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Abstract

Growing evidence suggests that the small intestine may contribute to excessive
postprandial lipemia, which is highly prevalent in insulin-resistant/type 2 diabetic
individuals increasing the risk of cardiovascular disease. The aim of the present
study was to determine the role of high glucose levels on intestinal cholesterol
absorption, cholesterol transporter expression, enzymes controlling cholesterol
homeostasis and the status of transcription factors. To this end, we employed highly
differentiated and polarized intestinal cells, Caco-2 cells, plated on permeable
polycarbonate filters. Four major technical approaches were used,
immunocytochemistry in electron microscopy, western blot, RT-PCR and the
assessment of enzymatic activities. The levels of cellular cholesterol uptake were
measured by radio-labeling.

In the presence of radiolabeled cholesterol, glucose at 25 mM stimulated its uptake
as compared to 5 mM glucose. The high concentration of glucose enhanced the
protein expression of the critical cholesterol transporters NPC1L1 and CD36 and
concomitantly decreased SR-BI protein expression. No significant changes were
observed for ABCA1 and ABCGS, which act as efflux pumps favoring cholesterol
export out of absorptive cells. At the same time, HMG-CoA reductase activity was
significantly decreased, whereas ACAT activity remained unchanged. Finally,
increments were noted in the transcription factors LXRa, LXRpB, PPARpB and
PPARY along with a drop in the protein expression of SREBP-2.

Collectively, our data indicate that glucose at high concentrations may regulate
intestinal cholesterol transport and metabolism, thus suggesting a potential influence

on the cholesterol absorption process in type 2 diabetes.

Key words: ABCAI1, ABCGS5/GS8, SR-BI, CD36, NPCIL1, PPAR, LXR, SREBP,
ACAT and HMG-CoA reductase
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Résumé

Plusieurs évidences suggeérent que I’intestin contribue a I’hyperlipidémie
postprandiale fortement répandue chez les individus souffrant de résistance a
insuline et de diabéte de type—2, augmentant ainsi les risques de développer des
maladies cardio-vasculaires. Le but de notre étude fut de déterminer, au niveau
intestinal, le rdle du glucose dans l'absorption du cholestérol, 1’expression des
transporteurs du cholestérol et celle des enzymes qui régulent I'homéostasie du
cholestérol et le statut des facteurs de transcription. A cet effet, nous avons
ensemencé des cellules intestinales différenciées et polarisées, des cellules Caco-2,
sur des filtres en polycarbonate perméables. Quatre grandes approches techniques
ont été utilisées, I’immuno-cytochimie en microscopie électronique,
I’immunobuvardage, le RT-PCR, et la mesure des activités enzymatiques. Les
niveaux d’absorption du cholestérol cellulaire ont été mesurés par radio marquage.
En présence de cholestérol radio marqué, le glucose a 25 mM stimule 1’absorption
du cholestérol comparativement aux cellules supplémentées avec 5 mM de glucose.
La concentration élevée de glucose accroit I'expression protéique des transporteurs
NPCIL1 et CD36 et diminue I’expression de la protéine SR-BI. On n'a observé
aucun changement significatif dans I'expression des protéines ABCA1 et ABCGS,
pompes d’efflux favorisant I'exportation du cholestérol hors des cellules intestinales.
L'activité de I’enzyme HMG-CoA réductase diminue tandis que celle de 'ACAT
demeure inchangée. Finalement, une augmentation des facteurs de transcription
LXRa, LXRB, PPARP et PPARY et une baisse de I'expression protéique de SREBP-
2 ont été observées a fortes concentrations de glucose.

En conclusion, nos données indiquent que le glucose a des concentrations élevées,
peut moduler le transport et le métabolisme intestinal du cholestérol suggérant une

influence potentielle sur le processus d'absorption du cholestérol dans le diabéte de

type 2.

Mots clés: ABCA1, ABCGS5/GS8, SR-BI, CD36, NPCILI1, PPAR, LXR, SREBP,
ACAT and HMG-CoA réductase
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Introduction

Cholesterol is an essential component of cellular membranes, a precursor of steroid
hormones, vitamin D and bile acids, and plays a crucial role in transcriptional gene
regulation. Excessive cholesterol, however, is cytotoxic and may cause
atherosclerotic lesions. Therefore, a balance must be maintained between
cholesterol intake, absorption/excretion and synthesis. For its transport within the
enterocytes, cholesterol requires a protein-dependent machinery, including SR-BI,
NPCIL1 and CD36, involved in mediating intestinal cholesterol uptake. Other
proteins such as ABCA1 and ABCG5/ABCGS favor the exit of cholesterol from the
enterocytes into the intestinal lumen or through the basolateral membrane. Several
of these cholesterol carriers influence intracellular cholesterol homeostasis and are

controlled by transcription factors, including RXR, LXR, SREBP-2 and PPAR.

Previous studies showed that lipid components exert a regulatory effect on intestinal
fat uptake. However, the role of carbohydrates has barely been investigated.
Therefore, we aimed to evaluate the effect of glucose on cholesterol transport and
metabolism. Establishing this relation may contribute to find new alternative
therapeutic treatments, which improve the conditions of metabolic glucose- and
lipid-related diseases such as obesity, coronary heart disease and diabetes mellitus

among others.

In the present study, we show in an in vitro model closely resembling in situ
intestinal cells that high glucose concentrations enhance cholesterol transport by
upregulating the protein expression of NPC1L1 and CD36. In addition, we found a
reduced SR-BI protein expression and HMG-CoA reductase activity, a key enzyme
in the cholesterol biosynthesis pathway, without altering the proteins ABCA1 and
ABCG8. Moreover, our studies document that the expression of particular

transcription factors are regulated by glucose levels. Our data indicate that glucose



at high concentrations may regulate intestinal cholesterol transport and metabolism,
thus suggesting a potential influence on the cholesterol absorption process in type 2

diabetes.



1. Cholesterol

Cholesterol belongs to the sterol family and is present in the membranes of most
eukaryotic cells. The characteristic structure of those lipids is the steroid nucleus,
consisting of fused rings, three with six carbons and one with five. Sterols fulfill
several indispensable roles in all eukaryotic cells. In mammals, cholesterol is the
most important one. It is amphipathic with a polar head group and a nonpolar
hydrocarbon body (Figure 1). Its hydrophobicity is responsible for the valuable
property necessary to control cell membrane fluidity (Ohvo-Rekila et al., 2002).
However, it makes it very difficult to handle in the aqueous environment of the
body, both within and between cells. Therefore, sophisticated mechanisms exist to

transport cholesterol to its numerous cellular destinations.

Alkyl side
chain

”,
i
‘
-

HO Sterol

nucleus
Figure 1. Cholesterol structure
Cholesterol is an integral part of cells as well as organelle membranes and is a
precursor of important physiological molecules, like bile salts and steroid hormones

and is thus essential for normal cell functioning (Maxfield and Tabas, 2005).

Defects in cholesterol synthesis or transport can have harmful consequences.

Furthermore, cholesterol and sterols that are ubiquitously present in the diet also



pose a potential danger. They are critically involved in the development of
atherosclerosis. Hence, cellular cholesterol homeostasis and plasma cholesterol

levels have to be strictly regulated.

Cholesterol enters the lumen of the small intestine from 3 sources: diet, bile, and
desquamated intestinal epithelial cells which are derived from the rapid turnover of
intestinal cells. Although the entire length of the small intestine has the capability to
absorb cholesterol from the lumen, the main sites of absorption are the duodenum
and the proximal jejunum (Charlton-Menys and Durrington, 2008). In humans, 30-
50% of the luminal cholesterol is absorbed and returned to the liver, while the rest is
eliminated with feces (Turley and Dietschy, 2003). The principal sites of cholesterol
biosynthesis are the liver and the intestine. To maintain body cholesterol
homeostasis, metabolic adaptations of endogenous de novo synthesis and/or
catabolism are required in response to fluctuations in dietary intake of

cholesterol.(Levy et al., 2007).

The hydrophobicity of cholesterol is related to the main problems associated with
increased plasma cholesterol concentrations, i.e., atherosclerosis. Atherosclerosis is
at the origin for the majority of cases of coronary heart disease and represents the

most prevalent cause of death in industrial countries (Ross, 1995).

The development of atherosclerosis is a process starting already early in life,
possible even in utero (Napoli et al., 1997). Lipids, such as cholesterol, transported
from lipoproteins, accumulate in macrophages on vessel walls (Kruth, 2001).
Macrophage cholesterol accumulation converts the macrofages into so-called foam
cells and stimulates the macrophages to secrete proteases and tissue factor that

contribute to plaque rupture and thrombosis (Zhao et al., 2006).



2. Intestinal Cholesterol Metabolism

2.1. Intestine Generalities

The intestine controls the uptake of water, electrolytes and nutrients as well as
secretes ions, enzymes and mucus and excretes endogenous and exogenous
compounds from the blood towards the lumen. The barrier function of the intestine
is ensured by intestinal mucosa, with includes the epithelial cells with the
specialized tight-junction complexes that line the luminal surface. Intestinal motility
and micelles cause mixing of the components and ensure absorption and transport

along the tract (Scoville et al., 2008).

The morphology of the small intestine influences the absorptive process given its
anatomic and physiologic features. Among these are the considerable length of the
small intestine (7 m in humans and 90 c¢m in the rat) (Kaminsky and Zhang, 2003),
the distribution of the metabolically competent epithelium as a monolayer of
enterocytes and the amplification of the luminal surface by numerous finger-like
projections of enterocyte-lined villi and, at their bases, buried crypts. Enterocytes
have a very limited life span: after the division of stem cells at the base of the crypt,
epithelial cells migrate up to the crypt surface, a process that takes 4 days in humans
(3 in rodents). The cells then migrate to the villous tip, where they shed, a passage

of 3 days in humans and 2 days in rodents (Kaminsky and Zhang, 2003).

Each region of the intestinal tract consists of the same layers: serosa, muscularis,
submucosa and mucosa. The mucosa is lined by a continuous layer of epithelial
cells, consisting of enterocytes and goblet cells. Anatomically, the intestine is
divided into duodenum, jejunum, ileum and colon. In each of these regions, the
enterocytes display particular sets of enzymes and transporters that, as part of the
homeostatic function of the intestine, are able to metabolize and transport

endogenous and exogenous compounds (Doherty and Charman, 2002).



2.2. Cholesterol Biosynthesis and Esterification: HMG-CoA-reductase and
ACAT

Although the structure of cholesterol suggests a complex biosynthetic pathway, the

entire formation starts with the acetate precursor.

The first step in this pathway is the formation of 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) from acetyl-CoA and acetoacetyl-CoA, catalyzed by the enzyme
HMG-CoA synthase. This is followed by the enzymatic action of HMG-CoA
reductase to reduce HMG-CoA to mevalonate, wich represents the major rate-
controlling step in cholesterol synthesis. Currently, HMG-CoA reductase is
considered the rate-limiting key enzyme of the entire process. Mevalonate is
converted into isopentenyl-5-pyrophosphate, followed by condensation to squalene
and conversion into lanosterol, which is an immediate precursor of cholesterol. To
convert lanosterol into cholesterol, the entire process involves 19 reactions

(Goldstein and Brown, 1990).

In mammalians, HMG-CoA reductase is a glycoprotein of ~100 kDa. It shows an
amino-terminal domain containing seven hydrophobic regions able to anchor the
protein in the endoplasmic reticulum membrane, and a carboxy-terminal catalytic
domaih, which projects into the cytosol (Liscum et al., 1983). Virtually, every tissue
and organ can synthesize cholesterol from acetyl-CoA (Dietschy and Siperstein,
1967; Spady and Dietschy, 1983), but the liver and intestine are considered as the
major sites (Taylor et al., 1960; Dietschy and Gamel, 1971; Turley et al., 1981).
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Figure 2. Summary of cholesterol biosynthesis (Adapted from (Charlton-Menys and
Durrington, 2008). Cholesterol is an essential molecule in many animals, including
humans, but is not required in the mammalian diet. All cells can synthesize it from
simple precursors. (Adapted from Lehninger et al., 2002)

HMG-CoA reductase is subject to both short and long-term controls (Goldstein and
Brown, 1990). Long-term effects are mediated through alterations in its rate of
synthesis and degradation. Short-term actions involve allosteric effects and
alterations in its state of phosphorylation. Expression of HMG-CoA reductase and
other enzymes in the cholesterogenic pathway is transcriptionally controlled by the
sterol regulatory binding protein SREBP-2. Both expression and activity of the
enzyme are rapidly reduced under conditions of high intracellular sterol

concentrations (Nakanishi et al., 1988).



After biosynthesis and/or 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 (ACAT-2) (Joyce et al.,, 1999). Two
ACAT genes (acat-1 and acat-2) have been identified in mammals; the two
enzymes may function in distinct and complementary manners (Chang et al., 1997;
Farese, 1998; Chang et al., 2001; Rudel et al., 2001). In skin cells, macrophages,
. adrenal cells and CHO cells, ACAT-1 is the major isoenzyme and constitutes 90%
or more of the total cellular ACAT activity. In intestinal mucosal cells, ACAT-2 is
the major isoenzyme. ACAT-2 may be allosterically regulated by cholesterol
(Chang et al., 2000; Liu et al., 2005).

The objective of cholesterol esterification is the storage of cholesterol as cholesteryl
esters in cytoplasmic lipid droplets. Cholesteryl esters can be hydrolyzed when
necessary and the esterification/hydrolysis cycle provides cells with short-term
buffering capacity for cholesterol. In contrast to cholesterol, plant sterols being poor
substrates for ACAT-2, are not efficiently esterified and remain in majority
unesterified. (Field and Mathur, 1983; Joyce et al., 1999; Temel et al., 2003). This
reflects the main difference between plant sterols and cholesterol in all reactions
taking place in the enterocyte. Cholesteryl esters can subsequently be secreted into
the lymph after their packaging into chylomicrons, to ultimately reach the liver

(Chang et al., 2006).
2.3. Cholesterol Biosynthesis Regulation: SREBP

Cholesterol biosynthesis is controlled by a family of transcription factors of the
helix-loop-helix family designated Sterol Regulatory Element Binding Proteins
(SREBPs). SREBPs activate the expression of more than 30 genes required for the
synthésis of cholesterol, fatty acids, triglycerides and phospholipids, and are thus
considered key regulators of cholesterogenesis and lipogenesis (Brown and
Goldstein, 1997; Horton and Shimomura, 1999; Edwards et al., 2000; Sakakura et
al., 2001).



SREBPs are encoded by two genes, srebp-1 and srebp-2. Alternative promoter
usage and alternative splicing of SREBP-1 drive the production of two isoforms,
SREBP-1a and SREBP-1c. The 29 additional amino acids present in the SREBP-1a
NH2 terminus are enriched in acidic residues and might be responsible for the
higher transcriptional activity of SREBP-1a, compared with that of SREBP-Ic.
SREBP-1c was initially cloned in rats and called adipocyte determination and

differentiation factor-1 (ADD1) (Rosen and Spiegelman, 2000).

SREBP-1a has been mainly studied in cell lines, showing a strong expression, while
in animal tissues its expression is relatively weak. SREBP-1c, highly expressed in
liver, is the key regulator of lipogenesis and enhances transcription of genes
encoding acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), stearoyl-CoA
desaturase 1 (SCD-1) and glycerol-3-phosphate acyltransferase (GPAT), all
important enzymes in the lipogenic pathway. SREBP-2, predominantly expressed in
cell lines, is also present in the liver and adipose tissue, but overall has a rather weak
expression in animal tissues. It activates cholesterol synthesis by inducing
expression of genes encoding enzymes that catalyze the various steps in cholesterol

synthesis, including HMG-CoA reductase (Desvergne et al., 2006).

SREBPs are synthesized as inactive precursors of ~125-kDa, bound to the
endoplasmic reticulum (Hua et al., 1995). In order to reach the nucleus and act as
transcription factors, their NH2-domains must be cleaved. One protein required for
the transfer of SREBP to the nucleus is an escort protein designated SREBP
cleavage activating protein (SCAP). A schematic representation of SREBP

activation is shown in Figure 3.
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Figure 3. SREBP activation. Sterol regulatory element-binding proteins are
embedded in the ER when first synthesized, in a complex with the protein SREBP
cleavage-activating protein (N and C represent the amino and carboxyl termini of
the proteins). When bound to SCAP, SREBPs are inactive. When sterol levels
decline, the complex migrates to the Golgi complex, and SREBP is cleaved by two
different proteases in succession. The liberated amino-terminal domain of SREBP
migrates to the nucleus, where it activates transcription of sterol-regulated genes.
(Adapted from Lehninger et al., 2001)

Low membrane cholesterol levels lead to the transport of SCAP/SREBP to the
Golgi membrane where activation of the site 1 serine protease results in a first
cleavage. A second enzyme, the site 2 metalloproteinase, completes the maturation
of SREBPs and releases the 68-kDa NH2-terminal domain of SREBP from the
membrane (Edwards et al., 2000). This fragment contains a basic helix loop helix
(HLH) leucine zipper domain, which functions as a transcription factor upon
translocation into the nucleus. The mature forms of SREBPs bind to elements
initially characterized as featuring an enhancer sequence called E-box that is
recognized by members of the HLH transcription factor family. SREBPs also bind
to sites related to the direct repeat TCANCCAC (Horton et al., 2002).

Deletion of SREBP-1 (eliminating both SREBP-1a and SREBP-1c) or SREBP-2
leads to partial or fully embryonic lethality, respectively. In contrast, specific
deletion of the SREBP-1c transcript is not lethal, suggesting an important role of
SREBP-1a and SREBP-2 in embryonic development. The SREBP maturation
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process via membrane cholesterol sensing is consistent with their important role in
cholesterol homeostasis (Sundqvist and Ericsson, 2003). SREBP-2 is mainly
involved in cholesterol metabolism. SREBP-1c¢ has an important implication in fatty
acid synthesis, whereas SREBP-1a is involved in cholesterol and fatty acid synthesis

(Desvergne et al., 2006).

3. Intestinal Cholesterol Transport

Next to endogenous synthesis, dietary intake provides the other main source of
cholesterol in mammals. Only a fraction of dietary cholesterol is absorbed in the
small intestine, with large interindividual variations in humans. Reported values
range from 25% to 85% (Sehayek et al., 1998; Bosner et al., 1999). In contrast, only
small amounts of plant sterols are absorbed (Lu et al., 2001b; Turley and Dietschy,
2003).

Recent studies suggest that cholesterol absorption is a protein-mediated process. In
support to this hypothesis, cholesterol uptake by apical membranes in vitro follows
a second-order reaction kinetics changing to a low-affinity first-order kinetics
mechanism upon proteolytic digestion of proteins on the surface of the brush-border
membranes (Thurnhofer and Hauser, 1990). The recent discovery of inhibitors (that
selectively block cholesterol absorption at very low doses) and their binding to
intestinal mucosa in a specific and saturable manner, supports the protein-mediated

cholesterol absorption hypothesis (Hernandez et al., 2000).

Various transporters, including fatty acid translocase/cluster determinant 36
(FAT/CD36), scavenger receptor class B type I (SR-BI) and Niemann Pick CI-
Likel (NPCIL1) may be involved in cholesterol uptake, while the ATP Binding
Cassette transporter family, including several cholesterol carriers (ABCA1, ABCBI,
ABCGS5/G8), may act as efflux pumps favoring cholesterol export out of absorptive
cells into the lumen or basolateral compartments (Levy et al., 2007).
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Intestinal cholesterol absorption consists on a multistep process that can be
controlled at several levels. A schematic overview of the absorption process is

shown in Figure 4.

‘Lumen

Cholesterol

NPC1IL1 CD36
= T sr.1

ABCGSIGS

Cholesterol

Figure 4. Schematic overview of cholesterol transport in enterocytes.
ABCA1/G5/G8, ABC-transporters Al1,G5 and G8; ACAT2, acyl-coenzyme
A:cholesterol acyltransferase-2; CE, cholesteryl ester; Chol, cholesterol; HDL, high
density lipoprotein; LDL, low density lipoprotein; LDLr, LDL-receptor; LRP, LDL-
receptor related protein; NPCIL1, Niemann-Pick Cl1 like 1, CD36, cluster
determinant 36; SR-BI, scavenger receptor class B type 1. (Adapted from (Levy et
al., 2007)

After cholesterol is taken up by the enterocyte, it is esterified by the action of acyl-
coenzyme A:cholesterol acyltransferase 2 (ACAT2) (Lee et al., 2000). Cholesteryl
esters are packed into chylomicrons and subsequently secreted via the lymph to the

circulation (Wang and Carey, 2003).

In addition, studies have shown that enterocytic cholesterol can also be transferred
to lipid-poor apoA-I through the action of intestinal ABCA1 (Brunham et al., 2006).
The HDL particles are directly excreted into the circulation and contribute for

approximately 30% to the steady-state plasma HDL pool in mice (Brunham et al,,
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2006). However, abcal” mice do not show reduced cholesterol absorption
(McNeish et al., 2000; Drobnik et al., 2001), indicating that this process is not of
regulatory relevance for mass cholesterol absorption. Non esterified cholesterol and
plant sterols can be excreted from the enterocyte back into the intestinal lumen. This
process is facilitated by the ABC half-transporters ABCGS5 and ABCGS8 (Berge et
al., 2000; Igel et al., 2003). Overexpression of these transporters in mice increases
excretion of cholesterol into the lumen and limits net cholesterol absorption (Yu et
al., 2002b).

3.1. Cholesterol Transporters

Considerable effort has been spent over the past several years on identifying the
cholesterol transporter(s) in enterocyte membranes. This section focuses on recent
progress and explanatory findings associated to various proteins that are potentially

involved in cholesterol transport.
3.1.1. Scavenger Receptors CD36 and SR-BI

Several cell surface glycoproteins, including CD36 and SR-BI are designated as
scavenger receptors and contribute to the uptake of modified lipoproteins (Ades et
al., 1992; Calvo et al., 1995; Acton et al., 1999; Nakata et al., 1999; Husemann et
al., 2001).

3.1.1.1. CD36

FAT/CD36, (fatty acid translocase/cluster determinant 36) an 88-kDa membrane
glycoprotein, is found in several cell types, including platelets, monocytes,
macrophages and endothelial cells where it facilitates cellular uptake of long-chain
fatty acids. In humans and mice, CD36 is also expressed in intestinal epithelial cells.

(Ohgamii et al., 2001; Nicholson and Hajjar, 2004).
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CD36 has been reported to be a multifunctional receptor recognizing several ligands
including OxLDL (Nakata et al., 1999; Nozaki, 1999), thrombospondin (Simantov
and Silverstein, 2003), collagen (Fémandez-Ruiz et al.,, 1993; Kopprasch et al.,
2004), Plasmodium falciparum-infected erythrocytes (Beeson and Brown, 2004)
and anionic phospholipids (Ryeom et al., 1996; Bottcher et al., 2006). The
importance of CD36 in fatty acid absorption is well established, since CD36

deficiency leads to abnormal lipid processing in enterocytes.

The potential role of CD36 in cholesterol absorption is reported in studies showing
enhanced cholesterol uptake from micellar substrates by CD36-transfected COS-7
cells compared to mock-transfected cells (van Bennekum et al., 2005). The CD36-
mediated cholesterol uptake properties in the transfected cells are similar to that
observed with SR-Bl-transfected cells as well as those observed with brush-border
membrane vesicles prepared from wild-type mice (van Bennekum et al., 2005). The
importance of CD36 in mediating cholesterol absorption was demonstrated in a
study that showed a significant reduction of cholesterol transport from the intestinal
lumen to the lymph in CD36-null mice (Nauli et al., 2006). Interestingly, the CD36-
facilitated cholesterol uptake process is similar to that observed for SR-BI-mediated
cholesterol uptake in their sensitivity to ezetimibe inhibition (van Bennekum et al.,

2005).
3.1.1.2. SR-BI

SR-BI, the scavenger receptor class B type I, an 82-kDa protein, is highly expressed
in the small-intestine brush border membrane where it facilitates the uptake of
dietary cholesterol from either bile salt micelles or phospholipid vesicles (Hauser et
al., 1998). SR-BI is able to bind with fair but different affinities to HDL, LDL, and
modified (acetylated or oxidized) LDL. On the other hand, HDL and LDL appear
not to share the same binding sites (Gu et al., 2000).
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The participation of SR-BI in cholesterol absorption was suggested by studies that
showed that SR-BI ¢cDNA-transfected cells displayed increased cholesterol uptake
from micellar substrates compared with mock-transfected cells with low SR-BI
expression (Altmann et al., 2002; van Bennekum et al., 2005). Moreover, the
increase in cholesterol uptake by SR-BI-transfected cells showed a sensitive effect

to ezetimibe inhibition in both of these studies.

Despite the strong evidences suggesting that SR-BI may participate in cholesterol
absorption on the surface of brush-border membranes, its role in cholesterol
absorption in a i)hysiological environment remains controversial. Since scarbi”
mice, with a disruption of the sr-bi gene, efficiently absorbed cholesterol, in similar
fashion to wild-type mice (Altmann et al., 2004), whereas cholesterol absorption
was increased in transgenic mice with SR-Bl-specific overexpression in the intestine

(Bietrix et al., 2006).
3.1.2. NPC1L1

Niemann-Pick Cl-like 1 protein (NPC1L1), a 151-kDa protein, is expressed
predominantly in the gastrointestinal tract with peak expression in the proximal
jejunum (Altmann et al., 2004; Davis et al., 2004). In situ hybridization and
immunohistochemistry analysis of the jejunum revealed discrete NPCILI
localization to the epithelial layer lining the luminal space along thé crypt-villus axis
(Altmann et al., 2004). Furthermore, our group (Sane et al., 2006) was able to assign
NPCILL1 to the brush-border membrane with the use of cell fractionation and high-
resolution immunoelectron microscopy. The protein was also found to be located in
subcellular compartments of the human enterocyte, including lysosomes and

mitochondria (Sane et al., 2006).

NPCIL1 has 50% amino acid homology to NPC1, which is defective in the
cholesterol storage disease Niemann-Pick type C (Carstea et al., 1997). A strong
support for the essential role that NPC1L1 plays in intestinal cholesterol absorption
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lies in the following examples. Mice deficient in NPCI1L1 lack the ability to absorb
cholesterol and exhibit prevailing protection against the rise in plasma and hepatic
cholesterol associated with the administration of high cholesterol diets (Altmann et
al., 2004; Davis et al., 2004; Davis et al., 2007). Genetic modifications of NPC1L1
in cultured intestinal cells alter cholesterol uptake (Palmer et al., 1995; Yu et al,,
2006; Yamanashi et al., 2007). Reduced expression in NPCIL1 was found
associated with reduced sterol absorption, low-density lipoprotein-cholesterol
(LDL-C) levels (Cohen et al., 2006) and LDL-C response to ezetimibe therapy
(Hegele et al., 2005; Simon et al., 2005; Wang et al., 2005). Inactivation of NPC1L1
led to defects in cholesterol transport, variations in key regulatory sterol enzymes
(HMG-CoA reductase and ACAT), and high gene expression of SREBP, which
suggest key roles for NPC1L1 in cholesterol homeostasis (Sane et al., 2006).

3.1.3. ATP-Binding-Cassette (ABC) Transporters

ABC-transporters comprise a large family of membrane proteins that mediate
transport of a variety of compounds across cellular membranes against
concentration gradients at the cost of ATP. Most ABC-transporters contain two
transmembrane and two ATP-binding domains. Genes that encode for the ABC
transporters are conserved from bacteria to mammals. They play critical roles in the
active transport of a wide range of molecules across cellular membranes. Each ATP-
binding domain contains the conserved Walker A and Walker B motifs that are
involved in ATP binding and hydrolysis. Each transmembrane domain consists of
six membrane-spanning o-helices. Some ABC-transporters contain only a single
transmembrane and a single ATP-binding domain and are therefore called “half-
transporters”. These half-transporters assemble either as homodimers or
heterodimers to create a functional transporter (Dean et al., 2001; Borst and
Elferink, 2002; Tusnady et al., 2006). Three specific ABC transporters of relevance

for this study are discussed below.
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3.1.3.1. ABCA1

ABCAIl, a full-sized transporter, is probably the most extensively studied
transporter of the ABC superfamily. ABCA1 is expressed in virtually all organs and
tissues, with a high expression in hepatocytes, enterocytes and macrophages
(Luciani et al., 1994; Wellington et al., 2002). The ABCA1 protein is located on the
basolateral surface of intestinal cells, indicating that this protein does not have a
direct role in cholesterol absorption from the intestinal lumen. Current studies
indicate that ABCA1 expression in the basolateral membrane is crucial for intestinal
secretion of HDL, which accounts for ~30% of HDL production in the body (Attie,
2007). ABCA1 mediates the efflux of cholesterol and phospholipids ABCG5/GS to
lipid-poor apoA-I and to pre-B-HDL. Therefore, ABCAI1 has a crucial role in HDL
formation, as evidenced from the discovery of mutations in the ABCA1 gene in
Tangier disease (Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Rust et al,,
1999). Tangier patients, as well as mice lacking ABCAI, are characterized by an
almost complete absence of HDL and accumulation of cholesteryl esters in various

tissues.

However, it is important to note that ABCAI1, present in other tissues promotes
reverse cholesterol transport to the liver for biliary excretion (Vaisman et al., 2001).
Therefore, ABCA1 may indirectly impact on cholesterol absorption through the
modulation of lipid composition in bile and the intestinal lumen, as evidenced by the

moderately lower cholesterol absorption in abcal™” mice.
3.1.3.2. ABCGS and ABCGS8

Two groups (Berge et al., 2000; Lee et al., 2001) independently identified the two
adjacent genes ABCGS5 and ABCGS, in a head-to-head configuration that encode
transporters, highly expressed in the liver and intestine. Unlike other ABC
transporter genes that encode proteins with 12 transmembrane domains, ABCGS5

and ABCGS separetely encode a protein with 6 transmembrane domains, and the
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heterodimerization of the two encoded proteins is required for transport activity

(Graf et al., 2002).

ABCGS and ABCGS8 are localized at the apical brush border membranes of
enterocytes and the canalicular membranes of hepatocytes. These transporters
constitute an efficient efflux pump system for cholesterol and plant sterols
transporting out of intestinal cells back into the intestinal lumen and from
hepatocytes into the bile. These efflux processes thus contribute to the regulation of
intestinal absorption and biliary secretion of cholesterol and plant sterols (Yu et al.,

2002a; Yu et al., 2002b; Yu et al., 2003; Klett et al., 2004).

Mutations in either one of these genes cause sitosterolemia, an error of metabolism
characterized by the accumulation‘ of plant sterols in the body due to a decreased
ability for their hepatobiliary secretion (Berge et al., 2000; Lee et al., 2001; Lu et
al., 2001a). Accordingly, mice deficient for ABCGS5 and/or ABCGS8 are
characterized by accumulations of plant sterols in blood and organs. These mice
have a reduced secretion and a clearly enhanced intestinal absorption of plant
sterols, whereas absorption of cholesterol is not affected (Yu et al., 2002a; Klett et
al., 2004; Plosch et al., 2004).

However, overexpression of ABCGS and ABCG8 in transgenic mice causes a poor
fractional intestinal cholesterol absorption besides the increased hepatobiliary
cholesterol secretion (Yu et al., 2002b). These findings have established ABCG5
and ABCGS8 as key transporters that regulate excretion of cholesterol and plant
sterols from the body.

4. Transcription Factors
One type of metabolic regulation relies on the transcriptional regulation mechanism,

which affects the level of expression of key enzymes and/or proteins and is effective

on a long time scale. Transcriptional control requires specific signals, called
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transcriptional factors, to be transduced to the cell nucleus where defined sets of

genes are targeted.

Transcription factors are soluble proteins that are able to bind to DNA. Their
binding to promoter sites of genes influences the transcription of these genes,
leading to an up- or down-regulation of their expression. Some transcription factors
need to be activated by ligands before they are targeted to the nucleus (Desvergne et
al., 2006). A schematic model of this type of transcriptional regulation is given in

Figure 5.
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Figure 5. General schema of gene regulation by transcription factors. TF,
transcription factor. (Adapted from Bandsma et al., 2004)

Several food components and derivatives thereof may act as ligands for specific
transcriptional factors, providing means to adapt gene expression patterns in
response to environmental (i.e., dietary) signals. The distinct roles of certain factors
important in transcriptional control of genes involved in cholesterol, lipid and bile
acid metabolism made them highly interesting as potential pharmacological targets

for prevention or treatment of certain diseases.
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Transcriptional factor proteins exhibit a characteristic structure with regions of
conserved sequence and function (Figure 6A) (Francis et al., 2003). The proteins
contain an NH2-terminal region that harbors a ligand-independent transcriptional
activation function (AF-1). Adjacent is the DNA binding domain (DBD), containing
two highly conserved zinc finger motifs that target the receptor to specific DNA
sequences. This is followed by a region that permits protein flexibility to allow
simultaneous receptor dimerization and DNA binding. Close to the COOH-terminal
region is the usually highly conserved ligand-binding domain, and the last part of
the receptor contains a ligand-dependent activation function (AF-2) (Chawla et al.,
2001; Germain et al., 2006). Transcriptional factors can bind to DNA response
elements in the promotor regions of their target genes as monomers, homodimers or

as heterodimers with the Retinoid X Receptor (RXR) (Figure 6B).
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Figure 6. Schematic structure of transcriptional factors. (A) Organisation of a
transcriptional factor. AF, activation function, DBD, DNA-binding domain; LBD,
Ligand-binding domain. (B) Heterdimerization and DNA-binding of transcriptional
factors. (Adapted from Edwards et al., 2000)
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4.1. The Liver X Receptor (LXR)

The liver X receptor is a major player in regulating cholesterol metabolism. Two
LXR isotypes have been identified in mammals, i.e., LXRa (NR1H3), which is
predominantly expressed in the liver, kidney, intestine, adipose tissue, and
macrophages, and LXRp (NR1H2) with a more ubiquitous expression pattern
(Willy et al., 1995; Peet et al., 1998). These two isotypes, LXRa and LXRp, share
77% amino acid identity in their DBD and LBD and are highly conserved between

rodents and human.

LXR endogenous activators are oxysterols, i.e., cholesterol metabolites (Janowski et
al., 1996; Forman et al., 1997, Lehmann et al., 1997; Janowski et al., 1999). As
such, they participate in the cholesterol sensing processes and regulate important

aspects of cholesterol and fatty acid metabolism (Tontonoz and Mangelsdorf, 2003).

LXRs heterodimerize with RXR to bind to their DNA response element, formed
from a direct repeat of two hexamers related to the sequence AGTTCA, separated
by four nucleotides. Mono-oxidized derivatives of cholesterol are strong LXR
ligands. The most potent are 22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol,
and 24(S),25-epoxycholesterol, which activate both LXRa and LXRp. Little is
known about the sterol hydroxylases that produce these metabolites, but it is
assumed that oxysterol concentrations parallel those of cholesterol (Desvergne et al.,
2006). Importantly, oxysterols are found at micromolar concentrations in tissues that
express high levels of LXRa or'LXRB. Activation of the heterodimer can also be
triggered by RXR ligands (Field et al., 2004). LXRo and LXRp null mutant mice
have been generated and confirm the important role of these receptors, and more

particularly that of LXRa in cholesterol homeostasis.

When LXRa becomes activated, the LXRa/RXR complex induces transcription of
target genes amongst which are ABCA1, ABCGS5/G8. Activation of LXRa thus

results in elevated levels of HDL-cholesterol, reduced intestinal cholesterol
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absorption, increased hepatobiliary cholesterol secretion and increased neutral sterol
loss via the feces. In this way, LXR activation has anti-atherogenic actions, as has
been substantiated in a mouse model that is susceptible to develop atherosclerosis
(1dl-r ) treated with a synthetic LXR agonist, T090131773 (Goodwin et al., 2008).
However, besides stimulation of cholesterol disposal, activation of LXR by
synthetic ligands like TO0901317 also leads to increased lipogenesis,
hypertriglyceridemia through the production of larger VLDL particles and hepatic
steatosis in rodents (Grefhorst et al., 2002). Therefore, general LXRa activation can
only be used as an atheroprotective therapy if the undesirable effects on lipogenesis

can be eliminated by the development of selective LXR modulators.
4.2. Peroxisome Proliferator-Activated Receptors (PPAR)

PPARs were the first nuclear receptors identified as “sensors” rather than classic
hormone receptors. They are molecules that control a variety of genes in several
pathways of lipid metabolism (De Vos et al., 1995). Three mammalian peroxisome
proliferator-activated receptors (PPARs) have been cloned in Xenopus, rodents, and
humans: PPARo. (NR1C1), PPARB/8 (NR1C2) and PPARy (NR1C3). Two PPARy
isoforms, PPARy1 and PPARy2, are splice variants in their NH2-terminal domain.
They are all activated by polyunsaturated fatty acids and eicosanoids and are
therefore considered to be fatty acid sensors (Willson et al., 2000). All PPARs play
important roles in the control of lipid and glucose metabolism and have been
involved in obésity-related metabolic diseases, such as hyperlipidemia, insulin
resistance, and coronary artery disease. PPARs, which recognize and bind a variety
of fatty acids, regulate most of the pathways linked to lipid metabolism (Michalik et
al., 2003).

PPARa i1s most highly expressed in tissue with high activity levels of lipid
catabolism, e.g., liver, brown adipose tissue, and skeletal and heart muscle and was
recognized to be responsive to fibrates, which are widely used drugs for treatment of

hyperlipidemia (Issemann et al., 1993; Schonfeld, 1994). Activated PPARa
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increases P-oxidation of fatty acids, thereby stimulating energy production and
preventing lipid accumulation. Under the physiological fasting condition, PPARa
becomes activated by the free fatty acids released from adipose tissue, after which
hepatic B-oxidation is induced in order to provide energy to peripheral tissues

(Kersten et al., 1999).

PPARy is mainly expressed in the adipose tissue and is involved in adipocyte
proliferation. PPARy1 is mainly ekpressed in adipose tissues but is also detected in
the colon, spleen, retina, hematopoeitic cells, and skeletal muscle. PPARY2 has been
found mainly in the brown and white adipose tissue. PPARy is critical for the
maintenance of glucose homeostasis and is a molecular target of thiazolidinediones

(TZDs), a class of insulin-sensitizing drugs (Rosen and Spiegelman, 2001).

PPARP has an ubiquitous expression pattern and appears to serve several functions.
Besides its role in lipid metabolism, it is involved in skin biology, energy
homeostasis and inflammatory processes (Michalik et al., 2003). PPARP was
reported as an important factor in the regulation of glucose metabolism and insulin

sensitivity (Lee et al., 2006).

The ligand binding pocket of PPARs is much larger than that of the other nuclear
receptors and relatively easily accessible. The DNA binding domain is extremely
well conserved. The less conserved NH2-terminal region bears a ligand-independent
activation domain, at least in PPARa and PPARy (Xu et al., 2001a; Xu et al.,
2001b; Xu et al., 2002; Xu et al., 2004).

PPARs bind to DNA as heterodimers with RXR, on PPAR response elements
(PPRE) comprising direct repeats of two hexamers closely related to the sequence
AGGTCA and separated by one nucleotide. The five nucleotides that flank the 5’-
end of this core sequence are also important for the efficiency of PPARa:RXR

binding (Desvergne et al., 2006).
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The first molecules to be recognized as PPARa activators, and later characterized as
ligands, belong to a group of molecules that induce peroxisome proliferation in
rodents, thus explaining the name of peroxisome proliferator activated receptor
given to this receptor. This diverse group of substances includes, for example, some
plasticizers and herbicides. More interestingly, various fatty acids, more particularly
unsaturated fatty acids, and some eicosanoids mainly derived from arachidonic acid
and linoleic acid, bind to PPARa, -B, and -y with varying affinities (Desvergne et al.,
2006). In addition to being activated by fatty acids, PPARa, responds to fibrates that
are hypolipidemic drugs, and PPARy responds to thiazolidinediones that are insulin
sensitizers, derhonstrating their potential as drug targets. In the process of
transcriptional regulation, ligand-bound PPARs recruit coactivators, most likely
organized in large complexes (Surapureddi et al., 2002). Cofactor recruitment may
be PPAR isotype specific and may ensure the specificity of target gene activation. In
addition to PPAR ligand binding, PPARSs can also be activated by phosphorylation
of serines located in the A/B domain, and the PPAR:RXR heterodimer can be
activated by RXR ligands (Desvergne et al., 2006).

4.3. The Retinoid X Receptor

Retinoid X receptors (RXRs; NR2B1) play an important role in nuclear receptor
signalling, as they function as general partners for a variety of nuclear hormone
receptors that bind as heterodimers to DNA. There are three isotypes of RXR, a, j,
and v, and several isoforms for each of them (Chambon, 1996). Each isotype and
isoform has its specific expression pattern. However, each single tissue contains one

or several forms of RXR.

Almost all the nuclear receptors are active as heterodimers with RXR. The
important part that RXR may play is further emphasized by the fact that RXR is
itself a nuclear receptor that can be activated by specific ligands. PPAR:RXR and
LXR:RXR are permissive heterodimers: RXR can bind its own ligand, in the
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absence of a ligand for its partner and can thereby activate the transcription of the

heterodimer target genes (Desvergne et al., 2006).

In addition to the various heterodimers for which RXR is an obligatory partner,
RXR can form homodimers. The in vivo relevance of these homodimers is still
under study. RXR can be activated by 9-cis-retinoic acid, an isomer of all-trans-
retinoic acid (Heyman et al, 1992). Retinoids are used for treatment of
dermatological disorders and certain cancers and a common side-effect of this
treatment is dyslipidemia (Farol and Hymes, 2004), indicating that retinoids and

RXR are involved in the regulation of lipid metabolism.

Deletion of the RXRa gene in the liver allowed the identification of the most
affected pathways (Wan et al., 2000). As expected, many PPARa-mediated
functions were altered and the activity of LXR and FXR was also compromised,
suggesting that the absence of RXRa cannot be compensated by RXRB and RXRy

in the liver.

5. Glucose metabolism

Carbohydrates are a main source of energy and can be stored in the form of starch in
plants and glycogen in animals. Carbohydrates are also part of the structural
framework of both DNA and RNA and form structural elements in cell walls of
bacteria and plants. An important group of carbohydrates comprises the
monosaccharides of which glucose i1s an example. Glucose is primordial for the
generation of energy. Monosaccharides are aldehydes or ketones with two or more
hydroxyl groups, that can be described by the formula (CH,O)n. Glucose
metabolism is tightly regulated in humans and animals to guarantee a sufficient
glucdse supply to glucose-dependent organs. The brain is the organ that is most
dependent on an adequate supply of glucose, since it can only use ketone bodies as
an alternative energy source and this only to a limited extent. Carbohydrates are

transported to and from various tissues through the blood compartment. Glucose can



26

enter the blood via two routes, i.e., dietary glucose derived from the intestine and
glucose production by the liver and the kidney. During fasting, the organism will
solely depend on the production of glucose, mainly by the liver. Glucose can be
produced directly through gluconeogenesis from various substrates, such as certain
amino acids, lactate and glycerol. The liver is also able to produce glucose indirectly
through phosphorylation of glycogen, the storage form of glucose. This process is
called glycogenolysis (Rothman et al., 1991; Hellerstein et al., 1997). Glucose can
also be taken up first by the blood, phosphorylated by glucokinase to form glucose-
6-phosphate (G6P) and then be secreted again after dephosphorylation by glucose-6-
phosphatase (G6Pase). This process is called glucose cycling (Jenssen et al., 1990).

5.1. Physiological interactions between carbohydrates and lipid metabolism

Carbohydrate metabolism and lipid metabolism are linked in many ways. First of
all, mammals are capable of turning glucose into fat. Glucose is degraded, through
glycolysis, into acetyl-CoA, which is the precursor for fatty acid synthesis. On the
other hand, fat cannot be turned into glucose by mammals, because the enzyme
system for this conversion is lacking. Evidence was generated in the sixties by the
group of Dr. Randle evidencing that fat oxidation inhibits glucose oxidation, by
interference at multiple levels (Randle et al., 1963). The key enzyme in this
inhibitory process is pyruvéte dehydrogenase, which catalyzes the oxidative
decarboxylation of pyruvate leading to the formation of acetyl-CoA. It was found
that free fatty acids (FFA) increase concentrations of acetyl-CoA as well as of
citrate, important in the citric acid cycle (Randle et al., 1963). Acetyl-CoA was
found to decrease pyruvate dehydrogenase allosterically and citrate was found to
inhibit phosphofructokinase, an enzyme involved in glycolysis. This whole process
came to be known as the glucose-fatty acid cycle or Randle cycle. More recently,
the group of Dr. Robert Wolfe provided data to indicate the opposite phenomenon
(Sidossis and Wolfe, 1996). Using a hyperinsulinemic-hyperglycemic clamp
technique they found that elevated glucose concentrations inhibited fatty acid
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oxidation. This effect might be due to increased intracellular malonyl-CoA levels.
Malonyl-CoA is produced from acetyl-CoA and is the first step in fatty acid
synthesis, i.e. de novo lipogenesis. Increased glycolysis produces more pyruvate
leading to increased acetyl-CoA production, which in turn will lead to more
malonyl-CoA. Malonyl-CoA is known for its inhibitory effect on carnitine-
palmitoyl transferase 1, an enzyme catalyzing the binding of carnitine to long-chain
fatty acids, a necessary step for entry into mitochondria and subsequent oxidation.
Lipids and carbohydrates do not only influence each other in terms of oxidation but
also in their synthetic processes. It has been known for some time that glucose is
capable of promoting de novo lipogenesis (Groen et al., 2001). However, a high
glucose intake probably does not promote hepatic synthesis of quantitatively
important amounts of fatty acids in humans with a western dietary lifestyle
(Hellerstein et al., 1996). It was found that the regulation of hepatic de novo
lipogenesis is, at least partly, controlled by specific transcription factors. Evidence
however shows that SREBP-1 and 2 can partially compensate each other, as
SREBP-1 knockout mice showed elevated levels of SREBP-2 and increased
cholesterol synthesis rates (Shimano et al., 1997). Glucose is able to induce
lipogenesis indirectly by inducing insulin secretion. Insulin has long been known for
its lipogenic activity (Beynen et al., 1979). Two groups separately found that insulin
has an additional effect by enhancing SREBP-1c gene expression and the abundance
of the protein in the endoplasmic reticulum (Moon et al., 1999; Shimomura et al.,
1999; Azzbut-Marniche et al., 2000). The carbohydrate responsive element binding
protein (ChREBP) (Foufelle et al., 1998; Koo et al.,, 2001), is also involved in
transcriptional regulation of lipogenesis. ChREBP is induced in situations
characterized by high glucose concentrations. (Koo et al., 2001; O'Callaghan et al.,
2001; Yamashita et al., 2001). ChREBP itself was found to activate gene expression
of both pyruvate kinase and acetyl-CoA carboxylase (Kawaguchi et al., 2001; Koo
et al., 2001; O'Callaghan et al., 2001; Yamashita et al., 2001).

Hepatic very-low density lipoprotein (VLDL) secretion to plasma is also a process

in which insulin is a primary factor. Insulin, after secretion in response to a rise in
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plasma glucose concentration, regulates VLDL-triglyceride secretion, either directly
by influencing the rate of apoB synthesis, or indirectly via its effect on the supply of
FFA to the liver (Sparks and Sparks, 1994b; Aarsland et al., 1996; Sidossis et al.,
1998). The acute effects of insulin on regulation of VLDL secretion differ from its
chronic effects. Acutely, insulin inhibits hepatic VLDL secretion (Sparks and
Sparks, 1994b), whereas chronic exposure to insulin has an stimulatory effect
(Zammit et al., 1999). In addition to the regulation of lipid synthesis and secretion
by carbohydrates and insulin, lipids might also promote gluconeogenesis. FFA
stimulate hepatic glucose production. However, fasting, a situation with increased
FFA availability, is well-known to inhibit hepatic glucose production (HGP)
(Rothman et al., 1991; Neese et al., 1995).

Another level of metabolic regulation by FFA might be related to the transcription
factor PPARa. PPARa has also been suggested to induce phosphoenolpyruvate
carboxykinase PEPCK gene expression (Kersten et al., 1999). PPARa knockout
mice suffer from fasting induced hypoglycemia, indicating a possible role in control
of hepatic glucose production (Kersten et al., 1999). Apart from PPARa, evidence
exists that other traﬁscription factors are involved in regulation of glucose
metabolism. Glucokinase expression is activated by hepatic nuclear factor-4a
(HNF-4(X.) (Roth et al.,, 2002). Glucose, through activation phosphorylation/
dephosphorylation of ChREBP, influences transcription of pyruvate kinase
(Kawaguchi et al.,, 2001). Glucose-6-phosphatase expression is also found to be
mediated by transcriptional mechanisms as well as by breakdown of mRNA

(Massillon, 2001).

In summary, transcriptional regulation is a form of metabolic regulation that is
important for all metabolic routes of glucose. One must realize that it is likely that
more transcription factors playing an important role in carbohydrate metabolism

will be found in the future.
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5.2. Pathophysiology of carbohydrate and lipid metabolism in diabetes

Diabetes means “excessive urination”. The name diabetes mellitus was given to
patients with excessive urine production in combination with a honey-flavored taste
of the urine, caused by urinary glucose excretion. Diabetes mellitus today comprises
a group of metabolic disorders characterized by chronic hyperglycemia. Currently,
three types of diabetes mellitus are known: diabetes mellitus type 1, caused by an
autoimmune-driven destruction of pancreatic -cells; diabetes mellitus type 2
(DM2), or non-insulin dependent diabetes mellitus as it mistakenly is also known.
The third group is called maturity-onset diabetes of the young (MODY), which is a
group of genetic diseases caused by mutations in numerous genes such as
glucokinase and insulin promoter factor 1 (McGarry, 2002). DM2 is the most
common disorder, accounting for more than 90 percent of cases, whose incidence is
still growing in the western world even in children. The development of DM2 is in
almost all cases caused by an overconsumption of food in relation to the energy
expenditure and has become an epidemic disease in western societies. The primary
event leading to full-blown DM2 is the development of insulin resistance, although
discussion remains. Fat accumulation in muscle, liver and other tissues have been
thought to induce insulin resistance (McGarry, 2002). Some researchers consider
defective insulin secretion by the pancreas, instead of insulin resistance, to be
primary in the development of DM2 (Ferrannini, 1998). It is, however, clear that
insulin resistance can precede clinically detectable DM2 by more than ten years
(Lillioja et al., 1988), underscoring the importance of insulin resistance in the
etiology of this disease. DM2 is associated with hyperglycemia and hyperlipidemia.
Hyperinsulinemia occurs in the early stages of the disease when the pancreatic 8-
cells try to compensate for the insulin resistance by increasing insulin secretion. As
the disease progresses, pancreatic (-cell failure develops giving rise to the full-

blown DM2 phenotype.

DM2 is also characterized by hyperlipidemia, including hypercholesterolemia and
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Hypertriglyceridemia (Yoshino et al., 1996). Increased levels of VLDL particles and
small, dense LDL particles and decreased levels of HDL particles are commonly

found (Reaven et al., 1993), giving rise to an atherogenic lipid profile.

Increased VLDL secretion might result from the decreased sensitivity to the
inhibitory effects on this process of insulin directly as studies in animal models of
diabetes and diabetic humans have shown (Lewis et al., 1993; Sparks and Sparks,
1994a; Bourgeois et al., 1995). Increased VLDL secretion in DM2 might also be
caused by insulin indirectly through modulation of the supply of FFA to the liver.
Increased FFA flux by modulation of hormone sensitive lipase, which is observed in
insulin resistant states, has been suggested to enhance VLDL secretion by the liver.
A number of studies have shown a diminished ability of insulin to suppress FFA
rate of appearance in DM2 patients (Lewis et al., 2002). There is strong evidence
that elevated FFA levels are associated with increased VLDL production in healthy
humans (Lewis et al., 1995; Lewis, 1997). Overall, consensus practically exists that
increased FFA flux to the liver is an important cause of overproduction of VLDL
triglycerides by the liver in DM2. Decreased clearance of triglycerides from the
blood in DM2 patients is related to impaired lipolysis of VLDL-triglycerides. Since
this process is mediated by lipoprotein lipase, which is an insulin-senstivie enzyme,
insulin resistance can lead to decreased levels of lipoprotein lipase. Multiple studies
have shown decreased triglyceride clearance (Kissebah et al., 1982; Howard et al.,
1983), although this has not been conclusive (Blades and Garg, 1995; Yost et al,,
1995). '



Objective of Study

Whole body cholesterol balance is regulated by the net effects of dietary cholesterol
absorption, de novo cholesterol biosynthesis and biliary excretion from the liver

(Davies and loannou, 2006; Kruit et al., 2006).

During the last decade, it has become clear that cellular cholesterol transport is a
protein-mediated process, which in turn is regulated by certain nuclear receptors.
Several transporters, including fatty acid translocase/cluster determinant 36
(FAT/CD36), scavenger receptor class B type I (SR-BI) and Niemann Pick C1-Like
1 (NPCI1L1) influence cholesterol uptake. ATP Binding Cassette transporter family,
including some cholesterol carriers such as ABCA1 and ABCGS5/G8 act as efflux

pumps facilitating cholesterol export out of absorptive cells.

In vitro studies undertaken to characterize intestinal lipid absorption have revealed
relationships between glucose levels and lipid uptake. High extracellular glucose
concentrations significantly increase brush border membrane fluidity and
permeability at tight junctions in human intestinal mucosa (Komissarchik et al.,
1993; D'Souza et al., 2003b). Those studies demonstrated that glucose may affect
the transepithelial transport of nutrients (D'Souza et al., 2003a; D'Souza et al.,
2003b).

Furthermore, in vivo studies confirm the hypothesis that there may be a regulation of
intestinal lipid uptake by dietary glucose. An inverse relationship between glycemic
load and HDL cholesterol was described (Liu et al., 2001; Slyper et al., 2005). It
was reported that women who consume cholesterol with a low carbohydrate intake
have lower concentrations of low density lipoprotein (LDL) than those with a high

carbohydrate intake (Lofgren et al., 2005).

Increased cholesterol absorption has also been described in patients with diabetes

mellitus. The prevalence of diabetes is increasing worldwide and coronary heart
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disease (CHD) is the leading cause of death in type 2 diabetes mellitus (T2DM) (Gu
et al., 1998). Patients with T2DM are two to three times more likely to die from
CHD than non-diabetic individuals (Garcia et al., 1974; Stamler et al., 1993).
Therefore, considerable attention has been focused on the dyslipidemia
accompanying diabetes and metabolic syndrome. Exaggerated very-low density
lipoprotein production in the liver represents a major pathway of the
hypertriglyceridemia that characterizes the diabetic condition. On the other hand, a
significant relationship exists between intestinally-derived triacylglycol (TG)-rich
lipoproteins and the progression of atherosclerosis (Gylling et al., 2004; Lally et al.,
2006).

Although numerous investigations have attempted to elucidate the abnormal
mechanisms of intestinal cholesterol absorption process in diabetic dyslipidemia,
they have not given full consideration to nutrients other than TG and cholesterol.
However, changing the carbohydrate content of a mixed meal altered the
postprandial accumulation of chylomicrons (Harbis et al., 2001). Furthermore, high
glucose levels alter the expression of various genes involved in high-density

lipoprotein (HDL) metabolism (Tu and Albers, 2001).

Accordingly, the main objective of this study was to evaluate the effect of glucose
on the transport and metabolism of cholesterol in intestinal cells. The specific aims
were to evaluate the effect of a high glucose level on i) cholesterol absorption
processes; ii) the expression of proteins that may influence cholesterol uptake (SR-
BI, NPCIL1, CD36) and those favoring cholesterol export (ABCA1, ABCGS5/GS);
iii) enzymes that control cholesterol homeostasis; and iv) the status of

transcriptional factors involved in cholesterol regulation.

Establishing the relation between glucose levels and cholesterol transport and
metabolism, may contribute to find new alternative therapeutic treatments
improving the conditions of glucose and lipid related diseases such as obesity,

coronary heart disease and diabetes mellitus among others.
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ABSTRACT

Growing evidence suggests that the small intestine may contribute to excessive
postprandial lipemia, which is highly prevalent in insulin-resistant/type 2 diabetic
individuals and substantially increases the risk of cardiovascular disease. The aim of
the present study was to determine the role of high glucose levels on intestinal
cholesterol absorption, cholesterol transporter expression, enzymes controlling
cholesterol homeostasis and the status of transcription factors. To this end, we
employed highly differentiated and polarized cells (20 days of culture), plated on
permeable polycarbonate filters. In the presence of ['*C]-cholesterol, glucose at 25
mM stimulated cholesterol uptake compared to Caco-2/15 cells supplemented with
5 mM glucose (p<0.04). Because combination of 5 mM glucose with 20 mM of the
structurally related mannitol or sorbitol did not change cholesterol uptake, we
conclude that extracellular glucose concentration is uniquely involved in the
regulation of intestinal cholesterol transport. The high concentration of glucose
enhanced the protein expression of the critical cholesterol transporter NPC1L1 and
that of CD36 (p<0.02) and concomitantly decreased SR-BI protein mass (p<0.02).
No significant changes were observed in the protein expression of ABCAl and
ABCGS, which act as efflux pumps favoring cholesterol export out of absorptive
cells. At the same time, HMG-CoA reductase activity was decreased (p<0.007),
whereas ACAT activity remained unchanged. Finally, increases were noted in the
transcription factors LXRa, LXRB, PPARP and PPARy along with a drop in the
protein expression of SREBP-2. Collectively, our data indicate that glucose at high
concentrations may regulate intestinal cholesterol transport and metabolism in
Caco-2/15 cells, thus suggesting a potential influence on the cholesterol absorption

process in type 2 diabetes.

Key words: ABCA1, ABCG5/G8, SR-BI, CD36, NPCILI, PPAR, LXR, SREBP,
ACAT and HMG-CoA reductase



36

INTRODUCTION

Elevated plasma cholesterol levels constitute a major risk factor for atherosclerosis
and coronary heart diseases (CHD) (60). Whole body cholesterol balance is
regulated by the net effects of dietary cholesterol absorption, de novo cholesterol
biosynthesis and biliary excretion from the liver (21, 49). Available evidence
supports the concept that several proteins are involved in mediating intestinal
cholesterol transport. While various transporters, including fatty acid
translocase/cluster determinant 36 (FAT/CD36), scavenger receptor class B type I
(SR-BI) and Niemann Pick C1-Likel (NPC1L1) may influence cholesterol uptake,
the ATP Binding Cassette transporter family, including several cholesterol carriers
(ABCA1, ABCBI1, ABCG5/GB8), act as efflux pumps favouring cholesterol export
out of absorptive cells into the lumen or basolateral compartment. Among all the
cholesterol transporters, the enriched NPC1L1 protein in the apical membrane of
polarized cells is considered essential for intestinal cholesterol absorption. To
provide only a few examples, (i) mice deficient in NPC1L1 lack the ability to
absorb cholesterol and exhibit prevailing protection against the rise in plasma and
hepatic cholesterol associated with feeding mice high cholesterol diets (5, 22, 23);
(ii) genetic modifications of NPCIL1 in cultured intestinal cells alter cholesterol
uptake (73, 88, 90); and (iii) variations in NPCIL] were found associated with
reduced sterol absorption, low-density lipoprotein-cholesterol (LDL-C) levels (17)
and LDL-C response to ezetimibe therapy (41, 75, 84). Although, various aspects of
NPCILI, as a cell surface transporter or an intracellular cholesterol transport protein
needs clarification (43), intensive research is focused on drugs fhat interact with
NPCILI1 given their potential to treat individuals with hypercholesterolemia and to
reduce their risk of developing CHD.

The prevalence of diabetes is increasing worldwide and CHD is the leading cause of
death in type 2 diabetes mellitus (T2DM) (35). Patients with T2DM are two to three
times more likely to die from CHD than non-diabetic individuals (31, 77).

Therefore, considerable attention has been focused on the dyslipidemia



37

accompanying diabetes and metabolic syndrome. Elevated liver very-low density
lipoprotein production represents a major pathway of the hypertriglyceridemia that
characterizes the diabetic condition. On the other hand, a significant relationship has
been shown between intestinally-derived triacylglycol (TG)-rich lipoproteins and
the progression of atherosclerosis. Increased cholesterol absorption has also been
described in patients with T2DM (36, 52). Although numerous investigations have
attempted to elucidate the abnormal mechanisms of intestinal cholesterol absorption
process in diabetic dyslipidemia, they have not given full consideration of nutrients
other than TG and cholesterol. However, it has been reported that changing the
carbohydrate content of a mixed meal altered the postprandial accumulation of
chylomicrons (37). Furthermore, a high glucose level alters the genetic expression
of various genes involved in high-density lipoprotein (HDL) metabolism in HepG2
cells, including human ABCA1, SR-BI and hepatic lipase (79). The aims of the
present study were 1) to evaluate the effect of a high glucose concentration on
cholesterol absorption and 2) to explore the influence of an elevated glucose level
on the expression of genes regulating cholesterol synthesis and absorption in a cell

culture system.
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MATERIALS AND METHODS

Cell culture

The Caco-2/15 cell line was obtained from Dr. JF Beaulieu (Department of Cellular
Biology, Faculty of Medicine, Universit¢é de Sherbrooke, Sherbrooke, Quebec,
Canada). This clone of the parent Caco-2 cell line (HTB37; American Type Culture
Collection, Manassas, VA) has been extensively characterized (3, 6, 80) and was
originally selected for expressing the highest level of sucrase-isomaltase among
16 clones obtained by random cloning. Caco-2/15 cells were grown at 37°C with 5%
CO; in Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO-BRL, Grand Island,
NY) containing 1% penicillin-streptomycin and 1% Glutamax (GIBCO-BRL) and
supplemented with 10% decomplemented fetal bovine serum (FBS) (Flow, McLean,
VA). Caco-2/15 cells (passages 40-60) were maintained in T-75-cm’® flasks
(Coming Glass Works, Corning, NY). Cultures were split (1:6) when they reached
70-90% confluence, by use of 0.05% trypsin-0.5 mM EDTA (GIBCO-BRL). For
individual experiments, cel]s were plated at a density of 1 x 10° cells/well on 24.5-
mm polycarbonate Transwell filter inserts with 0.4-pm pores (Costar, Cambridge,
MA), in DMEM (as described above) supplemented with 5% FBS. The inserts were
placed into six-well culture plates, permitting separate access to the upper and lower
compartments of the monolayers. Cells were cultured for various periods, including
21 days, at which the Caco-2 cells are highly differentiated and appropriate for lipid
metabolism (34, 54, 55, 61, 73). The medium was refreshed every second day. At
day 21, Caco-2/15 cells were washed tWice with phosphate buffered saline (PBS)
(Invitrogen) and incubated in a serum-free supplemented DMEM (Invitrogen) (5
mM or 25 mM glucose), added to the apical compartment, for 24 h.

Cholesterol absorption by Caco-2/15 cells

To study cholesterol uptake by the cells, a solution containing 0.113 pCi ["*C]-
cholesterol and 100 puM cholesterol bound to albumin was prepared. The
differentiated cells were incubated at 37°C for 30 min and 4 h in DMEM containing

5 or 25 mM glucose, as well as cholesterol solution. At the end of the treatment,
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cells were washed twice with PBS, scrapped in 1 ml lysis buffer (SmM Tris, 15 mM
NaCl, EDTA 5 mM, 0.1% SDS, 1% Triton X 100, 0.5% sodium deoxycholate) and
homogenized by sonication followed by a 5-min at 13800 g centrifugation to
remove cell debris. An aliquot of 0.1 ml was placed in a scintillation vial with
Ready Safe counting fluid (Beckman, Fullerton, CA). Radioactivity was measured
by scintillation counting (LS 5000 TD, Beckman). Cell protein was quantified by
the Bradford method (BioRad).

Acyl-Coenzyme A: cholesterol acyltransferase (ACAT) activity assay

The activity of ACAT was determined at initial rates by adding 5 nmol of ["*C]-
oleoyl-CoA (specific activify ~167 Bg/nmol) to the mixture containing 190 pg of
cellular protein to initiate the reaction in a buffer solution (pH 7.5) consisting of
cholesterol, 0.04 M KH,PO,4, 50 mM NaF, 0.25 M sucrose, and 1 mM EDTA (73).
After incubation for 10 min at 37°C, the reaction was stopped by adding
chloroform-methanol (2:1, v/v) followed by free cholesterol (FC) and cholesteryl
ester (CE) as carriers. The FC and CE formed were isolated by TLC and counted.

HMG-CoA reductase activity assay

Enzymatic activity was assayed as described previously (19, 73). The reaction
mixture contained 100 mM potassium phosphate (pH 7.4), 200 pg of cellular
protein, 20 mM glucose-6-phosphate, 12.5 mM dithiothreitol, 2.5 M NADP, and 1.2
units of glucose-6-phosphate dehydrogenase. Initiation of the reaction was done by
the addition of ["*C]-HMG-CoA (200 Bg/nmol) for 30 min at 37°C. The [*C]-
mevalonate formed was converted into lactone by the addition of 10 N HCl, isolated

by TLC, and counted using an internal standard to correct for incomplete recovery.

Western Blot

To assess the presence of NPC1L1, SR-B1, CD36, ABCAIl, ABCGS8, ACAT, and
HMG-CoA reductase, Caco-2/15 cells were homogenized and prepared for Western
blotting as described previously (56). The Bradford assay (Bio-Rad) was used to

determine protein concentration. Proteins were denatured in sample buffer
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containing SDS and B-mercaptoethanol, separated on a 7.5% SDS-PAGE gel, and
blotted onto nitrocellulose membranes. Nonspecific binding sites of the membranes
were blocked using 5% defatted milk proteins. Reactions took place by the addition
of primary antibodies directed against targeted proteins. Reaction was revealed with
species-specific horseradish peroxidase-conjugated secondary antibody. B-actin was
used as an internal control to confirm equal loading protein on SDS-PAGE. Blots
were developed and proteins were quantified using a Hewlett-Packard scanner
equipped with a transparency adaptor and UN-SCAN-IT (Silk Scientific
Corporation) software.

Immunocytochemical analysis

Caco-2/15 cells grown for 21 days and exposed to either low (5 mM) or high (25
mM) glucose medium were fixed with 1% glutaraldehyde in 0,1 M phosphate buffer
for 2 hours and processed for embedding in Lowicryl at -30°C as described in
details previously (7, 55, 58, 76). Thin sections were mounted on Parlodion-carbon
coated grids and processed for the immunogold labeling. Various proteins were
studied, namely SR-B1, NPC1L1, ABCA1, ABCG8 and CD36. The thin sections of
the cells were first treated with a saturated solution of sodium metaperiodate for 10
min, followed by 1 % ovalbumin and then incubated overnight at 4°C with the
corresponding antibody. Grids were thoroughly rinsed with PBS and incubated with
the protein A-gold or an anti-rabbit IgG-gold complex for 30 min at room
temperature. Upon counterstaining with uranyl acetate, the sections were examined
with a Philips 410 electron microscope. The antibodies were used at the following
dilutions NPC1L1 at 1:10; SRB1 at 1:50; CD36 at 1:10; ABCA1 at 1:10 and
ABCGS at 1:10. In order to assess specificity on the labeling, control experiments
were performed omitting the incubation with the primary antibody. Grids were only
exposed to the protein A-gold or the anti-rabbit [gG-gold complex for 30 minutes.
For morphometrical evaluations, a large number of photographs were recorded at
the original magnification of x14000; they were scanned and printed to the final
magnification of x28000. The specific membrane domain was selected for

morphometrical evaluation according to the specific localization of the transporters,
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i.e. the apical membrane with its large number of microvilli or the basolateral
membrane with its deep invaginations. First, the length of the membrane was
measured and then the number of gold particles delineating the same membranes
was counted. Results are expressed in number of gold particles per pm (mean
values = SD). An image processing system (Videoplan 2, Carl Zeiss Inc. Toronto)
was used. For each of the experiments and for each protein studied, the length of
apical membrane evaluated was in the range of ~800 pum, while that of the
basolateral membrane was in the range of ~250 pm. The major difference in
membrane length evaluated between apical and basolateral membranes is due to the
presence of the large number of microvilli in the apical membrane. Morphometrical

evaluations were also performed on the control experiments.

RNA isolation

Total RNA was isolated from Caco-2/15 cells using the TRIzol reagent according to
the manufacturer’s instructions (Sigma Chemical Co.). Concentrations of RNA were
determined by spectrophotometer analysis and the integrity of total RNA was

assessed by electrophoresis.

RT-PCR .

PCR experiments for transcription factors (LXRs, RXRs, PPARs, SREBP-2) genes,
ACAT, and HMG-CoA reductase, as well as GAPDH (as a control gene) were
performed using the mastercycler gradient (EPPENDORF®). Specific primers were
designed to bind to regions with minimal homology, to span at least 1 intron for
distinction from genomic DNA and to avoid nonspecific annealing (Table 1). All
primers were Blast searched to confirm specificity for each individual isoform.
Approximately 30-40 cycles of amplification were used at 95°C for 30 s, 53-62°C
for 30 s, and 72°C for 30 s. Amplicons were visualized on standard ethidium
bromide-stained agarose gels. For all RT-PCRs, analysis of mRNA expression was
carried out during the exponential phase of the amplification, which was assessed in

preliminary experiments for each pair of primers.
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Statistical analysis
Unless otherwise stated, all values are given as mean values + SD. Data were

assessed by Student’s two-tailed #-test. A p value <0.05 was considered statistically

significant.
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RESULTS

Cholesterol absorption

Following pre-incubation (24 h) of Caco-2/15 cells with medium containing 5 or 25
mM glucose, cholesterol uptake was determined at short-and long-term incubation
times. As illustrated by Figure I, cells exposed to 25 mM glucose displayed a
higher capacity to incorporate cholesterol compared‘ with cells treated with 5 mM
glucose (p<0.04). Furthermore, compared to control cells, the output of cholesterol
at 6 h (23%, p<0.04) was also augmented at the long term incubation time (data not

shown).

To determine whether the influence of glucose on cholesterol transport could
possibly be explained by the difference in the osmolarity of the 5 and 25 mM
glucose solutions, we incubated Caco-2/15 cells with mannitol and sorbitol
combined to 5 mM glucose. The cholesterol uptake of cell monolayers maintained
in 5 mM glucose plus 20 mM mannitol or sorbitol did not differ from cells
maintained in physiological glucose (5 mM) media (Figure 2). We, therefore,
 conclude that extracellular glucose concentration is uniquely involved in the

regulation of intestinal cholesterol transport.

Protein expression of cholesterol transporters assessed by Western blot

The enhanced cholesterol uptake exhibited by Caco-2/15 cells incubated with the
high concentration (25 mM) of glucose may be due to differences in the expression
of cholesterol transporters. To test this hypothesis, the protein expression of
cholesterol transporters present in intestinal epithelial cells was examined. We
assessed NPCIL1, CD36 and SR-B1 that transport cholesterol into the enterocyte,
as well as ABCA1 and ABCGS that are presumed to be involved in cholesterol
efflux from the enterocyte toward plasma HDL or back into the intestinal lumen,
respectively. Exposure to 25 mM glucose as compared to S mM glucose resulted in
a significant increase in the protein expression of NPCIL1 and CD36 along with a

decrease in the protein expression of SR-B1 (Figure 3). On the other hand, the
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protein expression of both ABCA1 and ABCGS8 was not affected by the different

glucose concentrations (Figure 4).

Protein levels of cholesterol transporters assessed by high-resolution quantitative
immunogold approach.

Since Western blotting measures the total protein mass without being able to
distinguish the cellular localization of cholesterol transporters, we employed the
Protein A-gold immunocytochemical technique, to determine whether alterations in
cholesterol transporters, as a function of glucose concentrations, were associated
with their specific membrane domain. Electron microscopic immunocytochemical
experiments mostly confirmed the findings obtained by Western blot. They revealed
significant increases in immunogold labellings for NPC1L1 and CD36 in the
luminal region of enterocytes, particularly associated with the apical plasma
membrane lined by the microvilli (Figure 5). A representative illustration
documents the immunochemical detection of CD36 in Caco-2/15 cells following
exposure to different glucose levels (panel A: SmM and panel B: 25 mM) (Figure
6). However, the labelling of ABCA1 by gold particles was decreased in the
basolateral membrane following the addition of 25 mM glucose (Figure 5).
Furthermore, no significant alterations were noted in the intensity of labelling of
SR-BI and ABCGB8 in the apical membrane (Figure 5). Importantly, under control
conditions, the labeling was negligible and the few gold particles present over the

cells were rather randomly distributed.

Involvement of NPCIL1 in cholesterol uptake

In order to elucidate the specific contribution of NPCI1L1 to cholesterol uptake in
the presence of glucose, we employed ezetimibe, a selective hypocholesterolemic
drug, which has been reported to bind NPC1L1 and substantially block cholesterol
absorption. We could observe a lessened action of glucose when ezetimibe was

added to the culture medium (Figure 7), highlighting the input of NPCILI1.
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Regulatory enzymes of cholesterol metabolism

Next, we determined the impact of glucose on the regulatory sterol enzymes: HMG-
CoA reductase (EC 1.1.1.34), the rate-limiting step in cholesterol synthesis, and
ACAT (EC 2.3.1.26), an integral protein present in the rough endoplasmic reticulum
(ER) that catalyzes the formation of CE from FC and fatty acyl-CoA. HMG-CoA
reductase mRNA and protein expression remained unchanged following increase of
glucose to 25 mM glucose to Caco-2/15 cells (Figure 8). On the other hand, the
higher glucose concentration led to a significant reduction in the enzymatic activity
of HMG-CoA reductase (Figure 8). As to ACAT, no significant changes were
recorded in the gene expression and activity after the exposure to 25 mM glucose

(Figure 9).

Transcription factors

To approach the mechanisms triggered by glucose, we assessed the gene expression
of several factors that affect the transcription of a variety of genes associated with
lipid and cholesterol metabolism, including liver X receptors (LXRa, P),
peroxisome proliferator-activated receptors (PPARa, B, 7), retinoid X receptors
(RXRa, B), and protein and gene expression of sterol regulatory element binding
protein-2 (SREBP-2). Data on Figures 10 to 12 illustrate how glucose at the high
concentration of 25 mM impacted on the expression of the different nuclear and
transcription factors in Caco-2/15 cells. It did not cause any significant variation on
the mRNA levels of RXRa (Figure 10C), RXRP (Figure 10D), PPARa (Figure
11A), and SREBP-2 (Figure 12A) gene expression, whereas it produced a
significant enhancement in gene expression of LXRa (Figure 10A) and LXRp
(Figure 10B), as well as PPARP (Figure 11B) and PPARy (Figure 11C). Finally,
when we explored the effect of glucose on SREBP-2 protein expression, we

detected a sigﬁiﬁcant reduction upon exposure to 25 mM glucose (Figure 12B).
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DISCUSSION

Numerous studies have dealt with the regulation of intestinal fat absorption by lipid
components (27, 57, 61, 70). However, the role of carbohydrates has barely been
investigated. In the present paper, we showed that high glucose concentrations (i)
enhance cholesterol transport in Caco-2/15 cells by upregulating the protein
expression of NPC1L1 and CD36; and (ii) reduce SR-BI protein mass and HMG-
CoA reductase activity without altering ABCA1 and ABCGS, involved in
cholesterol efflux. A schematic diagram (Figure 13) depicts the major players in
cholesterol transport and metabolism. Moreover, our studies document that
particular transcription factors are glucose sensors, which may explain the impact of
glucose on cholesterol absorption via its action on specific cholesterol transporters.

In the present study, we have found a relationship between glucose and cholesterol
assimilation. In order to clarify whether this observation could be explained by
differences in the osmolarity of the 5 and 25 mM glucose solutions, we incubated
Caco-2/15 cells with 20 mM mannitol or sorbitol combined to 5 mM glucose. Our
results indicate that the exposure of Caco-2/15 cells to high concentrations of
glucose, but not to structurally related compounds such as mannitol and sorbitol,

increased cholesterol transport capacity.

NPCI1LI is a critical protein for cholesterol absorption by the small intestine, since
NPCI1L1 knockout mice exhibited a reduction in intestinal cholesterol absorption and
are insensitive to ezetimibe (5, 23), a drug that lowers serum cholesterol by reducing
cholesterol absorption. In addition, the use of genetically-modified intestinal
epithelial cells and ezetimibe support the central role for NPCIL1 in intestinal
cholesterol absorption (28, 31, 73, 90). The high glucose level used in our
investigation raised not only cholesterol uptake but also the protein expression of
NPCI1L1. Our results are in line with the findings in diabetic patients who displayed
increased levels of NPC1L1 mRNA in intestinal tissue (52). Increased cholesterol
absorption has also been shown in- streptozotocin diabetic rats (89), in which

NPCI1L1 mRNA was found to be increased (51). Altogether, these findings suggest
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an important role for intestinal NPCIL1 in the delivery of cholesterol to the blood
circulation in the presence of high glucose levels. However, additional studies are
needed to examine whether glucose may influence the absorption of cholesterol via
non-mediated passive uptake of cholesterol or other intestinal transporters since

residual cholesterol absorption persisted in NPC1L1-deficient mice (5).

In the present investigation, ,the protein CD36 was highly expressed in intestinal
luminal surface of enterocytes (82) and was found to be raised upon exposure to
high glucose levels. Undoubtedly, CD36 does contribute to the intestinal transport
of cholesterol since enterocytes isolated from Cd36™ mice exhibit reduced uptake
of cholesterol (60%) (68). From the present experiments, we can deduce that
elevated glucose-mediated cholesterol uptake is likely related to the up-regulation of
NPCIL1 and CD36. Interestingly, the participation of NPCIL1 and CD36 was
reinforced by the experiments with ezetimibe, although the former displayed more
sensitivity to ezetimibe inhibition (32) than the latter (82). Of note is the modest
decrease in cholesterol uptake from the apical side, in line with the studies of Field
et al. (23) probably because the glucuronidated form of ezetimibe is more potent
than the native unmodified drug in inhibiting cholesterol absorption by binding more

avidly to enterocyte brush-border membranes (83).

SR-BI was originally identified as a novel scavenger receptor that mediates
endocytosis of acetylated LDL (2). Subsequent studies revealed that SR-BI is a cell
surface receptor that binds HDL with high affinity and mediates the selective uptake
by liver and steroidogenic tissues of cholesterol esters without endocytic uptake of
HDL apolipoproteins (1). Efflux of radiolabeled cholesterol on the cell surface to
HDL particles is also promoted by SR-BI (45). Together, SR-BI accelerates reverse
cholesterol transport by promoting cholesterol efflux from peripheral cells,
including macrophages in vascular walls (16), and selective uptake of HDL-C by
hepatocytes for excretion of cholesterol as bile acids. Therefore, SR-BI plays crucial
roles in the atheroprotective functions of HDL (48). Additional investigations have

reported that SR-BI is highly expréssed in the luminal side of proximal small
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intestine villi where the bulk of cholesterol absorption takes place and may be
responsible for the cholesterol uptake by enterocytes (4, 39, 55). Nevertheless, the
involvement of SR-BI in cholesterol absorption has been questioned since variable
results were obtained with genetically-modified mice (8, 62). In the present
investigation, glucose in high concentrations downregulates SR-BI protein
expression. This suppressive effect has also been reported in hepatocytes HepG2
cells following exposure to high glucose concentrations (67). The use of inhibitors
for select signal transduction pathways in HepG2 cells indicated that glucose
suppression of SR-BI expression is partially mediated by the activation of the p38
MAPK-Spl pathway (67). Further studies are needed to determine the detailed

regulatory mechanisms of intestinal SR-B1 expression.

We reasonably hypothesized that increased NPCIL1- and CD36-mediated
cholesterol uptake would lead to reduced HMG-CoA reductase activity. Based on
the data in Figure 8, this assumption turned out to be true. However, ACAT was
insensitive to the accumulation of intracellular cholesterol, probably because the
latter did not expand the finite cholesterol substrate pool for ACAT and manifested

a high-order dependence on ER cholesterol concentration (11, 14).

The coordinated regulation of genes implicated in cholesterol homeostasis is
governed by the actions of several transcription factors, such as LXRs and PPARs.
Also, SREBPs are transcription factors and crucial regulators of cholesterol
synthesis and metabolism. In response to specific effectors, LXRs form
heterodimers with RXRs that regulate an integrated network of genes that control
whole body cholesterol and lipid homeostasis assays (44, 53). In particular, LXR
appears to serve as a safety valve to limit free cholesterol in tissues that are
experiencing high cholesterol flux (20). Moreover, glucose activates LXR at
physiological concentrations expected in the liver and induces expression of LXR

target genes with efficacy similar to that of oxysterols, the known LXR ligands (66).
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Therefore, since these nuclear factors act as ghucose sensors (66) and exhibit anti-
diabetic effects (13, 50), we first measured their gene expression. LXRa and LXR[3

mRNA were increased by the presence of 25 mM glucose in Caco-2/15 cells, but
were not accompanied with the expected induction of ABCA1 and ABCGS protein
expression. This may be due to the irresponsiveness of RXRs that work as partners
with LXRs.

The family of SREBP regulates the coordinated expression of genes involved in
lipid synthesis and uptake (10). Three SREBP isoforms are known in mammals,
SREBP-1a, SREBP-1c and SREBP-2. While SREBP-1c preferentially activates
genes required for fatty acid (FA) synthesis and their incorporation into TGs and
phospholipids, SREBP-2 preferentially activates the LDL- receptor gene and
various genes required for cholesterol synthesis such as HMG-CoA reductase
(EC1.1.1.34) (42). SREBP-la is an activator of both, the cholesterol and FA
biosynthetic pathway, but it is present in much lower amounts (74). Since SREBP-2
plays a more important role in the regulation of cholesterol synthesis in the intestine
(25, 26), we measured the gene and protein expression of SREBP-2. Our results
highlighted a decline in the protein expression of SREBP-2 without any alteration of
SREBP-2 mRNA. Similarly, the gene and protein expression of HMG-CoA
reductase were not changed, but the activity was decreased, suggesting post-

transcriptional mechanisms for SREBP-2 and HMG-CoA reductase.

PPARSs have been shown to regulate the expression of genes involved in a variety of
biological processes, including lipid metabolism and insulin sensitivity (18, 81).
PPARa regulates numerous aspects of FA catabolism, whereas PPARy controls
adipocyte differentiation, systemic glucose levels and lipid homeostasis (65, 87).
PPARS is also involved in development, lipid metabolism, and epidermal cell
proliferation (59). The PPARs are ligand-dependent transcription factors that
regulate target genes expression by binding to characteristic DNA sequences termed
peroxisome proliferators response element (PPREs) located in the 5 -flanking

region of target genes (33, 69). Each receptor binds to its PPRE as a heterodimer



50

with the receptor for 9-cis retinoic acid, the RXR. Upon binding a ligand, the
conformation of a PPAR is altered and stabilized so that a binding cleft is created,
and recruitment of transcriptional coactivators occurs. In the present study,
treatment of Caco-2/15 cells with 25 mM glucose enhanced the gene expression of
PPARB and PPARy and concomitantly decreased the protein concentration of
SREBP-2. Similarly, PPARy activation by troglitazone downregulated cholesterol
synthesis in Caco-2 cellsby a reduced concentration of SREBP-2 protein (47).

Glucose absorption in the small intestine is mediated by the combined action of two
glucose transporters in the enterocytes: the sodium-dependent D-glucose co
transporter SGLT1 in the brush-border membrane and the sodium-independent
glucose transporter GLUT2 in the basolateral membrane (40, 46). Dietary glucose
significantly influences blood glucose concentration (63), as well as glucose and fat
metabolism in the liver (15, 78). Apparently mammals developed a highly complex
regulatory network in which small intestinal sugar absorption steers the regulation of
gastric and intestinal mobility (30, 71, 72), liver metabolism (9, 29) and insulin
secretion (64, 86). Both, the glucose concentration in the small intestinal lumen and
the activity of glucose uptake systems SGLT1 and GLUT2, determine the D-glucose
concentration in the small intestinal submucosa and the portal blood. In the present
study, glucose was effective in regulating cholesterol uptake and intracellular
processing. Since the excessive consumption of diets containing high levels of
carbohydrates enhances the absorption of monosaccharides and influences the risk
of developing insulin resistance and T2DM (24), we ;easonably propose that
glucose-mediated intestinal cholesterol may contribute to increasing circulating

cholesterol and, consequently, the risk of developing CHD, a feature of T2DM.

In conclusion, our experiments provide evidence that the process of intestinal
cholesterol uptake is regulated by glucose concentrations, which modify important
cholesterol transporters and transcription factors. In fact, high glucose
concentrations may presumably modify the transcription factors, which in turn

altered the cholesterol transporters, and therefore cholesterol uptake.
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TABLE 1. Sequences of the specific primers, as confirmed by BLAST sequence
analysis, designed to amplify human HMG-CoA reductase, ACAT-2, LXRs,
PPARs, RXRs and SREBP-2 isoforms by RT-PCR.

Product

Isoform Direction 5’-3’ Primer sequence size (bp) Reference
B OCoA R | AC TGT COG CGAATAGAT ACK CCxCG ] 291 | desiened
acara [me [CICUCHCACRCIOCEE 1 | g
HXRe e ATATGY G16.CT6 CAG CCTCIC A 6 | a2
MR e T OTC TCT AGC AGE ATG ATC TEGRTAGE | 12 | desioned
P ARG € GTCTOCTIT GTA GTG T 91| designed
WPARD I e T AGG TCTCGG TT7 066 TCTTE 4| designed
o, [omd TAACAACIGAAMTGACIIT |0 | )
RXRe - A CATG CAGATG GACAAGT. w9
KR e TTA GTC ACA GGG TCATIT GG w6
srzpra [t {416 GIOTGA TIGICCTOAGETT | | o
hGAPDH forward | GTC CAC TGG CGT GTT CAC CA 260 (38)

TeVerse

GTG GCA GTG ATG GCA TGG AC
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FIGURE LEGENDS

Figure 1

Figure 2

Figure 3

Figure 4

Effect of glucose concentrations on cholesterol uptake in Caco-2/15
cells. Differentiated Caco 2/15 cells were cultured for 24 h in
medium DMEM containing 5 or 25 mM glucose. At the end of this
pre-incubation, cells were exposed to 100 pM cholesterol containing
250000 DPM ["“*C]-cholesterol in the presence of the same
concentrations of glucose for 30 min. Results are expressed as
nmol/mg cell protein. Mean values + SD. n=4. *p<0.04 versus 5 mM
glucose condition.

Combinatory effect of glucose and - mannitol or sorbitol on
cholesterol uptake in Caco-2/15 cells. Differentiated Caco 2/15 cells
were cultured for 24 h in medium DMEM containing 5 mM, 5 mM
glucose + 20 mM mannitol, 5 mM glucose + 20 mM sorbitol, or 25
mM glucose. At the end of this pre-incubation, cells were exposed to
100 uMb cholesterol containing 250000 DPM ['*C]-cholestero] in the
presence of the same concentrations of sugars for 30 min. Results
are expressed as nmol/mg cell protein. Mean values + SD. n=4.
*p<0.04 versus 5 mM glucose condition.

Effect of glucose concentrations on the protein expression of
transporters mediating cholesterol influx. Caco 2/15 cells were
cultured for 24 h in DMEM containing 5 or 25 mM glucose. Western
blot was used to analyze the protein expression of NPCILI (A),
CD36 (B) and SR-B1 (C). Mean values + SD. n=4. *p<0.02 versus 5
mM glucose condition.

Effect of glucose concentrations on the protein expression of
transporters mediating cholesterol efflux. Caco 2/15 cells were
cultured for 24 h in DMEM containing 5 or 25 mM glucose. Western
blot was used to analyze the protein expression of ABCA1 (A) and
ABCGS8 (B). Mean values+ SD. n=4.
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Immunocytochemical evaluation of cholesterol transporters
following incubation of Caco 2/15 cells were cultured for 24 h in
DMEM containing 5 or 25mM. Thereafter, cells were fixed with 1%
glutaraldehyde and embedded in Lowicryl. Immunogold labelings
were carried out on thin sections. Immunogold labeling for NPC1L.1
(A), CD36 (B), SR-B1 (C), ABCAl (D) and ABCGS8 (E) were
quantified. For each of the proteins, the total length of apical and
basolateral membranes evaluated was in the range of 800 pm and 250
um, respectively. Under control conditions, the labeling was
negligible with few gold particles randomly distributed over the cells.
For the 5 and 25 mM glucose experiments, the control protein A-gold
density (gold particles/um) on apical membrane was 0.037+ 0.006
and 0.023 * 0.012, respectively, and on basolateral region: 0.076 +
0.048 and 0.063 % 0.012, respectively. For the control IgG gold, the
density (gold particles/um) on the apical membrane was 0.021 +
0.005 and 0.015 + 0.007 for 5 and 25 mM glucose, respectively, and
on basolateral membrane 0.037 £ 0.018 and 0.050 + 0.015,
respectively. Mean values + SEM. *p<0.05

CD36 detection in Caco-2/15 cells as a representative illustration of
the immunocytochemical detection. Protein A-gold
immunocytochemical technique was applied with the specific
polyclonal antibody directed against CD36 to reveal it in the apical
membrane. Panel A represents Caco-2/15 cells cultured with 5 mM
glucose, whereas Panel B corresponds to Caco-2/15 cells cultured
with 25 mM glucose. MV, microvilli. Bars= 0.5um.

Interference of Ezetimibe with the uptake of cholesterol in the
presence of glucose. In order to delineate the role of NPC1L1 in the
increased glucose-mediated cholesterol absorption, ezetimibe (100
uM) was added to the medium of Caco-2/15 cells cultured at the

experimental conditions described in the legend of Figure 3. Results
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Figure 9

Figure 10

Figure 11
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are expressed as % of controls. Mean values £ SD. n=3. *p<0.05
versus 5 mM glucose condition.

Effect of glucose concentrations on HMG-CoA reductase gene
expression, protein mass and activity. Caco 2/15 cells were treated
as described in the legend of Figure 3 and tested for transcript levels
(A) and protein mass (B) by RT-PCR and Western blotting,
respectively. Cell homogenates were assayed for HMG-CoA
reductase activity (C). Mean values = SD. n=4.

*p<0.007 versus 5 mM glucose condition.

Effect of glucose concentrations on ACAT gene expression and
activity. Caco 2/15 cells were treated as described in the legend of
Figure 3 and tested for transcript levels (A) by RT-PCR. Cell
homogenates were assayed for ACAT activity (B). Mean values =+
SD. n=4.

Effect of glucose concentrations on the gene expression of the
nuclear receptors LXR and RXR. Caco 2/15 cells were treated as
described in the legend of Figure 3. The transcript levels of LXRa
(A), LXRB (B), RXRa (C) and RXRP (D) were assessed by RT-
PCR. Representative autoradiograms of the different amplicons are
shown. Mean + SD. n=5. *p<0.004 and **p<0.001 versus 5 mM
glucose condition.

Effect of glucose concentrations on the gene expression of the
nuclear receptors PPAR. Caco 2/15 cells were treated as described in
the legend of Figure 3. The transcripts of PPARa (A), PPARP (B)
and PPARy (C) were assessed by RT-PCR. Representative
autoradiograms of the different amplicons are shown. Mean + SD.
n=3.

*p<0.003 and **p<0.002 versus S mM glucose condition.

Effect of glucose concentrations on the gene and protein expression
of SREBP-2. Caco 2/15 cells were treated as described in the legend
of Figure 3. The levels of transcripts (A) and protein expression (B)
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were determined by RT-PCR and Western blotting, respectively.
Mean = SD. n=5. *p<0.04 versus 5 mM glucose condition.

Diagram of the main players influencing cholesterol transport in
intestinal epithelial cells. Uptake of alimentary or biliary cholesterol
is mediated by putative sterol transporters such as NPCILI, SR-BI
and FAT/CD36. Excessive cholesterol is secreted back to the
intestinal lumen by the ABCG5/ABCGS heterodimer localized at the
apical membrane of the enterocyte. Similarly, ABCAl promotes
cholesterol efflux (through the basolateral membrane) to plasma
apolipoprotein A-I, thereby enhancing the formation of nascent HDL.
Key enzyndes such as HMG-CoA reductase and ACAT contribute to
cholesterol homeostasis by synthesizing and esterifying, respectively,
intracellular cholesterol. Most of the processes, involved in
cholesterol metabolism, are controlled by transcription factors (RXR,
LXR, SREBP-2 and PPAR. According to our data, glucose-mediated
cholesterol uptake may be sensed by transcription factors, which in
turn  altered the cholesterol transporters and downregulated

cholesterol biosynthesis.
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Discussion

Numerous studies have dealt with the regulation of intestinal fat absorption by lipid
components. However, the role of carbohydrates has barely been investigated. In the
present study, we showed that high glucose concentrations (i) enhanced cholesterol
transport in Caco-2/15 cells by upregulating the protein expression of NPCIL1 and
CD36; and (ii) reduced SR-BI protein expression and HMG-CoA reductase activity
without altering ABCA1 and ABCGS, involved in cholesterol efflux. Moreover, our
studies documented that particular transcription factors are glﬁcose sensors, which
may explain the impact of glucose on cholesterol absorption via its action on

specific cholesterol transporters.

Intestinal cholesterol absorption is a multistep process that is regulated by multiple
genes, and the absorption efficiency of cholesterol is most likely determined by the

net effect between influx and efflux of intraluminal cholesterol molecules.

NPCIL1 is an essential and a critical protein for cholesterol absorption By the small
intestine, since NPCIL1 knockout mice exhibited a reduction in intestinal
cholesterol absorption and are insensitive to ezetimibe (Altmann et al., 2002; Davis
et al., 2004), a potent drug that lowers serum cholesterol by reducing cholesterol
absorption. In addition, the use of genetically-modified intestinal epithelial cells and
ezetimibe support the central role for NPCIL1 in intestinal cholesterol absorption
(Garcia et al., 1974; Sane et al., 2006; Yu et al., 2006; Field et al., 2007). We found
that the high glﬁcose level employed in our investigation raises not only cholesterol
uptake but also the expression of NPC1L1. dur results are in line with the findings
in diabetic patients who displayed increased levels of NPC1L1 mRNA (Lally et al.,
2006). Increased cholesterol absorption has also been shown in streptozotocin
diabetic rats (Young et al.,, 1988), in which NPCIL1 mRNA was found to be
increased (Lally et al., 2007). Altogether, these findings indicate an important role
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for intestinal NPC1L1 in the delivery of cholesterol to the blood circulation in the

. presence of high glucose levels.

CD36, a protein highly expressed on the luminal surface of enterocytes (van
Bennekum et al., 2005) was found to increase following the administration of high
glucose levels. Undoubtedly, CD36 must contribute to the intestinal transport of
cholesterol since enterocytes isolated from the small intestines of cd36 mice,
when compared with wild type counterparts, exhibited reduced uptake of cholesterol
(60%) (Nassir et al., 2007).

From the present experiments, we can deduce that the elevated glucose-mediated
cholester01 uptake is likely related to the up-regulation of NPCIL1 and CD36.
Interestingly, the participation of NPC1L1 and CD36 was more reinforced by the
experiments with ezetimibe, although the former displayed more sensitivity to
ezetimibe inhibition (Garcia-Calvo et al., 2005) than the latter (van Bennekum et al.,
2005). Of note is the modest decrease in cholesterol uptake from the apical side, in
line with the studies of Field et al. (Field et al., 2001a) probably because the
glucuronidated form of ezetimibe is more potent than the native unmodified drug in
inhibiting cholesterol absorption by binding more avidly to enterocyte brush-border

membranes (van Heek et al., 2000).

SR-BI was originally identified as a novel scavenger receptor that mediates
endocytosis of acetylated LDL (Acton et al., 1994). Subsequent studies revealed that
SR-BI is a cell surface receptor that binds HDL with a high affinity and mediates
the selective uptake by the liver and steroidogenic tissues of cholesterol esters
without the endocytic uptake of HDL apolipoproteins (Acton et al.,, 1996). In
addition, SR-BI may facilitate the initial steps of HDL-mediated cholesterol efflux
in the arterial wall (Ji et al., 1997). Together, SR-BI accelerates reverse cholesterol
transport by promoting cholesterol efflux from macrophages in vascular walls

(Chinetti et al., 2000) and selective uptake of HDL-C by hepatocytes for excretion
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of cholesterol as bile acids. Therefore, SR-BI plays crucial roles in atheroprotective

functions of HDL (Krieger, 2001).

Additional studies, employing the high-resolution immunogold technique revealed
that SR-BI may be responsible for the cholesterol uptake by enterocytes; they found
SR-BI labeling mainly over microvilli of the enterocyte, where the bulk of
cholesterol absorption takes. place (Hauser ef al., 1998; Altmann et al., 2002; Levy
et al., 2004). Despite these results, the involvement of SR-BI in cholesterol
absorption has been questioned since inconsistent results were obtained with

genetically-modified mice (Mardones et al., 2001; Bietrix et al., 2006).

In the present study, we showed that an increase in the concentration of glucose
downregulates the protein expression of SR-BI in Caco-2/15 cells. Such suppressive
effect of glucose has also just been reported in hepatocytes HepG2 cells (Murao et
al., 2008). The use of inhibitors for select signal transduction pathways in HepG2
cells indicated that glucose suppression of SR-BI expression ié partially mediated by
the activation of the p38 MAPK-Spl pathway (Murao et al., 2008). Further studies
are needed to determine the detailed regulatory mechanisms of intestinal SR-BI

expression.

Our hypothesis was that if NPCIL1 and CD36 mediate an increased cholesterol
uptake, it is conceivable that the highly available cholesterol in Caco-2/15 cells
would lead to reduced HMG-CoA reductase activity. Based on the data in Figure 7,
this assumption turned out to be true. However, ACAT was insensitive to the
accumulation of intracellular cholesterol, probably because the latter did not expand
the limited cholesterol substrate pool for ACAT and manifested a high-order
dependence on ER cholesterol concentration (Chang et al., 1997, Buhman et al.,

2000).

The coordinated regulation of genes implicated in cholesterol homeostasis is

governed by the actions of several transcription factors, such as LXRs and PPARs.
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Also, SREBPs are transcription factors that are crucial regulators of cholesterol
synthesis and metabolism. In response to specific effectors, LXRs form a
heterodimer with the RXRs and regulate an integrated network of genes that control
whole body cholesterol and lipid homeostasis assays (Lehmann et al., 1997,
Janowski et al., 1999).

In particular, LXR appears to serve as a safety valve to limit free cholesterol in
tissues that are experiencing high cholesterol flux (Cummins and Mangelsdorf,
2006). Since these nuclear factors act as glucose sensors (Mitro et al., 2007) and
exhibit anti-diabetic effects (Cao et al., 2003; Laffitte et al., 2003), we first
measured their gene expression. LXRa and LXRB mRNA was increased by the
presence of 25 mM glucose in Caco-2/15 cells, but it was not accompanied with the
expected induction of ABCA1 and ABCGS protein expression. This may be due to
the irresponsiveness of RXRs that work as partners with LXRs.

The family of SREBP regulates the coordinated expression of genes involved in
lipid synthesis and uptake (Brown and Goldstein, 1999). Three SREBP isoforms are
known in mammals, SREBP-1a, SREBP-1c and SREBP-2. While SREBP-Ic
preferentially activates genes required for fatty acid (FA) synthesis and their
incorporation into TGs and phospholipids, SREBP-2 preferentially activates the
LDL- receptor gene and various genes required for cholesterol synthesis such as
HMG-CoA reductase (EC1.1.1.34) (Horton et al., 2002). SREBP-1a is an activator
of both the cholesterol and FA biosynthetic pathways, but it is present in much
lower amounts (Shimomura et al., 1997). Since SREBP-2 plays a more important
role in the regulation of cholesterol synthesis in the intestine (Field et al., 2001a, b),
we therefore measured the gene and protein expression of SREBP-2. Our results
highlighted a decline in the protein expression of SREBP-2 without any alteration of
SREBP-2 mRNA. Similarly, the gene and protein expression of HMG-CoA
reductase were not changed, but its activity was decreased in a significant manner,
suggesting post-transcriptional mechanisms for SREBP-2 and HMG-CoA reductase

regulation.
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PPARs have been shown to regulate the expression of genes involved in a variety of
biological processes, including lipid metabolism and insulin sensitivity (Vamecq
and Latruffe, 1999; Corton et al., 2000). PPARa regulates numerous aspects of FA
catabolism, whereas PPARY controls adipocyte differentiation, systemic glucose
levels and lipid homeostasis (Michalik and Wahli, 1999; Willson et al., 2000).
PPARS is also involved in development, lipid metabolism and epidermal cell
proliferation (Lim et al., 1999). The PPARs are ligand-dependent transcription
factors that regulate target genes expression by binding to characteristic DNA
sequences termed peroxisome proliferators response element (PPREs) located in the
5" -flanking region of target genes (Gearing et al., 1993; Palmer et al., 1995). Each
receptor binds to its PPRE as a heterodimer with the receptor for 9-cis retinoic acid,
the RXR. Upon binding a ligand, the conformation of a PPAR is altered and
stabilized so that a binding cleft is created, and recruitment of transcriptional
coactivators occurs. In the present study, treatment of Caco-2/15 cells with 25 mM
glucose enhanced the gene expression of PPARP and PPARy and concomitantly
decreased the protein concentration of SREBP-2. Similarly, PPAR activation by
troglitazone downregulated cholesterol synthesis in Caco-2 cells by reducing the

expression of SREBP-2 protein (Klopotek et al., 2006).

All these data add new key elements to the complex relationship linking
carbohydrate and cholesterol intestinal assimilation and metabolism. The complete
mechanism involved in the glucose-induced regulation of uptake process is not yet
fully identified and/or understood. An alteration of the physical properties of the
enterocyte brush border, which in turn regulates the activity of membrane

transporters, is probable, but other regulation pathways should also be considered.

In conclusion, glucose at 25 mM stimulated cholesterol uptake by Caco-2 cells. The
high concentration of glucose enhanced the protein expression of the critical
cholesterol transporters NPCIL1 and CD36, and concomitantly decreased SR-BI

protein expression. No significant alterations were observed in the protein
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expression of ABCA1 and ABCGS, which act as efflux pumps favoring cholesterol
export out of absorptive cells. At the same time, HMG-CoA reductase activity was
significantly decreased, whereas ACAT activity remained unchanged. Finally, an
increase was noted in the transcription factors LXRa, LXRB, PPARP and PPARY
along with a drop in the protein expression of SREBP-2.

Collectively, our experiments indicate that glucose at high concentrations may
regulate intestinal cholesterol transport and metabolism in Caco-2 cells, modifying
important cholesterol transporters and transcription factors, thus suggesting a

potential influence on the cholesterol absorption process in type 2 diabetes.

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
future patients with atherosclerosis-associated diseases (Ernst and Obarzanek, 1994;
Gidding, 1999; Belay et al., 2004; Cruz and Goran, 2004). 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.

Clearly, intracellular handling of cholesterol needs more emphasis, as well as the
regulation of cholesterol homeostasis during development. Evidently, 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.



85

Bibliography

Aarsland, A., Chinkes, D., Wolfe, R.R., 1996. Contributions of de novo synthesis of
fatty acids to total VLDL-triglyceride secretion during prolonged
hyperglycemia/hyperinsulinemia in normal man. The Journal of clinical
investigation 98, 2008-2017.

Acton, S., Rigotti, A., Landschulz, K.T., Xu, S., Hobbs, H.H., Krieger, M., 1996.
Identification of scavenger receptor SR-BI as a high density lipoprotein
receptor. Science (New York, N.Y 271, 518-520.

Acton, S.L., Scherer, P.E., Lodish, H.F., Krieger, M., 1994. Expression cloning of
SR-BI, a CD36-related class B scavenger receptor. The Journal of biological
chemistry 269, 21003-21009.

Acton, S.L., Kozarsky, K.F., Rigotti, A., 1999. The HDL receptor SR-BI: a new
therapeutic target for atherosclerosis? Molecular medicine today 5, 518-524.

Ades, E.W., Candal, F.J., Swerlick, R.A., George, V.G., Summers, S., Bosse, D.C.,
Lawley, T.J., 1992. HMEC-1: establishment of an immortalized human
microvascular endothelial cell line. The Journal of investigative dermatology
99, 683-690.

Altmann, S.W., Davis, H.R., Jr., Yao, X., Laverty, M., Compton, D.S., Zhu, L.J.,
Crona, J.H., Caplen, M.A., Hoos, L.M., Tetzloff, G., Priestley, T., Burnett,
D.A., Strader, C.D., Graziano, M.P., 2002. The identification of intestinal
scavenger receptor class B, type I (SR-BI) by expression cloning and its role
in cholesterol absorption. Biochimica et biophysica acta 1580, 77-93.

Altmann, S.W., Davis, H.R., Jr., Zhu, L.J., Yao, X., Hoos, L.M., Tetzloff, G., Iyer,
S.P., Maguire, M., Golovko, A., Zeng, M., Wang, L., Murgolo, N,
Graziano, M.P., 2004. Niemann-Pick C1 Like 1 protein is critical for
intestinal cholesterol absorption. Science (New York, N.Y 303, 1201-1204.

Attie, A.D., 2007. ABCAL: at the nexus of cholesterol, HDL and atherosclerosis.
Trends Biochem Sci.

Azzout-Mariche, D., Becard, D., Guichard, C., Foretz, M., Ferre, P., Foufelle, F.,
2000. Insulin effects on sterol regulatory-element-binding protein-lc
(SREBP-1¢) transcriptional activity in rat hepatocytes. The Biochemical
journal 350 Pt 2, 389-393.

Beeson, J.G., Brown, G.V., 2004. Plasmodium falciparum-infected erythrocytes
demonstrate dual specificity for adhesion to hyaluronic acid and chondroitin



86

sulfate A and have distinct adhesive properties. The Journal of infectious
diseases 189, 169-179.

Belay, B., Belamarich, P., Racine, A.D., 2004. Pediatric precursors of adult
atherosclerosis. Pediatrics in review / American Academy of Pediatrics 25,
4-16.

Berge, K.E., Tian, H., Graf, G.A., Yu, L., Grishin, N.V., Schultz, J., Kwiterovich,
P., Shan, B., Barnes, R., Hobbs, H.H., 2000. Accumulation of dietary
cholesterol in sitosterolemia caused by mutations in adjacent ABC
transporters. Science (New York, N.Y 290, 1771-1775.

Beynen, A.C., Vaartjes, W.J., Geelen, M.J., 1979. Opposite effects of insulin and
glucagon in acute hormonal control of hepatic lipogenesis. Diabetes 28, 828-
835.

Bietrix, F., Yan, D., Nauze, M., Rolland, C., Bertrand-Michel, J., Comera, C.,
Schaak, S., Barbaras, R., Groen, A K., Perret, B., Terce, F., Collet, X., 2006.
Accelerated lipid absorption in mice overexpressing intestinal SR-BI. The
Journal of biological chemistry 281, 7214-7219.

Blades, B., Garg, A., 1995. Mechanisms of increase in plasma triacylglycerol
concentrations as a result of high carbohydrate intakes in patients with non-
insulin-dependent diabetes mellitus. The American journal of clinical
nutrition 62, 996-1002.

Bodzioch, M., Orso, E., Klucken, J., Langmann, T., Bottcher, A., Diederich, W.,
Drobnik, W., Barlage, S., Buchler, C., Porsch-Ozcurumez, M., Kaminski,
W.E., Hahmann, H.W., Oette, K., Rothe, G., Aslanidis, C., Lackner, K.J,,
Schmitz, G., 1999. The gene encoding ATP-binding cassette transporter 1 is
mutated in Tangier disease. Nature genetics 22, 347-351.

Borst, P., Elferink, R.O., 2002. Mammalian ABC transporters in health and disease.
Annual review of biochemistry 71, 537-592.

Bosner, M.S., Lange, L.G., Stenson, W.F., Ostlund, R.E., Jr., 1999. Percent
cholesterol absorption in normal women and men quantified with dual stable

isotopic tracers and negative ion mass spectrometry. Journal of lipid research
40, 302-308.

Bottcher, A., Gaipl, U.S., Furnrohr, B.G., Herrmann, M., Girkontaite, 1., Kalden,
JR., Voll, RE., 2006. Involvement of phosphatidylserine, alphavbeta3,
CD14, CD36, and complement Clq in the phagocytosis of primary necrotic
lymphocytes by macrophages. Arthritis and rheumatism 54, 927-938.



87

Bourgeois, C.S., Wiggins, D., Hems, R., Gibbons, G.F., 1995. VLDL output by
hepatocytes from obese Zucker rats is resistant to the inhibitory effect of
insulin. The American journal of physiology 269, E208-215.

Brooks-Wilson, A., Marcil, M., Clee, S.M., Zhang, L.H., Roomp, K., van Dam, M.,
Yu, L., Brewer, C., Collins, J.A., Molhuizen, H.O., Loubser, O., Ouelette,
B.F., Fichter, K., Ashbourne-Excoffon, K.J., Sensen, C.W., Scherer, S.,
Mott, S., Denis, M., Martindale, D., Frohlich, J., Morgan, K., Koop, B.,
Pimstone, S., Kastelein, J.J., Genest, J., Jr., Hayden, M.R., 1999. Mutations
in ABC1 in Tangier disease and familial high-density lipoprotein deficiency.
Nature genetics 22, 336-345.

Brown, M.S., Goldstein, J.L., 1997. The SREBP pathway: regulation of cholesterol
metabolism by proteolysis of a membrane-bound transcription factor. Cell
89, 331-340.

Brown, M.S., Goldstein, J.L., 1999. A proteolytic pathway that controls the
cholesterol content of membranes, cells, and blood. Proceedings. of the
National Academy of Sciences of the United States of America 96, 11041-
11048.

Brunham, L.R., Kruit, J K., Igbal, J., Fievet, C., Timmins, J.M., Pape, T.D., Coburn,
B.A., Bissada, N., Staels, B., Groen, A K., Hussain, M.M., Parks, J.S.,
Kuipers, F., Hayden, M.R., 2006. Intestinal ABCA1 directly contributes to
HDL biogenesis in vivo. The Journal of clinical investigation 116, 1052-
1062.

Buhman, K.F., Accad, M., Farese, R.V., 2000. Mammalian acyl-CoA:cholesterol
acyltransferases. Biochimica et biophysica acta 1529, 142-154.

Calvo, D., Dopazo, J., Vega, M.A,, 1995. The CD36, CLA-1 (CD36L1), and
LIMPII (CD36L2) gene family: cellular distribution, chromosomal location,
and genetic evolution. Genomics 25, 100-106.

Cao, G., Liang, Y., Broderick, C.L., Oldham, B.A., Beyer, T.P., Schmidt, R.J.,
Zhang, Y., Stayrook, K.R., Suen, C., Otto, K.A., Miller, A.R,, Dai, J.,
Foxworthy, P., Gao, H., Ryan, T.P., Jiang, X.C., Burns, T.P., Eacho, P.I.,
Etgen, G.J., 2003. Antidiabetic action of a liver x receptor agonist mediated
by inhibition of hepatic gluconeogenesis. The Journal of biological
chemistry 278, 1131-1136.

Carstea, E.D., Morrts, J.A., Coleman, K.G., Loftus, S.K., Zhang, D., Cummings, C.,
Gu, J., Rosenfeld, M.A., Pavan, W.J., Krizman, D.B., Nagle, J.,
Polymeropoulos, M.H., Sturley, S.L., [oannou, Y.A., Higgins, M.E., Comly,
M., Cooney, A., Brown, A., Kaneski, C.R., Blanchette-Mackie, E.J., Dwyer,
N.K., Neufeld, E.B., Chang, T.Y., Liscum, L., Strauss, J.F., 3rd, Ohno, K.,



88

Zeigler, M., Carmi, R., Sokol, J., Markie, D., O'Neill, R.R., van Diggelen,
O.P.,, Elleder, M., Patterson, M.C., Brady, R.O., Vanier, M.T., Pentchev,
P.G., Tagle, D.A., 1997. Niemann-Pick C1 disease gene: homology to
mediators of cholesterol homeostasis. Science (New York, N.Y 277, 228-
231.

Chambon, P., 1996. A decade of molecular biology of retinoic acid receptors. Faseb
J 10, 940-954.

Chang, C.C., Sakashita, N., Omvold, K., Lee, O., Chang, E.T., Dong, R., Lin, S.,
Lee, C.Y., Strom, S.C., Kashyap, R., Fung, J.J., Farese, R.V., Jr., Patoiseau,
JLF., Delhon, A., Chang, T.Y., 2000. Immunological quantitation and
localization of ACAT-1 and ACAT-2 in human liver and small intestine.
The Journal of biological chemistry 275, 28083-28092.

Chang, T.Y., Chang, C.C., Cheng, D. 1997. Acyl-coenzyme A:cholesterol
acyltransferase. Annual review of biochemistry 66, 613-638.

Chang, T.Y., Chang, C.C., Lin, S., Yu, C,, Li, B.L., Miyazaki, A., 2001. Roles of
acyl-coenzyme A:cholesterol acyltransferase-1 and -2. Current opinion in
lipidology 12, 289-296.

Chang, T.Y., Chang, C.C., Ohgami, N., Yamauchi, Y., 2006. Cholesterol sensing,
trafficking, and esterification. Annual review of cell and developmental
biology 22, 129-157.

Charlton-Menys, V., Durrington, P,N., 2008. Human cholesterol metabolism and
therapeutic molecules. Experimental physiology 93, 27-42.

Chawla, A., Repa, J.J., Evans, R.M., Mangelsdorf, D.J., 2001. Nuclear receptors and
lipid physiology: opening the X-files. Science (New York, N.Y 294, 1866-
1870.

Chinetti, G., Gbaguidi, F.G., Griglio, S., Mallat, Z., Antonucci, M., Poulain, P,
Chapman, J., Fruchart, J.C., Tedgui, A., Najib-Fruchart, J., Staels, B., 2000.
CLA-1/SR-BI is expressed in atherosclerotic lesion macrophages and

regulated by activators of peroxisome proliferator-activated receptors.
Circulation 101, 2411-2417.

Cohen, J.C., Pertsemlidis, A., Fahmi, S., Esmail, S., Vega, G.L., Grundy, SM.,
Hobbs, H.H., 2006. Multiple rare variants in NPCIL1 associated with
reduced sterol absorption and plasma low-density lipoprotein levels.
Proceedings of the National Academy of Sciences of the United States of
America 103, 1810-1815.



89

Corton, J.C., Anderson, S.P., Stauber, A., 2000. Central role of peroxisome
proliferator-activated receptors in the actions of peroxisome proliferators.
Annual review of pharmacology and toxicology 40, 491-518.

Cruz, M.L., Goran, M.I.,, 2004. The metabolic syndrome in children and
adolescents. Current diabetes reports 4, 53-62.

Cummins, C.L., Mangelsdorf, D.J.,, 2006. Liver X receptors and cholesterol
homoeostasis: spotlight on the adrenal gland. Biochemical Society
transactions 34, 1110-1113.

D'Souza, V.M., Buckley, D.J., Buckley, A.R., Pauletti, G.M., 2003a. Extracellular
glucose concentration alters functional activity of the intestinal .oligopeptide
transporter (PepT-1) in Caco-2 cells. Journal of pharmaceutical sciences 92,
594-603.

D'Souza, V.M., Shertzer, H.G., Menon, A.G., Pauletti, G.M., 2003b. High glucose
concentration in isotonic media alters caco-2 cell permeability. AAPS
pharmSci 5, E24.

Davies, J.P., loannou, Y.A., 2006. The role of the Niemann-Pick Cl-like 1 protein
in the subcellular transport of multiple lipids and their homeostasis. Current
opinion in lipidology 17, 221-226.

Davis, H.R., Jr., Zhu, L.J., Hoos, L. M., Tetzloff, G., Maguire, M., Liu, J., Yao, X,
Iyer, S.P., Lam, M.H., Lund, E.G., Detmers, P.A., Graziano, M.P., Altmann,
S.W., 2004. Niemann-Pick C1 Like 1 (NPC1L1) is the intestinal phytosterol
and cholesterol transporter and a key modulator of whole-body cholesterol
homeostasis. The Journal of biological chemistry 279, 33586-33592.

Davis, H.R., Jr., Hoos, L.M., Tetzloff, G., Maguire, M., Zhu, L.J., Graziano, M.P.,
Altmann, S.W., 2007. Deficiency of Niemann-Pick C1 Like 1 prevents

atherosclerosis in ApoE-/- mice. Arteriosclerosis, thrombosis, and vascular
biology 27, 841-849.

De Vos, A., Heimberg, H., Quartier, E., Huypens, P., Bouwens, L., Pipeleers, D.,
Schuit, F., 1995. Human and rat beta cells differ in glucose transporter but
not in glucokinase gene expression. The Journal of clinical investigation 96,
2489-2495.

Dean, M., Hamon, Y., Chimini, G., 2001. The human ATP-binding cassette (ABC)
transporter superfamily. Journal of lipid research 42, 1007-1017.

Desvergne, B., Michalik, L., Wahli, W, 2006. Transcriptional regulation of
metabolism. Physiological reviews 86, 465-514.



90

Dietschy, J.M., Siperstein, M.D., 1967. Effect of cholesterol feeding and fasting on

sterol synthesis in seventeen tissues of the rat. Journal of lipid research 8,
97-104.

Dietschy, J.M., Gamel, W.G., 1971. Cholesterol synthesis in the intestine of man:
regional differences and control mechanisms. The Journal of clinical
investigation 50, 872-880.

Doherty, M.M., Charman, W.N., 2002. The mucosa of the small intestine: how
clinically relevant as an organ of drug metabolism? Clinical
pharmacokinetics 41, 235-253.

Drobnik, W., Lindenthal, B., Lieser, B., Ritter, M., Christiansen Weber, T.,
Liebisch, G., Giesa, U., Igel, M., Borsukova, H., Buchler, C., Fung-Leung,
W.P., Von Bergmann, K., Schmitz, G., 2001. ATP-binding cassette
transporter Al (ABCAIl) affects total body sterol metabolism.
Gastroenterology 120, 1203-1211.

Edwards, P.A., Tabor, D., Kast, H.R., Venkateswaran, A., 2000. Regulation of gene
expression by SREBP and SCAP. Biochimica et biophysica acta 1529, 103-
113.

Ernst, N.D., Obarzanek, E., 1994. Child health and nutrition: obesity and high blood
cholesterol. Preventive medicine 23, 427-436.

Farese, R.V., Jr., 1998. Acyl CoA:cholesterol acyltransferase genes and knockout
mice. Current opinion in lipidology 9, 119-123.

Farol, L.T., Hymes, K.B., 2004. Bexarotene: a clinical review. Expert review of
anticancer therapy 4, 180-188.

Fernandez-Ruiz, E., Armesilla, A.L., Sanchez-Madrid, F., Vega, M.A., 1993. Gene
encoding the collagen type 1 and thrombospondin receptor CD36 is located
on chromosome 7q11.2. Genomics 17, 759-761.

Ferrannini, E., 1998. Insulin resistance versus insulin deficiency in non-insulin-
dependent diabetes mellitus: problems and prospects. Endocrine reviews 19,
477-490.

Field, F.J., Mathur, S.N., 1983. beta-sitosterol: esterification by intestinal
acylcoenzyme A: cholesterol acyltransferase (ACAT) and its effect on
cholesterol esterification. Journal of lipid research 24, 409-417.

Field, F.J., Born, E., Murthy, S., Mathur, S.N., 200la. Regulation of sterol
regulatory element-binding proteins in hamster intestine by changes in
cholesterol flux. The Journal of biological chemistry 276, 17576-17583.



91

Field, F.J., Born, E., Murthy, S., Mathur, S.N., 2001b. Gene expression of sterol
regulatory element-binding proteins in hamster small intestine. Journal of
lipid research 42, 1-8.

Field, F.J., Born, E., Mathur, S.N., 2004. LXR/RXR ligand activation enhances
basolateral efflux of beta-sitosterol in CaCo-2 cells. Journal of lipid research
45,905-913.

Field, F.J., Watt, K., Mathur, S.N., 2007. Ezetimibe interferes with cholesterol
trafficking from the plasma membrane to the endoplasmic reticulum in
CaCo-2 cells. Journal of lipid research 48, 1735-1745.

Forman, B.M., Ruan, B., Chen, J., Schroepfer, G.J., Jr., Evans, R.M., 1997. The
orphan nuclear receptor LXRalpha is positively and negatively regulated by
distinct products of mevalonate metabolism. Proceedings of the National
Academy of Sciences of the United States of America 94, 10588-10593.

Foufelle, F., Girard, J., Ferre, P., 1998. Glucose regulation of gene expression.
Current opinion in clinical nutrition and metabolic care 1, 323-328.

Francis, G.A., Fayard, E., Picard, F., Auwerx, J., 2003. Nuclear receptors and the
control of metabolism. Annual review of physiology 65, 261-311.

Garcia-Calvo, M., Lisnock, J., Bull, H.G., Hawes, B.E., Bumnett, D.A., Braun, M.P.,
Crona, J.H., Davis, H.R., Jr., Dean, D.C., Detmers, P.A., Graziano, M.P.,
Hughes, M., Macintyre, D.E., Ogawa, A., O'Neill K, A., Iyer, S.P., Shevell,
D.E,, Smith, M.M., Tang, Y.S.,, Makarewicz, A.M., Ujjainwalla, F.,
Altmann, S.W., Chapman, K.T., Thornberry, N.A., 2005. The target of
ezetimbe is Niemann-Pick Cl-Like 1 (NPCIL1). Proceedings of the
National Academy of Sciences of the United States of America 102, 8132-
8137.

Garcia, M.J., McNamara, P.M., Gordon, T., Kannel, W.B., 1974. Morbidity and
mortality in diabetics in the Framingham population. Sixteen year follow-up
study. Diabetes 23, 105-111.

Gearing, K.L., Gottlicher, M., Teboul, M., Widmark, E., Gustafsson, J.A., 1993.
Interaction of the peroxisome-proliferator-activated receptor and retinoid X
receptor. Proceedings of the National Academy of Sciences of the United
States of America 90, 1440-1444.

Germain, P., Staels, B., Dacquet, C., Spedding, M., Laudet, V., 2006. Overview of
nomenclature of nuclear receptors. Pharmacological reviews 58, 685-704.

Gidding, S.S., 1999. Preventive pediatric cardiology. Tobacco, cholesterol, obesity,
and physical activity. Pediatric clinics of North America 46, 253-262.



92

Goldstein, J.L., Brown, M.S., 1990. Regulation of the mevalonate pathway. Nature
343, 425-430.

Goodwin, B.J., Zuercher, W.J., Collins, J.L., 2008. Recent advances in liver X
receptor biology and chemistry. Current topics in medicinal chemistry 8,
781-791.

Graf, G.A., Li, W.P., Gerard, R.D., Gelissen, 1., White, A., Cohen, J.C., Hobbs,
H.H., 2002. Coexpression of ATP-binding cassette proteins ABCGS and
ABCGS permits their transport to the apical surface. The Journal of clinical
investigation 110, 659-669.

Grefhorst, A., Elzinga, B.M., Voshol, P.J., Plosch, T., Kok, T., Bloks, V.W., van der
Sluijs, F.H., Havekes, L.M., Romijn, J.A., Verkade, H.J., Kuipers, F., 2002.
Stimulation of lipogenesis by pharmacological activation of the liver X
receptor leads to production of large, triglyceride-rich very low density
lipoprotein particles. The Journal of biological chemistry 277, 34182-34190.

Groen, A.K., Bloks, V.W., Bandsma, R.H., Ottenhoff, R., Chimini, G., Kuipers, F.,
2001. Hepatobiliary cholesterol transport is not impaired in Abcal-null mice
lacking HDL. The Journal of clinical investigation 108, 843-850.

Gu, K., Cowie, C.C., Harris, M.I.,, 1998. Mortality in adults with and without
diabetes in a national cohort of the U.S. population, 1971-1993. Diabetes
care 21, 1138-1145.

Gu, X., Kozarsky, K., Krieger, M., 2000. Scavenger receptor class B, type I-
mediated [3H]cholesterol efflux to high and low density lipoproteins is
dependent on lipoprotein binding to the receptor. The Journal of biological
chemistry 275, 29993-30001.

Gylling, H., Tuominen, J.A., Koivisto, V.A., Miettinen, T.A., 2004. Cholesterol
metabolism in type 1 diabetes. Diabetes 53, 2217-2222.

Harbis, A., Defoort, C., Narbonne, H., Juhel, C., Senft, M., Latge, C., Delenne, B.,
Portugal, H., Atlan-Gepner, C., Vialettes, B., Lairon, D., 2001. Acute
hyperinsulinism modulates plasma apolipoprotein B-48 triglyceride-rich
lipoproteins in healthy subjects during the postprandial period. Diabetes 50,
462-469.

Hauser, H., Dyer, J.H., Nandy, A., Vega, M.A., Werder, M., Bieliauskaite, E.,
Weber, F.E., Compassi, S., Gemperli, A. Boffelli D., Wehrli, E.,
Schulthess, G., Phillips, M.C., 1998. Identification of a receptor mediating
absorption of dietary cholesterol in the intestine. Biochemistry 37, 17843-
17850.



93

Hegele, R.A., Guy, J., Ban, M.R., Wang, J., 2005. NPCIL1 haplotype is associated
with inter-individual variation in plasma low-density lipoprotein response to
ezetimibe. Lipids in health and disease 4, 16.

Hellerstein, M.K., Schwarz, J.M., Neese, R.A., 1996. Regulation of hepatic de novo
lipogenesis in humans. Annual review of nutrition 16, 523-557.

Hellerstein, M.K., Neese, R.A., Linfoot, P., Christiansen, M., Turner, S., Letscher,
A., 1997. Hepatic gluconeogenic fluxes and glycogen turnover during
fasting in humans. A stable isotope study. The Journal of clinical
investigation 100, 1305-1319.

Hernandez, M., Montenegro, J., Steiner, M., Kim, D., Sparrow, C., Detmers, P.A.,
Wright, S.D., Chao, Y.S., 2000. Intestinal absorption of cholesterol is
mediated by a saturable, inhibitable transporter. Biochimica et biophysica
acta 1486, 232-242.

Heyman, R.A., Mangelsdorf, D.J., Dyck, J.A., Stein, R.B., Eichele, G., Evans, R M.,
Thaller, C., 1992. 9-cis retinoic acid is a high affinity ligand for the retinoid
X receptor. Cell 68, 397-406.

Horton, J.D., Shimomura, 1., 1999. Sterol regulatory element-binding proteins:
activators of cholesterol and fatty acid biosynthesis. Current opinion in
lipidology 10, 143-150.

Horton, J.D., Goldstein, J.L., Brown, M.S., 2002. SREBPs: activators of the
complete program of cholesterol and fatty acid synthesis in the liver. The
Journal of clinical investigation 109, 1125-1131.

Howard, B.V., Reitman, J.S., Vasquez, B., Zech, L., 1983. Very-low-density
lipoprotein triglyceride metabolism in non-insulin-dependent diabetes

mellitus. Relationship to plasma insulin and free fatty acids. Diabetes 32,
271-276.

Hua, X., Sakai, J., Ho, Y.K., Goldstein, J.L., Brown, M.S., 1995. Hairpin orientation
of sterol regulatory element-binding protein-2 in cell membranes as

determined by protease protection. The Journal of biological chemistry 270,
29422-29427.

Husemann, J., Obstfeld, A., Febbraio, M., Kodama, T., Silverstein, S.C., 2001.
CD11b/CD18 mediates production of reactive oxygen species by mouse and
human macrophages adherent to matrixes containing oxidized LDL.
Arteriosclerosis, thrombosis, and vascular biology 21, 1301-1305.



94

Igel, M., Giesa, U., Lutjohann, D., von Bergmann, K., 2003. Comparison of the
intestinal uptake of cholesterol, plant sterols, and stanols in mice. Journal of
lipid research 44, 533-538.

Issemann, I., Prince, R.A., Tugwood, J.D., Green, S., 1993. The peroxisome
proliferator-activated receptor:retinoid X receptor heterodimer is activated
by fatty acids and fibrate hypolipidaemic drugs. Journal of molecular
endocrinology 11, 37-47.

Janowski, B.A., Willy, P.J., Devi, T.R., Falck, J.R., Mangelsdorf, D.J., 1996. An
oxysterol signalling pathway mediated by the nuclear receptor LXR alpha.
Nature 383, 728-731.

Janowski, B.A., Grogan, M.J., Jones, S.A., Wisely, G.B., Kliewer, S.A., Corey, E.J.,
Mangelsdorf, D.J., 1999. Structural requirements of ligands for the oxysterol
liver X receptors LXRalpha and LXRbeta. Proceedings of the National
Academy of Sciences of the United States of America 96, 266-271.

Jenssen, T., Nurjhan, N., Consoli, A., Gerich, J.E., 1990. Failure of substrate-
induced gluconeogenesis to increase overall glucose appearance in normal
humans. Demonstration of hepatic autoregulation without a change in

plasma glucose concentration. The Journal of clinical investigation 86, 489-
497.

Ji, Y., Jian, B., Wang, N., Sun, Y., Moya, M.L., Phillips, M.C., Rothblat, G.H.,
Swaney, J.B., Tall, A.R., 1997. Scavenger receptor BI promotes high density
lipoprotein-mediated cellular cholesterol efflux. The Journal of biological
chemistry 272, 20982-20985.

Joyce, C., Skinner, K., Anderson, R.A., Rudel, L.L., 1999. Acyl-coenzyme
A:cholesteryl acyltransferase 2. Current opinion in lipidology 10, 89-95.

Kaminsky, L.S., Zhang, Q.Y., 2003. The small intestine as a xenobiotic-
metabolizing organ. Drug metabolism and disposition: the biological fate of
chemicals 31, 1520-1525.

Kawaguchi, T., Takenoshita, M., Kabashima, T., Uyeda, K., 2001. Glucose and
cAMP  regulate the L-type  pyruvate kinase gene by
phosphorylation/dephosphorylation of the carbohydrate response element
binding protein. Proceedings of the National Academy of Sciences of the
United States of America 98, 13710-13715.

Kersten, S., Seydoux, J., Peters, J.M., Gonzalez, F.J., Desvergne, B., Wahli, W.,
1999. Peroxisome proliferator-activated receptor alpha mediates the adaptive
response to fasting. The Journal of clinical investigation 103, 1489-1498.



95

Kissebah, A.H., Alfarsi, S., Evans, D.J., Adams, P.W., 1982. Integrated regulation
of very low density lipoprotein triglyceride and apolipoprotein-B kinetics in
non-insulin-dependent diabetes mellitus. Diabetes 31, 217-225.

Klett, E.L., Lu, K., Kosters, A., Vink, E., Lee, M.H., Altenburg, M., Shefer, S.,
Batta, A.K., Yu, H., Chen, J., Klein, R., Looije, N., Oude-Elferink, R.,
Groen, A K., Maeda, N., Salen, G., Patel, S.B., 2004. A mouse model of
sitosterolemia: absence of Abcg8/sterolin-2 results in failure to secrete
biliary cholesterol. BMC medicine 2, 5.

Klopotek, A., Hirche, F., Eder, K., 2006. PPAR gamma ligand troglitazone lowers
cholesterol synthesis in HepG2 and Caco-2 cells via a reduced concentration
of nuclear SREBP-2. Experimental biology and medicine (Maywood, N.J
231, 1365-1372.

Komissarchik, I., Snigirevskaia, E.S., Brudnaia, M.S., Gromova, L.V., Gruzdkov,
A.A., Ugolev, A M., 1993. [An analysis of the structural characteristics of
the tight junction of the enterocytes of the rat small intestine during nutrient
absorption (immunoelectron microscopic research)]. Fiziologicheskii
zhurnal imeni I.M 79, 57-64.

Koo, S.H., Dutcher, A.K., Towle, H.C., 2001. Glucose and insulin function through
two distinct transcription factors to stimulate expression of lipogenic enzyme
genes in liver. The Journal of biological chemistry 276, 9437-9445.

Kopprasch, S., Pietzsch, J., Westendorf, T., Kruse, H.J., Grassler, J., 2004. The
pivotal role of scavenger receptor CD36 and phagocyte-derived oxidants in
oxidized low density lipoprotein-induced adhesion to endothelial cells. The
international journal of biochemistry & cell biology 36, 460-471.

Krieger, M., 2001. Scavenger receptor class B type I is a multiligand HDL receptor
that influences diverse physiologic systems. The Journal of clinical
investigation 108, 793-797.

Kruit, J.K., Groen, A K., van Berkel, T.J., Kuipers, F., 2006. Emerging roles of the
intestine in control of cholesterol metabolism. World ] Gastroenterol 12,
6429-6439.

Kruth, H.S., 2001. Lipoprotein cholesterol and atherosclerosis. Current molecular
medicine 1, 633-653.

Laffitte, B.A., Chao, L.C., Li, J., Walczak, R., Hummasti, S., Joseph, S.B., Castrillo,
A., Wilpitz, D.C., Mangelsdorf, D.J., Collins, J.L., Saez, E., Tontonoz, P.,
2003. Activation of liver X receptor improves glucose tolerance through
coordinate regulation of glucose metabolism in liver and adipose tissue.



96

Proceedings of the National Academy of Sciences of the United States of
America 100, 5419-5424.

Lally, S., Tan, C.Y., Owens, D., Tomkin, G.H., 2006. Messenger RNA levels of
genes involved in dysregulation of postprandial lipoproteins in type 2
diabetes: the role of Niemann-Pick Cl-like 1, ATP-binding cassette,
transporters G5 and G8, and of microsomal triglyceride transfer protein.
Diabetologia 49, 1008-1016.

Lally, S., Owens, D., Tomkin, G.H., 2007. Genes that affect cholesterol synthesis,
cholesterol absorption, and chylomicron assembly: the relationship between
the liver and intestine in control and streptozotosin diabetic rats.
Metabolism: clinical and experimental 56, 430-438.

Lee, C.H., Olson, P., Hevener, A., Mehl, 1., Chong, L.W., Olefsky, J.M., Gonzalez,
F.J., Ham, J.,, Kang, H., Peters, J. M., Evans, R.M., 2006. PPARdelta
regulates glucose metabolism and insulin sensitivity. Proceedings of the
National Academy of Sciences of the United States of America 103, 3444-
3449.

Lee, M.H., Lu, K., Hazard, S., Yu, H., Shulenin, S., Hidaka, H., Kojima, H.,
Allikmets, R., Sakuma, N., Pegoraro, R., Srivastava, A.K., Salen, G., Dean,
M., Patel, S.B., 2001. Identification of a gene, ABCGS, important in the
regulation of dietary cholesterol absorption. Nature genetics 27, 79-83.

Lee, R.G., Willingham, M.C., Davis, M.A., Skinner, K.A., Rudel, L.L., 2000.
Differential expression of ACAT1 and ACAT2 among cells within liver,
intestine, kidney, and adrenal of nonhuman primates. Journal of lipid
research 41, 1991-2001.

Lehmann, J. M., Kliewer, S.A., Moore, L.B., Smith-Oliver, T.A., Oliver, B.B., Su,
J.L., Sundseth, S.S., Winegar, D.A., Blanchard, D.E., Spencer, T.A.,
Willson, T.M., 1997. Activation of the nuclear receptor LXR by oxysterols
defines a new hormone response pathway. The Journal of biological
chemistry 272, 3137-3140. '

Levy, E., Menard, D., Suc, I, Delvin, E., Marcil, V., Brissette, L., Thibault, L.,
Bendayan, M., 2004. Ontogeny, immunolocalisation, distribution and
function of SR-BI in the human intestine. Journal of cell science 117, 327-
337.

Levy, E., Spahis, S., Sinnett, D., Peretti, N., Maupas-Schwalm, F., Delvin, E.,
Lambert, M., Lavoie, M.A., 2007. Intestinal cholesterol transport proteins:
an update and beyond. Current opinion in lipidology 18, 310-318.



97

Lewis, G.F., Uffelman, K.D., Szeto, L.W., Steiner, G., 1993. Effects of acute
hyperinsulinemia on VLDL triglyceride and VLDL apoB production in
normal weight and obese individuals. Diabetes 42, 833-842,

Lewis, G.F., Uffelman, K.D., Szeto, L.W., Weller, B., Steiner, G., 1995. Interaction
between free fatty acids and insulin in the acute control of very low density
lipoprotein production in humans. The Journal of clinical investigation 95,
158-166.

Lewis, G.F., 1997. Fatty acid regulation of very low density lipoprotein production.
Current opinion in lipidology 8, 146-153.

Lewis, G.F., Carpentier, A., Adeli, K., Giacca, A., 2002. Disordered fat storage and
mobilization in the pathogenesis of insulin resistance and type 2 diabetes.
Endocrine reviews 23, 201-229.

Lillioja, S., Mott, D.M., Howard, B.V., Bennett, P.H., Yki-Jarvinen, H., Freymond,
D., Nyomba, B.L., Zurlo, F., Swinburn, B., Bogardus, C., 1988. Impaired
glucose tolerance as a disorder of insulin action. Longitudinal and cross-

sectional studies in Pima Indians. The New England journal of medicine
318, 1217-1225.

Lim, H., Gupta, R.A., Ma, W.G,, Pana, B.C., Moller, D.E., Morrow, J.D., DuBois,
R.N., Trzaskos, JM., Dey, S.K. 1999. Cyclo-oxygenase-2-derived
prostacyclin mediates embryo implantation in the mouse via PPARdelta.
Genes & development 13, 1561-1574.

Liscum, L., Cummings, R.D., Anderson, R.G., DeMartino, G.N., Goldstein, J.L.,
Brown, M.S., 1983. 3-Hydroxy-3-methylglutaryl-CoA reductase: a
transmembrane glycoprotein of the endoplasmic reticulum with N-linked
"high-mannose" oligosaccharides. Proceedings of the National Academy of
Sciences of the United States of America 80, 7165-7169.

Liu, J., Chang, C.C., Westover, E.J., Covey, D.F., Chang, T.Y., 2005. Investigating
' the allosterism of acyl-CoA:cholesterol acyltransferase (ACAT) by using

various sterols: in vitro and intact cell studies. The Biochemical journal 391,
389-397.

Liu, S., Manson, J.E., Stampfer, M.J., Holmes, M.D., Hu, F.B., Hankinson, S.E.,
Willett, W.C., 2001. Dietary glycemic load assessed by food-frequency
questionnaire in relation to plasma high-density-lipoprotein cholesterol and
fasting plasma triacylglycerols in postmenopausal women. The American
journal of clinical nutrition 73, 560-566.

Lofgren, 1., Zern, T., Herron, K., West, K., Sharman, M.J., Volek, J.S., Shachter,
N.S., Koo, S.1., Fernandez, M.L., 2005. Weight loss associated with reduced



98

intake of carbohydrate reduces the atherogenicity of LDL in premenopausal
women. Metabolism: clinical and experimental 54, 1133-1141.

Lu, K., Lee, M.H., Hazard, S., Brooks-Wilson, A., Hidaka, H., Kojima, H., Ose, L.,
Stalenhoef, A.F., Mietinnen, T., Bjorkhem, [., Bruckert, E., Pandya, A,
Brewer, H.B., Jr., Salen, G., Dean, M., Srivastava, A., Patel, S.B., 2001a.
Two genes that map to the STSL locus cause sitosterolemia: genomic
structure and spectrum of mutations involving sterolin-1 and sterolin-2,
encoded by ABCGS and ABCGS, respectively. American journal of human
genetics 69, 278-290.

Lu, K., Lee, M.H., Patel, S.B., 2001b. Dietary cholesterol absorption; more than just
bile. Trends in endocrinology and metabolism: TEM 12, 314-320.

Luciani, M.F., Denizot, F., Savary, S., Mattei, M.G., Chimini, G., 1994. Cloning of
two novel ABC transporters mapping on human chromosome 9. Genomics
21, 150-159.

Mardones, P., Quinones, V., Amigo, L., Moreno, M., Miquel, J.F., Schwarz, M.,
Miettinen, H.E., Trigatti, B., Krieger, M., VanPatten, S., Cohen, D.E.,
Rigotti, A., 2001. Hepatic cholesterol and bile acid metabolism and intestinal
cholesterol absorption in scavenger receptor class B type I-deficient mice.
Journal of lipid research 42, 170-180.

Massillon, D., 2001. Regulation of the glucose-6-phosphatase gene by glucose
occurs by transcriptional and post-transcriptional mechanisms. Differential
effect of glucose and xylitol. The Journal of biological chemistry 276, 4055-
4062.

Maxfield, F.R., Tabas, 1., 2005. Role of cholesterol and lipid organization in
disease. Nature 438, 612-621.

McGarry, J.D., 2002. Banting lecture 2001: dysregulation of fatty acid metabolism
in the etiology of type 2 diabetes. Diabetes 51, 7-18.

McNeish, J., Aiello, R.J., Guyot, D., Turi, T., Gabel, C., Aldinger, C., Hoppe, K.L.,
Roach, M.L., Royer, L.J., de Wet, J., Broccardo, C., Chimini, G., Francone,
0O.L., 2000. High density lipoprotein deficiency and foam cell accumulation
in mice with targeted disruption of ATP-binding cassette transporter-1.
Proceedings of the National Academy of Sciences of the United States of
America 97, 4245-4250.

Michalik, L., Wahli, W., 1999. Peroxisome proliferator-activated receptors: three
isotypes for a multitude of functions. Current opinion in biotechnology 10,
564-570.



99

Michalik, L., Desvergne, B., Wahli, W., 2003. Peroxisome proliferator-activated
receptors beta/delta: emerging roles for a previously neglected third family
member. Current opinion in lipidology 14, 129-135.

Mitro, N., Mak, P.A., Vargas, L., Godio, C., Hampton, E., Molteni, V., Kreusch, A.,
Saez, E., 2007. The nuclear receptor LXR is a glucose sensor. Nature 445,
219-223.

Moon, K.Y, Kong, D., Lee, J.K., Raychaudhuri, S., Hurwitz, J., 1999. Identification
and reconstitution of the origin recognition complex from
Schizosaccharomyces pombe. Proceedings of the National Academy of
Sciences of the United States of America 96, 12367-12372.

Murao, K., Yu, X., Imachi, H., Cao, W.M., Chen, K., Matsumoto, K., Nishiuchi, T.,
Wong, N.C,, Ishida, T., 2008. Hyperglycemia suppresses hepatic scavenger
receptor class B type I expression. Am J Physiol Endocrinol Metab 294,
E78-87.

Nakanishi, M., Goldstein, J.L., Brown, M.S., 1988. Multivalent control of 3-
hydroxy-3-methylglutaryl coenzyme A reductase. Mevalonate-derived
product inhibits translation of mRNA and accelerates degradation of
enzyme. The Journal of biological chemistry 263, 8929-8937.

Nakata, A., Nakagawa, Y., Nishida, M., Nozaki, S., Miyagawa, J., Nakagawa, T.,
Tamura, R., Matsumoto, K., Kameda-Takemura, K., Yamashita, S.,
Matsuzawa, Y., 1999. CD36, a novel receptor for oxidized low-density
lipoproteins, is highly expressed on lipid-laden macrophages in human
atherosclerotic aorta. Arteriosclerosis, thrombosis, and vascular biology 19,
1333-1339.

Napoli, C., D'Armiento, F.P., Mancini, F.P., Postiglione, A., Witztum, J.L.,
Palumbo, G., Palinski, W., 1997. Fatty streak formation occurs in human
fetal aortas and is greatly enhanced by maternal hypercholesterolemia.
Intimal accumulation of low density lipoprotein and its oxidation precede
monocyte recruitment into early atherosclerotic lesions. The Journal of
clinical investigation 100, 2680-2690.

Nassir, F., Wilson, B., Han, X., Gross, R.W., Abumrad, N.A., 2007. CD36 is
important for fatty acid and cholesterol uptake by the proximal but not distal
intestine. The Journal of biological chemistry 282, 19493-19501.

Nauli, A.M., Nassir, F., Zheng, S., Yang, Q., Lo, C.M., Vonlehmden, S.B., Lee, D.,
Jandacek, R.J., Abumrad, N.A., Tso, P.,, 2006. CD36 is important for
chylomicron formation and secretion and may mediate cholesterol uptake in
the proximal intestine. Gastroenterology 131, 1197-1207.



100

Neese, R.A., Schwarz, J.M., Faix, D., Turner, S., Letscher, A., Vu, D., Hellerstein,
M.K., 1995. Gluconeogenesis and intrahepatic triose phosphate flux in
response to fasting or substrate loads. Application of the mass isotopomer
distribution analysis technique with testing of assumptions and potential
problems. The Journal of biological chemistry 270, 14452-14466.

Nicholson, A.C., Hajjar, D.P., 2004. CD36, oxidized LDL and PPAR gamma:
pathological interactions in macrophages and atherosclerosis. Vascular
pharmacology 41, 139-146.

Nozaki, S., 1999. [CD36 as an oxidized LDL receptor]. Tanpakushitsu kakusan
koso 44, 1306-1311.

O'Callaghan, B.L., Koo, S.H., Wu, Y., Freake, H.C., Towle, H.C., 2001. Glucose
regulation of the acetyl-CoA carboxylase promoter PI in rat hepatocytes.
The Journal of biological chemistry 276, 16033-16039.

Ohgami, N., Nagai, R., Ikemoto, M., Arai, H., Kuniyasu, A., Horiuchi, S.,
Nakayama, H., 2001. CD36, a member of class B scavenger receptor family,
is a receptor for advanced glycation end products. Annals of the New York
Academy of Sciences 947, 350-355.

Ohvo-Rekila, H., Ramstedt, B., Leppimaki, P., Slotte, J.P., 2002. Cholesterol
interactions with phospholipids in membranes. Progress in lipid research 41,
66-97.

Palmer, C.N., Hsu, M.H., Griffin, H.J., Johnson, E.F., 1995. Novel sequence
determinants in peroxisome proliferator signaling. The Journal of biological
.chemistry 270, 16114-16121.

Peet, D.J., Janowski, B.A., Mangelsdorf, D.J., 1998. The LXRs: a new class of
oxysterol receptors. Current opinion in genetics & development 8, 571-575.

Plosch, T., Bloks, V.W., Terasawa, Y., Berdy, S., Siegler, K., Van Der Sluijs, F.,
Kema, LP., Groen, AK. Shan, B., Kuipers, F., Schwarz, M., 2004.
Sitosterolemia in ABC-transporter G5-deficient mice is aggravated on
activation of the liver-X receptor. Gastroenterology 126, 290-300.

Randle, P.J., Garland, P.B., Hales, C.N., Newsholme, E.A., 1963. The glucose fatty-
acid cycle. Its role in insulin sensitivity and the metabolic disturbances of
diabetes mellitus. Lancet 1, 785-789.

Reaven, G.M., Chen, Y.D., Jeppesen, J., Maheux, P., Krauss, R.M., 1993. Insulin
resistance and hyperinsulinemia in individuals with small, dense low density
lipoprotein particles. The Journal of clinical investigation 92, 141-146.



101

Rosen, E.D., Spiegelman, B.M., 2000. Molecular regulation of adipogenesis.
Annual review of cell and developmental biology 16, 145-171.

Rosen, E.D., Spiegelman, B.M., 2001. PPARgamma : a nuclear regulator of
metabolism, differentiation, and cell growth. The Journal of biological
chemistry 276, 37731-37734.

Ross, R., 1995. Cell biology of atherosclerosis. Annual review of physiology 57,
791-804.

Roth, U., Jungermann, K., Kietzmann, T., 2002. Activation of glucokinase gene
expression by hepatic nuclear factor 4alpha in primary hepatocytes. The
Biochemical journal 365, 223-228.

Rothman, D.L., Magnusson, 1., Katz, L.D., Shulman, R.G., Shulman, G.I., 1991.
Quantitation of hepatic glycogenolysis and gluconeogenesis in fasting
humans with 13C NMR. Science (New York, N.Y 254, 573-576.

Rudel, L.L., Lee, R.G., Cockman, T.L., 2001. Acyl coenzyme A: cholesterol
acyltransferase types 1 and 2: structure and function in atherosclerosis.
Current opinion in lipidology 12, 121-127.

Rust, S., Rosier, M., Funke, H., Real, J., Amoura, Z., Piette, J.C., Deleuze, J.F.,
Brewer, H.B., Duverger, N., Denefle, P., Assmann, G., 1999. Tangier
disease is caused by mutations in the gene encoding ATP-binding cassette
transporter 1. Nature genetics 22, 352-355.

Ryeom, S.W., Sparrow, J.R., Silverstein, R.L., 1996. CD36 participates in the
phagocytosis of rod outer segments by retinal pigment epithelium. Journal of
cell science 109 ( Pt 2), 387-395.

Sakakura, Y., Shimano, H., Sone, H., Takahashi, A., Inoue, N., Toyoshima, H.,
Suzuki, S., Yamada, N., 2001. Sterol regulatory element-binding proteins
induce an entire pathway of cholesterol synthesis. Biochemical and
biophysical research communications 286, 176-183.

Sane, A.T., Sinnett, D., Delvin, E., Bendayan, M., Marcil, V., Menard, D., Beaulieu,
' JF., Levy, E., 2006. Localization and role of NPCIL1 in cholesterol
absorption in human intestine. Journal of lipid research 47, 2112-2120.

Schonfeld, G., 1994. The effects of fibrates on lipoprotein and hemostatic coronary
risk factors. Atherosclerosis 111, 161-174.

Scoville, D.H., Sato, T., He, X.C., Li, L., 2008. Current view: intestinal stem cells
and signaling. Gastroenterology 134, 849-864.



102

Sehayek, E., Nath, C., Heinemann, T., McGee, M., Seidman, C.E., Samuel, P.,
Breslow, J.L., 1998. U-shape relationship between change in dietary
cholesterol absorption and plasma lipoprotein responsiveness and evidence
for extreme interindividual variation in dietary cholesterol absorption in
humans. Journal of lipid research 39, 2415-2422.

Shimano, H., Shimomura, I., Hammer, R.E., Herz, J., Goldstein, J.L., Brown, M.S.,
Horton, J.D., 1997. Elevated levels of SREBP-2 and cholesterol synthesis in
livers of mice homozygous for a targeted disruption of the SREBP-1 gene.
The Journal of clinical investigation 100, 2115-2124.

Shimomura, I., Shimano, H., Horton, J.D., Goldstein, J.L., Brown, M.S., 1997.
Differential expression of exons la and 1c in mRNAs for sterol regulatory
element binding protein-1 in human and mouse organs and cultured cells.
The Journal of clinical investigation 99, 838-845.

Shimomura, 1., Bashmakov, Y., Ikemoto, S., Horton, J.D., Brown, M.S., Goldstein,
J.L., 1999. Insulin selectively increases SREBP-1c mRNA in the livers of
rats with streptozotocin-induced diabetes. Proceedings of the National
Academy of Sciences of the United States of America 96, 13656-13661.

Sidossis, L.S., Wolfe, R.R., 1996. Glucose and insulin-induced inhibition of fatty
acid oxidation: the glucose-fatty acid cycle reversed. The American journal
of physiology 270, E733-738.

Sidossis, L.S., Mittendorfer, B., Walser, E., Chinkes, D., Wolfe, R.R., 1998.
Hyperglycemia-induced inhibition of splanchnic fatty acid oxidation
increases hepatic triacylglycerol secretion. The American journal of
physiology 275, E798-805.

Simantov, R., Silverstein, R.L., 2003. CD36: a critical anti-angiogenic receptor.
Front Biosci 8, s874-882.

Simon, J.S., Karnoub, M.C., Devlin, D.J., Arreaza, M.G., Qiu, P., Monks, S.A.,
Severino, M.E., Deutsch, P., Palmisano, J., Sachs, A.B., Bayne, M.L.,
Plump, A.S., Schadt, E.E., 2005. Sequence variation in NPCILI and
association with improved LDL-cholesterol lowering in response to
ezetimibe treatment. Genomics 86, 648-656.

Slyper, A., Jurva, J., Pleuss, J., Hoffmann, R., Gutterman, D., 2005. Influence of
glycemic load on HDL cholesterol in youth. The American journal of
clinical nutrition 81, 376-379.

Spady, D.K., Dietschy, J.M., 1983. Sterol synthesis in vivo in 18 tissues of the
squirrel monkey, guinea pig, rabbit, hamster, and rat. Journal of lipid
research 24, 303-315.



103

Sparks, J.D., Sparks, C.E., 1994a. Obese Zucker (fa/fa) rats are resistant to insulin's
inhibitory effect on hepatic apo B secretion. Biochemical and biophysical
research communications 205, 417-422.

Sparks, J.D., Sparks, C.E., 1994b. Insulin regulation of triacylglycerol-rich
lipoprotein synthesis and secretion. Biochimica et biophysica acta 1215, 9-
32.

Stamler, J., Vaccaro, O., Neaton, J.D., Wentworth, D., 1993. Diabetes, other risk
factors, and 12-yr cardiovascular mortality for men screened in the Multiple
Risk Factor Intervention Trial. Diabetes care 16, 434-444.

Sundqvist, A., Ericsson, J., 2003. Transcription-dependent degradation controls the
stability of the SREBP family of transcription factors. Proceedings of the
National Academy of Sciences of the United States of America 100, 13833-
13838.

Surapureddi, S., Yu, S., Bu, H., Hashimoto, T., Yeldandi, A.V., Kashireddy, P.,
Cherkaoui-Malki, M., Qi, C., Zhu, Y.J., Rao, M.S., Reddy, J.K., 2002.
Identification of a transcriptionally active peroxisome proliferator-activated
receptor alpha -interacting cofactor complex in rat liver and characterization
of PRIC285 as a coactivator. Proceedings of the National Academy of
Sciences of the United States of America 99, 11836-11841.

Taylor, C.B., Patton, D., Yogi, N., Cox, G.E., 1960. Diet as source of serum
cholesterol in man. Proceedings of the Society for Experimental Biology and
Medicine. Society for Experimental Biology and Medicine (New York, N.Y
103, 768-772.

Temel, R.E., Gebre, A K., Parks, J.S., Rudel, L.L., 2003. Compared with Acyl-
CoA:cholesterol O-acyltransferase (ACAT) 1 and lecithin:cholesterol
acyltransferase, ACAT2 displays the greatest capacity to differentiate
cholesterol from sitosterol. The Journal of biological chemistry 278, 47594-
47601.

Thurnhofer, H., Hauser, H., 1990. Uptake of cholesterol by small intestinal brush
border membrane is protein-mediated. Biochemistry 29, 2142-2148.

Tontonoz, P., Mangelsdorf, D.J., 2003. Liver X receptor signaling pathways in
cardiovascular disease. Molecular endocrinology (Baltimore, Md 17, 985-
993.

Tu, A.Y., Albers, I.J., 2001. Glucose regulates the transcription of human genes
relevant to HDL metabolism: responsive elements for peroxisome
proliferator-activated receptor are involved in the regulation of phospholipid
transfer protein. Diabetes 50, 1851-1856.



104

Turley, S.D., Andersen, J.M., Dietschy, J.M., 1981. Rates of sterol synthesis and
uptake in the major organs of the rat in vivo. Journal of lipid research 22,
551-569.

Turley, S.D., Dietschy, J.M., 2003. Sterol absorption by the small intestine. Current
opimon in lipidology 14, 233-240.

Tusnady, G.E., Sarkadi, B., Simon, 1., Varadi, A., 2006. Membrane topology of
human ABC proteins. FEBS letters 580, 1017-1022.

Vaisman, B.L., Lambert, G., Amar, M., Joyce, C., Ito, T., Shamburek, R.D., Cain,
W.J., Fruchart-Najib, J., Neufeld, E.D., Remaley, A.T., Brewer, H.B., Ir.,
Santamarina-Fojo, S., 2001. ABCAl overexpression leads to
hyperalphalipoproteinemia and increased biliary cholesterol excretion in
transgenic mice. The Journal of clinical investigation 108, 303-309.

Vamecq, J., Latruffe, N., 1999. Medical significance of peroxisome proliferator-
activated receptors. Lancet 354, 141-148.

van Bennekum, A., Werder, M., Thuahnai, S.T., Han, C.H., Duong, P., Williams,
D.L., Wettstein, P., Schulthess, G., Phillips, M.C., Hauser, H., 2005. Class B
scavenger receptor-mediated intestinal absorption of dietary beta-carotene
and cholesterol. Biochemistry 44, 4517-4525.

van Heek, M., Farley, C., Compton, D.S., Hoos, L., Alton, K.B., Sybertz, E.J.,
Davis, H.R., Jr., 2000. Comparison of the activity and disposition of the
novel cholesterol absorption inhibitor, SCH58235, and its glucuronide,
SCH60663. British journal of pharmacology 129, 1748-1754.

Wan, Y.J.,, An, D, Cai, Y., Repa, I.J., Hung-Po Chen, T., Flores, M., Postic, C.,
Magnuson, M.A., Chen, J., Chien, K.R., French, S., Mangelsdorf, D.J.,
Sucov, H.M., 2000. Hepatocyte-specific mutation establishes retinoid X
receptor alpha as a heterodimeric integrator of multiple physiological
processes in the liver. Molecular and cellular biology 20, 4436-4444.

Wang, D.Q., Carey, M.C., 2003. Measurement of intestinal cholesterol absorption
by plasma and fecal dual-isotope ratio, mass balance, and lymph fistula
methods in the mouse: an analysis of direct versus indirect methodologies.
Journal of lipid research 44, 1042-1059.

Wang, ., Williams, C.M., Hegele, R.A., 2005. Compound heterozygosity for two
non-synonymous polymorphisms in NPCIL1 in a non-responder to
ezetimibe. Clinical genetics 67, 175-177.

Wellington, C.L., Walker, E.K., Suarez, A., Kwok, A., Bissada, N., Singaraja, R.,
Yang, Y.Z., Zhang, L.H., James, E., Wilson, J.E., Francone, O., McManus,



105

B.M., Hayden, M.R., 2002. ABCA1 mRNA and protein distribution patterns
predict multiple different roles and levels of regulation. Laboratory
investigation; a journal of technical methods and pathology 82, 273-283.

Willson, T.M., Brown, P.J., Sternbach, D.D., Henke, B.R., 2000. The PPARs: from
orphan receptors to drug discovery. Journal of medicinal chemistry 43, 527-
550.

Willy, P.J., Umesono, K., Ong, E.S., Evans, R.M., Heyman, R.A., Mangelsdorf,
D.J., 1995. LXR, a nuclear receptor that defines a distinct retinoid response
_ pathway. Genes & development 9, 1033-1045.

Xu, H.E., Lambert, M.H., Montana, V.G., Plunket, K.D., Moore, L.B., Collins, J.L.,
Oplinger, J.A., Kliewer, S.A., Gampe, R.T., Jr., McKee, D.D., Moore, J.T.,
Willson, T.M., 2001a. Structural determinants of ligand binding selectivity
between the peroxisome proliferator-activated receptors. Proceedings of the
National Academy of Sciences of the United States of America 98, 13919-
13924.

Xu, J., Teran-Garcia, M., Park, J.H., Nakamura, M.T., Clarke, S.D., 2001b.
Polyunsaturated fatty acids suppress hepatic sterol regulatory element- °
binding protein-1 expression by accelerating transcript decay. The Journal of
biological chemistry 276, 9800-9807.

Xu, J., Xiao, G., Trujillo, C., Chang, V., Blanco, L., Joseph, S.B., Bassilian, S.,
Saad, M.F., Tontonoz, P., Lee, W.N., Kurland, LJ., 2002. Peroxisome
proliferator-activated receptor alpha (PPARalpha) influences substrate
utilization for hepatic glucose production. The Journal of biological
chemistry 277, 50237-50244.

Xu, J., Chang, V., Joseph, S.B., Trujillo, C., Bassilian, S., Saad, M.F., Lee, W.N,,
Kurland, 1.J., 2004. Peroxisomal proliferator-activated receptor alpha
deficiency diminishes insulin-responsiveness of

gluconeogenic/glycolytic/pentose gene expression and substrate cycle flux.
Endocrinology 145, 1087-1095.

Yamanashi, Y., Takada, T., Suzuki, H., 2007. Niemann-Pick Cl-like 1
overexpression facilitates ezetimibe-sensitive cholesterol and beta-sitosterol
uptake in CaCo-2 cells. The Journal of pharmacology and experimental
therapeutics 320, 559-564.

Yamashita, H., Takenoshita, M., Sakurai, M., Bruick, RK., Henzel, W.J,
Shillinglaw, W., Amot, D., Uyeda, K., 2001. A glucose-responsive
transcription factor that regulates carbohydrate metabolism in the liver.
Proceedings of the National Academy of Sciences of the United States of
America 98, 9116-9121.



106

Yoshino, G., Hirano, T., Kazumi, T., 1996. Dyslipidemia in diabetes mellitus.
Diabetes research and clinical practice 33, 1-14.

Yost, T.J., Froyd, K.K., Jensen, D.R., Eckel, R.H., 1995. Change in skeletal muscle
lipoprotein lipase activity in response to insulin/glucose in non-insulin-

dependent diabetes mellitus. Metabolism: clinical and experimental 44, 786-
790.

Young, N.L., Lopez, D.R., McNamara, D.J.,, 1988. Contributions of absorbed
dietary cholesterol and cholesterol synthesized in small intestine to
hypercholesterolemia in diabetic rats. Diabetes 37, 1151-1156.

Yu, L., Hammer, R.E., Li-Hawkins, J., Von Bergmann, K., Lutjohann, D., Cohen,
J.C., Hobbs, H.H., 2002a. Disruption of Abcg5 and Abcg8 in mice reveals
their crucial role in biliary cholesterol secretion. Proceedings of the National
Academy of Sciences of the United States of America 99, 16237-16242.

Yu, L., Li-Hawkins, J., Hammer, R.E., Berge, K.E., Horton, J.D., Cohen, J.C,,
Hobbs, H.H., 2002b. Overexpression of ABCG5 and ABCG8 promotes
biliary cholesterol secretion and reduces fractional absorption of dietary
cholesterol. The Journal of clinical investigation 110, 671-680.

Yu, L., York, J., von Bergmann, K., Lutjohann, D., Cohen, J.C., Hobbs, H.H., 2003.
Stimulation of cholesterol excretion by the liver X receptor agonist requires
ATP-binding cassette transporters G5 and G8. The Journal of biological
chemistry 278, 15565-15570.

Yu, L., Bharadwaj, S., Brown, J.M., Ma, Y., Du, W., Davis, M.A., Michaely, P.,
Liu, P., Willingham, M.C.,, Rudel, L.L., 2006. Cholesterol-regulated
translocation of NPCIL1 to the cell surface facilitates free cholesterol
uptake. The Journal of biological chemistry 281, 6616-6624.

Zammit, V.A., Lankester, D.J., Brown, A.M., Park, B.S., 1999. Insulin stimulates
triacylglycerol secretion by perfused livers from fed rats but inhibits it in
livers from fasted or insulin-deficient rats implications for the relationship
between hyperinsulinaemia and hypertriglyceridaemia. European journal of
biochemistry / FEBS 263, 859-864.

Zhao, B., Li, Y., Buono, C., Waldo, S.W., Jones, N.L., Mori, M., Kruth, H.S., 2006.
Constitutive receptor-independent low density lipoprotein uptake and
cholesterol accumulation by macrophages differentiated from human
monocytes with macrophage-colony-stimulating factor (M-CSF). The
Journal of biological chemistry 281, 15757-15762.



Reactives used:

Annexe

xi

Company Dilution
Antibodies
SR-B1 Novus 1/15000
B-actine Sigma 1/40000
NPCI1L1 Novus 1/500
CD36 Santacruz 1/1000
ABCALl Novus 1/500
ABCGS Santacruz 1/500
SREBP-2 Cayman 1/1000
HMG CoA Upstate 1/1000

Ezetimibe (Ezetro))

Schering-Plough






