
Hämvorstufe Protoporpyhrin im Körper. Dies führt zur Gallengangproliferation und biliärer 
Fibrose, aber normalem Gallenfluß, bei fech/fech Mäusen. Nach unseren Ergebnissen haben 
fech/fech Mäuse außerdem erhöhte Cholesterolkonzentrationen in der Leber und im Plasma. 
Es handelt sich dabei hauptsächlich um freies Cholesterol, nicht um Cholesterolester. 
Gleichzeitig ist auch die Phospholipidkonzentration im Plasma erhöht. Diese Befunde 
erklären sich durch das Auftreten von Lipoprotein-X (Lp-X) im Plasma. Lp-X ist ein 
ungewöhnliches Partikel, das häufig unter cholestatischen Bedingungen gefunden wird. Des 
Weiteren ist es noch aus Patienten mit familiärer Lecithin:Cholesterol Acyltransferase 
(LCAT) Defizienz beschrieben. Es wird angenommen, dass es aus Cholesterol und 
Phospholipiden besteht, die für die Galle bestimmt waren, dort wegen der Cholestase aber 
nicht hingelangen konnten. fech/fech-Mäuse sind, neben Lcat-/--Mäusen, das einzige Modell, 
wo Lp-X in Abwesenheit von Cholestase gefunden wird. Sie weisen jedoch eine Entkopplung 
von biliärer Gallensalz- von Lipidsekretion auf, das heißt, dass relativ mehr Gallensalz 
benötigt wird, um Cholesterol und Phospholipide auszuscheiden. Dies deutet darauf hin, dass 
bei diesen Mäusen die hepatobiliäre Cholesterolexkretion beeinflusst ist. Dadurch kommt es 
zu einer Anhäufung von Lipiden im Plasma, die eigentlich für die Galle bestimmt waren. 

Kapitel 7 gibt schließlich einen Überblick über das komplexe Netzwerk von Transport-
proteinen und Regulationsfaktoren, die an der Aufrechterhaltung der Cholesterolhomöostase 
mitwirken. Sowohl die Regulation der Cholesterolabsorption im Darm als auch die der 
hepatobiliären Cholesterolexkretion werden diskutiert. Mögliche Mechanismen werden 
vorgeschlagen, die für die separaten Stoffwechselwege von Cholesterol und Pflanzensterolen 
in den Enterocyten verantwortlich sein könnten. Außerdem werden auf Basis der vorgestellten 
Stoffwechselwege die Wirkungsmechanismen neuartiger Arzneimittel beschrieben, die für die 
Behandlung von Hypercholesterolämie entwickelt wurden. 

Die Cholesterolhomöostase bei Säugetieren wird durch die Regulation von endogener 
Synthese und intestinaler Aufnahme von Cholesterol einerseits und Cholesterolkatabolismus 
(zum Beispiel zu Gallensalzen) und Ausscheidung im Stuhl (durch Hepatocyten und 
Enterocyten) andererseits erreicht. Einige der regulatorischen Mechanismen dafür sind bereits 
das Ziel von Wirkstoffen, um die Plasmacholesterolkonzentration und damit das Risiko für 
Atherosklerose zu senken. Detaillierte Kenntnis all dieser Prozesse, vom molekularen zum 
systemischen Niveau, ist ein bedeutender Meilenstein auf dem Weg zu einer effizienten 
Plasmacholesterol-vermindernden Behandlung beim Menschen. 
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world record of bile cannulations); the “lipid club” from Leiden (thanks for all the viruses – I 
haven’t used them for this book). I furthermore pretty much enjoyed the hospitality of 
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prof. Jon Wolff’s gene therapy group at the Waisman Center, University of Wisconsin at 
Madison, during the summer of 2003 (Bryan, what happened to the couch?). Much of the 
material used for my project resulted from cooperations with “the industry”: thanks to my 
colleagues at GlaxoSmithKline Pharmaceuticals, Tularik, and the Unilever Research Institute. 

The first readers of this book were the members of the beoordelingscommissie, Prof. Alan 
Attie, Prof. Ronald Oude-Elferink and Prof. Pieter Sauer. I appreciate very much that all of 
you were immediately willing to review my manuscript. 

Ein Wort zum Schluss: Für die Familie ist es nicht leicht, wenn der Mann/Papa/Sohn/ 
Bruder/Enkel/Schwiegersohn in ein fernes Land entschwindet und dort den lieben langen Tag 
Mäuseködel sortiert. Dafür soll der Bursche so lange studiert haben? Falls es euch beruhigt: 
Ich verstehe es manchmal auch nicht. Gerade deswegen danke ich euch allen (Heike, Simon, 
Mama und Papa, Andrea, Oma, Helmut und Annegret) von Herzen für eure Unterstützung 
und eure Geduld! 

 
 

    
Torsten Groningen, September 2004
 

 
 



 

199 

Curriculum vitae 

 

Torsten Plösch was born on November 2nd, 1969, in Bremen, Germany. He attended high 

school in Ganderkesee, Germany. After obtaining his high school diploma in 1989, he served 

in the German army for 18 months. Subsequently, he enrolled to study biology at the Carl von 

Ossietzky Universität in Oldenburg, Germany. In his undergraduate projects he focused on 

zoology, microbiology and cell biology. He performed his Master's thesis on the molecular 

biology of neuropeptids in invertebrates at the Department of Animal Physiology under 

supervision of prof. Axel Willig (†) and dr. Peter P. Jaros. 

In 1998, he received an Ubbo Emmius scholarship from the Rijksuniversiteit 

Groningen, The Netherlands, to investigate transport mechanisms involved in the 

hepatobiliary excretion of hydrophobic compounds, particularly of the heme precursor proto-

porphyrin. This work was supervised by prof. Folkert Kuipers (Department of Pediatrics) and 

prof. Peter L.M. Jansen (Department of Gastroenterology and Hepatology). In prof. Kuipers’ 

group, he started in 2001 to investigate the regulation of cholesterol transport in a project 

funded by the Netherlands Organization for Scientific Research (NWO). During the summer 

of 2003, he worked as an honorary fellow at the Division of Biochemical and Clinical 

Genetics, University of Wisconsin at Madison, under supervision of prof. Jon A. Wolff. 

Starting April 1st, 2004, he is employed as postdoctoral scientist in the Department of 

Pediatrics, Faculty of Medical Sciences, of the Rijksuniversiteit Groningen. 
 



 

 200 

List of Publications 

  1. Bloks VW, Plösch T, van Goor H, Roelofsen H, Baller JFW, Havinga R, Verkade HJ, van 
Tol A, Jansen PLM, Kuipers F. Hyperlipidemia and atherosclerosis associated with liver 
disease in ferrochelatase-deficient mice. J Lipid Res 2001;42:41-50. 

  2. Dircksen H, Böcking D, Heyn U, Mandel C, Chung JS, Baggerman G, Verhaert P, 
Daufeldt S, Plösch T, Jaros PP, Waelkens E, Keller R, Webster SG. Crustacean 
hyperglycaemic hormone (CHH)-like peptides and CHH-precursor- related peptides from 
pericardial organ neurosecretory cells in the shore crab, Carcinus maenas, are putatively 
spliced and modified products of multiple genes. Biochem J 2001;356:159-170. 

  3. Plösch T, Bloks VW, Baller JF, Havinga R, Verkade HJ, Jansen PL, Kuipers F. Mdr 
P-glycoproteins are not essential for biliary excretion of the hydrophobic heme precursor 
protoporphyrin in a griseofulvin-induced mouse model of erythropoietic protoporphyria. 
Hepatology 2002;35:299-306. 

  4. Plösch T, Kok T, Bloks VW, Smit MJ, Havinga R, Chimini G, Groen AK, Kuipers F. 
Increased hepatobiliary and fecal cholesterol excretion upon activation of the liver X 
receptor is independent of ABCA1. J Biol Chem 2002;277:33870-33877. 

  5. Grefhorst A, Elzinga BM, Voshol PJ, Plösch T, Kok T, Bloks VW, van der Sluijs FH, 
Havekes LM, Romijn JA, Verkade HJ, Kuipers F. Stimulation of lipogenesis by 
pharmacological activation of the liver X receptor leads to production of large, 
triglyceride-rich Very Low Density Lipoprotein particles. J Biol Chem 2002;277:34182-
34190. 

  6. Jonker JW, Buitelaar M, Wagenaar E, van der Valk MA, Scheffer GL, Scheper RJ, 
Plösch T, Kuipers F, Elferink RP, Rosing H, Beijnen JH, Schinkel AH. The breast cancer 
resistance protein protects against a major chlorophyll-derived dietary phototoxin and 
protoporphyria. Proc Natl Acad Sci U S A 2002;99:15649-15654. 

  7. Hulzebos CV, Wolters H, Plösch T, Kramer W, Stengelin S, Stellaard F, Sauer PJ, 
Verkade HJ, Kuipers F. Cyclosporin a and enterohepatic circulation of bile salts in rats: 
decreased cholate synthesis but increased intestinal reabsorption. J Pharmacol Exp Ther 
2003;304:356-363. 

  8. Kosters A, Frijters RJJM, Schaap FG, Vink E, Plösch T, Ottenhoff R, Jirsa M, de 
Cuyper IM, Kuipers F, Groen AK. Relation between hepatic expression of ATP-binding 
cassette transporters G5 and G8 and biliary cholesterol secretion in mice. J Hepatology 
2003;38:710-716. 

  9. Plösch T, Bloks V, Terasawa Y, Berdy S, Siegler K, van der Sluijs F, Kema I, Groen AK, 
Shan B, Kuipers F, Schwarz M. Sitosterolemia in ABC-Transporter G5-deficient mice is 
aggravated on activation of the liver-X receptor. Gastroenterology 2004;126:290-300. 

10. Kruit JK, Plösch T, Havinga R, Boverhof R, Groot PHE, Groen AK, Kuipers F. Increased 
fecal neutral sterol loss upon liver X receptor activation is independent of biliary sterol 
secretion in mice. Submitted. 

11. Plösch T, Kosters A, Groen AK, Kuipers F. The ABC of hepatic and intestinal cholesterol 
transport. Submitted. 



Stellingen behorende bij het proefschrift: 

Torsten Plösch 

Groningen, 27 oktober 2994 

 
 
In contrast with the classical concept of the reverse cholesterol transport pathway, 
hepatobiliary cholesterol excretion does not critically depend on delivery of HDL 
cholesterol. 
(dit proefschrift) 
 
An increasing popularity of plant sterol-enriched functional foods may lead to 
identification of previously undetected carriers of ABCG5/ABCG8 mutations. 
(dit proefschrift) 
 
Gallbladder cholesterol concentrations do not reflect hepatobiliary cholesterol 
excretion rates. 
(dit proefschrift) 
 
In addition to the important contribution of Abcg5/Abcg8 to hepatobiliary cholesterol 
excretion (Yu et al., PNAS 2002), alternative Abcg5/g8-independent excretory routes 
also exist. 
(dit proefschrift) 
 
Intestinal cells actively contribute to fecal cholesterol excretion in mice.  
(dit proefschrift) 
 
Intestine-specific LXR activation represents a potential strategy to lower cholesterol 
absorption efficiency. 
(dit proefschrift)  



 
To decipher the ABC of cholesterol transport, it is crucial to understand its ACGT. 
(dit proefschrift) 
 
In the united Europe of 2004, it is easier to pay tax in a foreign county than to get 
university degrees accepted. 
 
The observation by Adolf Windaus that "cholesterol, which is so extremely similar to 
sitosterol in its physical and chemical properties, behaves physiologically in quite a 
different manner" (Nobel Lecture, 1928) may be based on the slow rate of 
esterification of sitosterol as noted by Gerald Salen and colleagues (JCI 1970). 
 
Fetal undernutrition predisposes to cardiovascular disease later in life. 
(Barker et al., Ann Med 1999) 
 
Nuclear receptor ligands comprise at least 20% of all current US prescriptions. 
(Baxter et al., Trends Endocrinol Metab 2004)  
 
Journal impact factors correlate poorly with actual citations of individual articles. 
(Seglen, BMJ 1997) 
 
"Man kann nie so kompliziert denken, wie es plötzlich kommt."  
(Willy Brandt, 1913-1992) 
 
"Wie groß eine Herausforderung auch sein mag, sie ist auf jeden Fall leichter zu 
bewältigen, wenn man vorher eine ordentliche Mahlzeit zu sich genommen hat."  
(Walter Moers, Die 13 1/2 Leben des Käpt'n Blaubär, 1999) 
 
"We live in a society exquisitely dependent on science and technology, in which hardly 
anyone knows anything about science and technology." 
(Carl Sagan, 1934-1996) 


