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Abstract

Increased blood cholesterol is an independent risk factor for atheroscle-
rotic cardiovascular disease. Cholesterol homeostasis in the body is
controlled mainly by endogenous synthesis, intestinal absorption, and
hepatic excretion. Niemann-Pick C1-Like 1 (NPC1L1) is a polytopic
transmembrane protein localized at the apical membrane of enterocytes
and the canalicular membrane of hepatocytes. It functions as a sterol
transporter to mediate intestinal cholesterol absorption and counter-
balances hepatobiliary cholesterol excretion. NPCI1L1 is the molecular
target of ezetimibe, a potent cholesterol absorption inhibitor that is
widely used in treating hypercholesterolemia. Recent findings suggest
that NPCI1L1 deficiency or ezetimibe treatment also prevents diet-
induced hepatic steatosis and obesity in addition to reducing blood
cholesterol. Future studies should focus on molecular mechanisms un-
derlying NPC1L1-dependent cholesterol transport and elucidation of
how a cholesterol transporter modulates the pathogenesis of metabolic
diseases.
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INTRODUCTION

In mammals, cholesterol is not only a structural
component of cell membranes essential for
maintaining membrane integrity, permeability,
and fluidity, itis also a signaling molecule as well
as the precursor for the synthesis of steroid hor-
mones and bile acids. Throughout evolution,
the conversion of cholesterol to bile acids has
been critical for energy acquisition and survival
because dietary fat is not efficiently absorbed if
it is not solubilized in bile acids (1, 2). Choles-
terol conversion to bile acids is also critical for
intestinal absorption of cholesterol. Although
cholesterol can be synthesized in the body from
simple substrates, it is a process requiring sub-
stantial energy input. In contrast, large amounts
of cholesterol enter the intestinal lumen from
dietary intake and biliary secretion. The daily
intake of cholesterol in humans on a typical
Western dietis ~300-500 mg, and the daily se-
cretion of cholesterol into bile is estimated to be
~800-1200 mg (3). To attenuate the burden of
energy-consuming de novo cholesterol biosyn-
thesis, a physiological process—intestinal
cholesterol absorption—has evolved to take up
readily available cholesterol molecules from the
gut lumen. Cholesterol molecules derived from
both de novo synthesis and intestinal absorption
are carried in the blood in the form of protein-
lipid complexes termed lipoproteins and are
delivered to cells for utilization via the circula-
tion. Excess cholesterol is disposed of in the fe-
ces through biliary and perhaps direct intestinal
secretion (4).

Efficient transport of cholesterol in the
body depends on many proteins. Defects in
these transport-related proteins, and in proteins
involved in cholesterol biosynthesis and its
regulation, disturb whole-body cholesterol
homeostasis, resulting in diseases. Increased
circulating levels of total cholesterol and low-
density-lipoprotein cholesterol (LDL-C) cause
atherosclerotic cardiovascular disease (CVD)
(5), the leading cause of death in developed
countries. According to a report from the
American Heart Association, CVD accounted
for 34.3% of all deaths in the United States in
2006, and the estimated direct and indirect costs
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of CVD for 2010 are US$503.2 billion, a 14%
increase compared with the US$431.8 billion
cost for 2007 (6).

Until the beginning of this century, statins
were the major drugs prescribed to lower
blood LDL-C. They lower LDL-C by inhibit-
ing 3-hydroxy-3-methyl-glutaryl coenzyme A
(HMG-CoA) reductase, the rate-limiting en-
zyme in cholesterol synthesis (7). However,
even with administration of large doses, reduc-
tions in the incidence of coronary heart dis-
ease were only ~30% for statins (8). Further
reductions in LDL-C were recommended (9).
The search for novel LDL-C-lowering drugs
resulted in the discovery of ezetimibe (10), a po-
tent intestinal cholesterol absorption inhibitor
(11, 12). Compared with administration of a
statin alone, coadministration of ezetimibe with
a statin has led to greater reductions in blood
total cholesterol and LDL-C (13-15).

The potency of low doses of ezetimibe
in inhibiting intestinal cholesterol absorption
has demonstrated that this physiological path-
way is a protein-mediated active process. The
search for key protein(s) in this process re-
sulted in the discovery of Niemann-Pick C1-
Like 1 (NPCI1L1) (16). Recent studies show
that NPC1L1 is essential for intestinal choles-
terol absorption and is the molecular target of
ezetimibe (16-18). Here, we discuss NPCI1L1
and review its role in intestinal and hepatic
cholesterol transport.

NPC1L1 GENE AND PROTEIN

NPCILI was identified using a genomic and
bioinformatics approach (16, 19). It is a ho-
molog of Niemann-Pick C1 (NPCI1) pro-
tein, whose mutations cause Niemann-Pick dis-
ease type Cl, a genetic disorder characterized
by lysosomal accumulation of cholesterol and
other lipids (20, 21). The NPCIL1 gene spans
~29 kb of human chromosome 7p13, contain-
ing 20 exons with an unusually large exon 2
of 1,526 bp and a small exon 14 of 56 bp (16,
19). The full-length cDNA encodes a 1,359-
amino-acid protein. However, the predominant
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mRNA transcript skips exon 15 and produces
a protein of 1,332 amino acids, which is the
form typically studied in most NPC1L1 exper-
iments (19, 22, 23). There is also a truncated
transcript, which skips exon 7 and terminates
within intron 8 (19). The biological significance
of alternatively spliced transcripts has yet to be
determined.

NPCILI has a typical signal peptide,
an N-terminal NPC1 domain, and extensive
N-glycosylation sites (16, 19). The protein is
highly N-glycosylated (24). Amino acid se-
quences of NPC1L1 share 51% similarity and
42% identity with those of NPC1 (19). Like its
homolog, NPCI1L1 also shares topological sim-
ilarity with the resistance-nodulation-division
family of prokaryotic permeases (25). These
permeases mediate the efflux of lipophilic
drugs, detergents, fatty acids, bile acids, metal
ions, and dyes from the cytosol of bacteria, im-
plying a role for NPCIL1 in lipid transport
Q5).

Notably, NPCIL1 has 13 transmembrane
domains, 5 of which constitute a sterol-sensing
domain (SSD) (16, 19, 26). This SSD is con-
served in several polytopic transmembrane pro-
teins involved in cholesterol metabolism and
regulation (27), including NPC1, HMG-CoA
reductase, SCAP [sterol regulatory element—
binding protein (SREBP) cleavage-activating
protein], and the Hedgehog signaling protein
Patched. The purified SSD-containing mem-
brane region of SCAP binds cholesterol (28).
NPC1 appears to require a functional SSD to
bind a radiolabeled, photoactivatable choles-
terol analog (29). The function of NPC1L1’s
SSD remains to be elucidated. In cultured cells,
NPCILI protein cycles between intracellu-
lar compartments and the cell membrane in
a cholesterol-dependent manner (22). When
cells are enriched with cholesterol, NPC1L1
is localized predominantly in the endocytic re-
cycling compartment (ERC). When cells are
deprived of cholesterol, NPC1L1 moves to
the plasma membrane. The SSD may regulate
NPCIL!’s intracellular itineraries by sensing
membrane cholesterol content.

TISSUE DISTRIBUTION AND
REGULATION OF NPC1L1
EXPRESSION

NPCILLI is abundantly expressed in the small
intestine across species (16, 30). Expression
of NPCIL1 in other tissues varies in rodents
and humans/nonhuman primates. In rodents,
NPCILI is almost exclusively expressed in the
small intestine (16, 30), but humans and non-
human primates express a significant amount of
NPCILI1 in the liver as well (22, 31).
Transcriptional regulation of NPCILI re-
mains unclear and inconsistent. Several nuclear
receptors, including peroxisome proliferator—
activated receptor (PPAR) o, PPARGS, liver X re-
ceptor (LXR), and retinoid X receptor (RXR),
have been implicated in the regulation of in-
testinal cholesterol absorption (32-39), but
whether they function by directly modulating
intestinal NPCIL1 expression remains elusive.
A series of animal and cell-based studies suggest
that these nuclear receptors may not have direct
effects on NPCILI transcription (39-43).
Several pieces of evidence suggest that
NPCILI may be transcriptionally regulated by
cellular cholesterol content through SREBP-
2, a membrane-bound transcription factor that
increases expression of cholesterol synthetic
genes when cellular cholesterol content is
low (44, 45). For instance, feeding mice a
diet containing high amounts of cholesterol
and bile acids dramatically reduces intestinal
NPCILI mRNA levels (46). Mice lacking acyl-
CoA:cholesterol acyltransferase 2 (ACAT2) or
phospholipid transfer protein (PLTP) accu-
mulate unesterified cholesterol in enterocytes
and simultaneously show reduced intestinal
NPCILI mRNA levels (47, 48). Conversely,
cholesterol deprivation raises hepatic and in-
testinal NPCILI mRNA levels in mice and
miniature pigs (49, 50). SREBP-2 binds the
two sterol regulatory elements in the human
NPC1L1 promoter and increases NPCILI pro-
moter activity in CaCo-2 cells (51) and in
HuH7 human hepatoma cells (52). Further-
more, in CaCo-2 cells another transcription
factor, hepatocyte nuclear factor 4o (HNF4ov),
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synergistically enhances the effect of SREBP-2
on stimulating human NPCILI promoter ac-
tivity, although HNF4« alone does not have
such an effect (53). A recent study, however,
did not reproduce in HuH7 human hepatoma
cells the role of HNF4 o in stimulating SREBP-
2-dependent regulation of NPCIL]I. This study
instead found that HNF1«, a downstream ef-
fector of HNF4«, seems to play a direct role in
regulating NPCILI transcription (52).

Despite  strong evidence supporting
regulation of NPCIL1 by cholesterol, dis-
crepancies exist. For example, the addition of
cholesterol to a chow diet does not suppress
intestinal NPCILI expression in mice (41,
54). Ezetimibe treatment, a manipulation
that reduces cholesterol content in absorptive
enterocytes, does not increase NPCILI mRNA
in the small intestines of chow-fed mice (41).
It is unclear whether these discrepancies are
attributable to differences in diet compo-
sition, animal species, treatment duration,
experimental system, and/or other variables.

NPC1L1 MEDIATES INTESTINAL
CHOLESTEROL ABSORPTION

Many excellent reviews have discussed lipid ab-
sorption (3, 55-58). Intestinal absorption of
unesterified cholesterol begins with its incor-
poration into mixed micelles containing bile
acids, phospholipids, and hydrolytic products
of triglycerides. This step is critical for choles-
terol to diffuse across the unstirred water layer,
the major barrier that lies between the bulk wa-
ter phase and the intestinal brush border mem-
brane (57). The uptake of cholesterol and other
nutrients from mixed micelles occurs at the
brush border membrane. Given the hydropho-
bic nature of cholesterol, it was thought that
cholesterol may move across the brush bor-
der membrane through a passive diffusion pro-
cess and then enter enterocytes down a con-
centration gradient (57). It is now clear that
the apically localized NPCI1L1 mediates the
bulk of sterol movement into the enterocyte,
because the genetic inactivation of NPCIL1
in mice results in a substantial reduction in
intestinal cholesterol absorption to a degree
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similar to that observed in mice treated with
ezetimibe (16). After entering the enterocyte
via a NPC1L1-dependent pathway (Figure 1),
unesterified cholesterol may be pumped back
to the intestinal lumen by an apically local-
ized, heterodimeric sterol efflux transporter,
ABCG5/ABCGS [ATP-binding cassette (ABC)
transporters G5 and G8] (59-62), or may be
transported to the basolateral membrane of the
enterocyte for ABCAl-mediated biogenesis of
high-density lipoprotein (HDL) (47, 63, 64).
The majority of cholesterol is esterified in the
endoplasmic reticulum by ACAT?2 (65) and is
then incorporated into the nascent chylomi-
cron, along with triglycerides, some unesteri-
fied cholesterol, and apolipoprotein B48. The
intracellular assembly of this nascent chylomi-
cron requires microsomal triglyceride transfer
protein (MTP), a protein that also facilitates
the formation of very low density lipoprotein
(VLDL) in the hepatocyte (66, 67). Mature chy-
lomicrons are then secreted into lymph across
the basolateral membrane of enterocytes and
are transported to the bloodstream via the lym-
phatic system. In the circulation, lipoprotein li-
pase hydrolyzes triglycerides in the core of chy-
lomicrons for utilization and storage by periph-
eral tissues such as fat and muscle, whereas the
majority of cholesterol in the chylomicron rem-
nant is delivered to the liver.

NPCI1L1 DEFICIENCY DISRUPTS
ENTEROHEPATIC
CIRCULATION OF
ENDOGENOUS CHOLESTEROL

Biliary cholesterol accounts for more than two-
thirds of the total amount of cholesterol in
the gut lumen of humans (68). Approximately
800-1,200 mg of unesterified cholesterol are
secreted daily from the liver into the intesti-
nal lumen via the biliary route (3). If one
considers that the average fractional choles-
terol absorption is ~50% (69), humans reab-
sorb ~500 mg of bile-derived cholesterol daily,
the majority of which is ultimately delivered
to the liver. This process is the enterohepatic
circulation of endogenous cholesterol, resem-
bling the enterohepatic circulation of bile acids



Annu. Rev. Physiol. 2011.73:239-259. Downloaded from www.annualreviews.org
by Istanbul Universitesi on 08/28/13. For personal use only

Small intestine
=3
=
=

Dietary

i

Endogenous
synthesis

Remnant

Chylomicron <

Figure 1

The role of Niemann-Pick C1-Like 1 (NPC1L1) in cholesterol transport in the small intestine and liver. In
the lumen of the small intestine, unesterified free cholesterol (FC) from dietary intake and biliary secretion is
solubilized in mixed micelles containing bile acids (BA) and phospholipids (PL). This solubilization is critical
for the diffusion of FC across the unstirred water layer to reach intestinal brush border membranes, where
FC is taken up into enterocytes by the apically localized NPCIL1 protein. Ezetimibe (Zetia) can inhibit this
NPCI1L1-dependent cholesterol uptake. The majority of absorbed and endogenously synthesized
cholesterol is transported to the endoplasmic reticulum, where it is converted to cholesterol ester (CE) by
acyl-CoA:cholesterol acyltransferase 2 (ACAT?2) and is then assembled into chylomicrons in a microsomal
triglyceride transfer protein (MTP)-dependent manner for secretion into the circulation via the lymphatic
system. Unesterified FC may be transported back to the intestinal lumen by the apically localized
heterodimeric sterol transporter ABCG5/ABCGS8 [ATP-binding cassette (ABC) transporters G5 and G8].
FC may also be transported into the circulation as a constituent of high-density lipoprotein (HDL) via
ABCALI located at the basolateral membrane of enterocytes. In the liver, cholesterol can be synthesized
locally or taken up by hepatocytes from circulating lipoproteins such as low-density lipoprotein (LDL),
HDL, and chylomicron remnants via LDL receptor (LDLR), HDL receptor scavenger receptor class B type
I (SR-BI), and LDLR-related protein (LRP) localized at the basolateral membrane of hepatocytes. A large
amount of FC is converted to bile acids for hepatobiliary secretion. A proportion of FC is esterified by
ACAT?2 and then packaged into nascent very low density lipoprotein (VLDL) particles in an
MTP-dependent manner for secretion into the circulation as a constituent of VLDL. Unmetabolized FC
can be transported to ABCA1 localized at the sinusoidal membrane of hepatocytes for the biogenesis of
HDL or to ABCG5/ABCGS localized at the canalicular membrane of hepatocytes for direct secretion into
bile. In humans and nonhuman primates, NPC1L1 is also localized at the apical membrane of hepatocytes,
where it may counterbalance the function of ABCG5/ABCGS by transporting newly secreted biliary
cholesterol back into hepatocytes, thereby preventing excessive loss of endogenous cholesterol.
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(70), although at a much lower efficiency.
NPCIL1 deficiency or ezetimibe treatment
disrupts enterohepatic circulation of choles-
terol, thereby causing a substantial loss of
endogenous cholesterol from the body and
a dramatic feedback upregulation of endoge-
nous cholesterol synthesis (16, 46, 71, 72).
Importantly, this feedback upregulation of
cholesterol synthesis does not appear to fully
compensate for the excessive loss of choles-
terol because NPCI1L1 deficiency or ezetim-
ibe treatment can significantly reduce blood
cholesterol in pure vegetarians (73) and in ro-
dents on low-cholesterol diets (11, 74). Thus,
disruption of the enterohepatic circulation of
endogenous cholesterol plays a key role in the
hypocholesterolemic effects of ezetimibe.

HEPATIC NPCI1L1 INHIBITS
BILIARY CHOLESTEROL
EXCRETION

Liver plays a central role in whole-body choles-
terol homeostasis (Figure 1). First, it con-
tributes a significant proportion of cholesterol
via synthesis in the whole animal (75). Second, it
produces and takes up lipoprotein cholesterol,
critical for regulating blood cholesterol concen-
trations. Italso converts cholesterol to bile acids
and therefore regulates intestinal absorption ef-
ficiencies of lipids and vitamins. Liver secretes
both unesterified cholesterol and cholesterol-
derived bile acids into bile and thus is impor-
tant for cholesterol disposal. All these pathways
in the liver are protein-mediated processes that
are metabolically integrated on several levels
in response to fluctuations in dietary, systemic,
and local cholesterol pools.

As discussed above, in humans and nonhu-
man primates, NPC1L1 is also expressed in the
liver. The protein localizes to the canalicular
membrane of hepatocytes (22, 31), where the
cholesterol efflux transporter ABCG5/ABCG8
also resides (76, 77). Genetic and animal stud-
ies have demonstrated that ABCGS5/ABCGS8
mediates hepatobiliary secretion of unesteri-
fied cholesterol (59-62). What is the physio-
logical role of NPCIL1 in the bile canalic-
ular membrane? To address this question,
Jia o Betters o Yu

liver-specific NPCIL1 transgenic mice were
generated. Hepatic overexpression of human
NPCILI1 dramatically reduces biliary choles-
terol concentration and secretion without alter-
ing the hepatic expression of ABCG5/ABCG8
(31). Given the critical role of NPCI1LI in in-
testinal cholesterol uptake (influx), it is tempt-
ing to speculate that hepatic NPCIL1 pre-
vents excessive loss of cholesterol by retrieving
ABCG5/ABCGS8-derived cholesterol from the
canalicular bile.

Interestingly, the impaired biliary choles-
terol excretion in liver-specific NPC1L1 trans-
genic mice can be rescued by ezetimibe treat-
ment, indicating that ezetimibe can inhibit
NPCILI function in both the intestine and the
liver. The inhibition of hepatic NPCIL1 by
ezetimibe is expected to increase the choles-
terol saturation index in bile and therefore
has the potential to promote gallstone for-
mation. However, in rodents treated with
ezetimibe, the opposite effect was observed,
particularly when these animals were on a high-
cholesterol-containing diet (71, 78-80), which
may be attributable to the tissue distribution
pattern of NPC1L1 expression in these species.
NPCILI is almost exclusively expressed in the
rodent intestine, and its inhibition by ezetim-
ibe would result in a substantial reduction in
cholesterol transport to the liver, thereby lim-
iting cholesterol for biliary secretion and po-
tential gallstone formation. In a few human
subjects treated with ezetimibe, this seems to
be the case (79). However, interindividual varia-
tions in hepatic and intestinal NPCIL1 expres-
sion may exist (31), and in some individuals with
higher NPCI1L1 expression in the liver relative
to intestinal expression, treatment with ezetim-
ibe may predispose to gallstone formation.

ASSOCIATION OF GENETIC
VARIATION IN NPC1L1 WITH
CHOLESTEROL ABSORPTION
AND LOW-DENSITY-
LIPOPROTEIN CHOLESTEROL

Fractional intestinal cholesterol absorption
varies highly in healthy individuals, ranging
from 29% to 80% (69). Increased cholesterol



Annu. Rev. Physiol. 2011.73:239-259. Downloaded from www.annualreviews.org
by Istanbul Universitesi on 08/28/13. For personal use only

absorption raises cholesterol contentin the liver
and downregulates hepatic expression and ac-
tivity of LDL receptors, resulting in reduced
LDL clearance by the liver and elevated blood
LDL-C levels (81, 82). Although the cross-
talk among multiple proteins may ultimately
determine how much cholesterol is absorbed,
NPCILI appears to be a major determinant.
Using the nonsynonymous variant technique,
Cohen and colleagues (83) showed that varia-
tion in human NPCILI gene sequences con-
tributes to reduced intestinal cholesterol ab-
sorption efficiencies and LDL-C levels. They
further showed that these rare variants ex-
press lower levels of NPCILI protein in cul-
tured cells after transfection (84), suggesting
a dose-dependent effect of NPCIL1 protein
on intestinal cholesterol absorption and blood
LDL-C levels. Other sequence variants are
identified in NPCI1L1, and these variants are
also associated with alterations in sterol absorp-
tion, plasma LDL-C levels, or responses to eze-
timibe (85-90).

RECONSTITUTION

OF NPC1L1-DEPENDENT
AND EZETIMIBE-SENSITIVE
CHOLESTEROL UPTAKE

IN CULTURED CELLS

Animal studies have definitively established the
necessity of NPCIL1 in mediating intestinal
cholesterol absorption (16, 46, 64, 91, 92). To
reconstitute NPCI1L1-dependent cholesterol
absorption in cultured cells so that the molecu-
lar basis of this process can be further explored,
stable cell lines overexpressing NPCI1L1 have
been established and studied. When stably
overexpressed in McArdle RH7777 rat hep-
atoma cells, human NPCI1L1 is localized pre-
dominantly to the ERC (22). When these cells
are depleted of cholesterol by cyclodextrin, the
majority of NPCIL1 is quickly translocated
to the cell membrane from the ERC and is
preferentially concentrated in an apical sub-
domain on the cell surface. At this stage, the
addition of cholesterol to the culture medium
results in facilitated cellular uptake of choles-
terol, which is coupled with the movement of

NPCILI protein back to the intracellular com-
partments (22). Ezetimibe treatment can block
this movement of NPC1L1 and cholesterol (22,
93-95). Cholesterol depletion also increases the
localization of endogenous NPCI1L1 to the cell
surface in HepG2 human hepatoma cells (22)
and in polarized Madin-Darby canine kidney
(MDCK)-II cells (96). Cholesterol depletion—
induced increases in localization of endogenous
NPCI1L1 protein to the cell surface lead to the
facilitated and ezetimibe-sensitive cholesterol
uptake in MDCK-II cells (96). Overexpres-
sion of rat NPCIL1 in CaCo-2 intestinal car-
cinoma cells also promotes cholesterol uptake
in an ezetimibe-sensitive manner (23). Con-
versely, siRNA-mediated silencing of NPC1L1
in CaCo-2 cells reduces the cellular uptake of
free cholesterol (97). Thus, NPCI1L1 not only
is capable of, butalso is essential for, promoting
cellular uptake of unesterified cholesterol.

ENDOCYTOSIS AND
NPC1L1-DEPENDENT
CHOLESTEROL UPTAKE

Findings from cell biology studies support that
NPCI1LI-dependent cholesterol uptake may
be a cholesterol-regulated endocytic process,
and in this case, NPCI1L1 functions as a recep-
tor rather than as a transporter for unesterified
cholesterol in the plasma membrane (22, 94).
This is similar to the function of SCAP, which
is a receptor for unesterified cholesterol in the
endoplasmic reticulum (28). NPC1L1 protein
is seen in the plasma membrane and the in-
tracellular vesicular compartments in cultured
cells and in the small intestine and colocalizes
with the distribution of unesterified cholesterol
in the cell (16, 17, 22-24, 31, 97-99). NPCI1L1
can facilitate cellular cholesterol uptake only
when it is localized at the cell surface, and dur-
ing the process of cholesterol uptake, NPC1L1
disappears from the cell membrane and
reappears in the intracellular compartments
(22, 94, 96). Additionally, NPC1L1-mediated
cholesterol uptake can be blocked by potassium
depletion (100), a condition that arrests the
formation of coated pits and LDL receptor—
mediated endocytosis in fibroblasts (101). Mice
lacking caveolin-1, a structural component of
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Figure 2

The proposed cellular basis for Niemann-Pick C1-Like 1 (NPCIL1)-dependent cholesterol uptake. The
polytopic transmembrane NPCI1L1 protein is synthesized in the rough endoplasmic reticulum (ER) and
then traffics to the plasma membrane via the Golgi apparatus. When cellular cholesterol is low, the protein
preferentially localizes at the apical membrane of enterocytes and the canalicular membrane of hepatocytes,
the two membrane domains that are exposed to high concentrations of unesterified free cholesterol (FC) in
mixed micelles. On the basis of current knowledge about NPC1L1, we propose the following mechanism for
NPCI1L1-dependent cholesterol uptake. Through direct binding of FC to the extracellular N-terminal
domain of NPC1L1, NPCIL1 may recruit FC to the membrane microdomain, where the sterol-sensing
domain (SSD) of NPC1L1 is localized. When FC is enriched at this microdomain to a certain extent, it can
be sensed by NPC1L1’s SSD, resulting in conformational changes of the protein, which exposes NPC1L1’s
YXXO motif and causes the direct binding of this motif to the p2 subunit of adaptor protein complex 2 in
the clathrin-mediated endocytic pathway and subsequent internalization of NPC1L1-containing and
FC-rich membrane microdomains. The intracellular sorting of NPC111 in these internalized membrane
microdomains may follow typical vesicular trafficking itineraries, moving from sorting endosome (SE) to late
endosome (LE) to lysosome for degradation. A large proportion of NPC1L1 may be trafficked to the
endocytic recycling compartment (ERC) and then recycled back to the cell surface for another round of
sterol-dependent endocytosis. During this intracellular sorting, FC may be dissociated from SE or ERC and
may be carried via vesicles or proteins to the ER for esterification and assembly into chylomicrons in the
intestine and very low density lipoprotein (VLDL) particles in the liver.

T

Lysosome

caveolae, show normal intestinal cholesterol
absorption (102). This observation is important
because it excludes another important endo-
cytic pathway, caveolin-mediated endocytosis,
as the cellular basis of NPCI1L1-dependent
cholesterol uptake. In contrast, a recent cell
biology study using McArdle hepatoma cells
shows that NPC1LI interacts in a cholesterol-
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dependent manner with the ©2 subunit of
the adaptor protein complex 2 (AP2) and the
heavy chain of clathrin, two critical proteins
involved in clathrin-mediated endocytosis
(94). This finding strongly supports the notion
that NPCI1L1-dependent cholesterol uptake
is a clathrin-mediated endocytic process

(Figure 2).
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Is there a signal in the NPCIL1 protein
that has the potential to direct this protein
to the clathrin-mediated endocytic pathway? A
cytosolic tyrosine-based sorting signal, YXXO
(tetrapeptide), in many plasma membrane pro-
teins can mediate the clathrin-dependent en-
docytosis of these proteins by interacting with
the u subunit of AP2 (103). In this YXX mo-
tif, the tyrosine (Y) residue is functionally in-
dispensable. The O represents a residue with a
bulky hydrophobic side chain. The X residues
are highly variable. NPC1L1 has two potential
YXXO motifs, Y?'!QRL and Y®SAPF (104),
one of which (Y?'QRL) is located within the
SSD region. The two motifs are conserved in
NPCI1LI proteins from Drosophila to mammals.
One of these motifs may regulate NPCIL1-
dependent cholesterol uptake through inter-
action with proteins in the clathrin-mediated
endocytic pathway in a cholesterol-dependent
manner.

CHOLESTEROL-BINDING SITES
IN NPCI1L1

If NPCI1L1 is a plasma membrane receptor for
unesterified cholesterol, where does cholesterol
bind? Surprisingly, a crystallization study ex-
posed a sterol-binding pocket in the cysteine-
rich (18-cysteine) N-terminal domain of NPC1
instead of in the SSD region (105). The N ter-
minus of NPCILI also contains 18 cysteines
(106). Given the high similarity in this re-
gion between the two proteins, it is reasonable
to speculate that the N terminus of NPCIL1
binds sterols (104), although a definitive an-
swer awaits the outcome of structure studies of
NPCILI protein.

If cholesterol indeed binds to the N terminus
of NPC1L1, what is the functional significance
of this binding? Is this binding sufficient to trig-
ger internalization of the cholesterol-NPCI1L1
complex? How does the process of cholesterol-
NPCI1L1 binding efficiently transport the bulk
of cholesterol into a cell? One possibility is
that the N terminus of NPCI1L1 helps move
extracellular cholesterol to the membrane-
localized SSD region, which may create a raft-

like plasma membrane microdomain. The SSD
somehow senses cholesterol content in this
microdomain through protein conformational
changes, which may cause subsequent interac-
tions of NPC1L1’s YXXO motif with proteins
in the clathrin-mediated endocytic pathway and
the internalization of the entire cholesterol-rich
microdomain.

In the small intestine, internalized unes-
terified cholesterol has to be sorted to the
endoplasmic reticulum for esterification by
ACAT?2 before it can be packaged into chy-
lomicrons for secretion into lymph. It is
currently unknown how NPCI1LI-derived
cholesterol is sorted to the endoplasmic retic-
ulum. Is it sorted out directly from the early
endosome or from the ERC? Are cytosolic car-
rier proteins needed for the transport of choles-
terol to its metabolic sites? To molecularly
define NPC1L1-dependent cholesterol uptake,
these questions must be addressed. Neverthe-
less, after dissociation from cholesterol, the
NPCILI protein can be recycled back to the
cell surface (22, 94, 95). A recent study shows
that this recycling is a vesicular process re-
quiring microfilaments and the microfilament-
associated triple complex (myosin Vb, Rabl1a,
and Rab11-FIP2) (107).

NPC1L1 IS THE MOLECULAR
TARGET OF EZETIMIBE

After the discovery and development of statins
to inhibit endogenous cholesterol biosynthe-
sis, the hunt for hypocholesterolemic agents
targeting other major cholesterol metabolic
pathways became the focus of drug compa-
nies to more aggressively lower blood choles-
terol levels. This search led to the discovery
and development of a potent intestinal choles-
terol absorption inhibitor, ezetimibe (commer-
cially known as Zetia), by Schering-Plough Re-
search Institute and Merck & Co. Ezetimibe
was approved by the U.S. Food and Drug Ad-
ministration to treat hypercholesterolemia in
humans before its molecular target and mech-
anism of action were confirmed. Later, Alt-
mann and colleagues (16) at Schering-Plough
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Research Institute identified NPCIL1 as the
molecular target of ezetimibe. They found that
NPCI1L1 knockout mice and ezetimibe-treated
mice show similarly reduced intestinal choles-
terol absorption, demonstrating that NPC1L1
is in the ezetimibe-sensitive pathway (16). Al-
though several other proteins, including scav-
enger receptor class B type I (SR-BI) (98, 99,
108), the annexin 2—caveolin-1 complex (109),
and aminopeptidase N (110), have been re-
ported to bind ezetimibe in biochemical assays,
the genetic inactivation of SR-BI and caveolin-
1 in mice causes no reduction in overall intesti-
nal cholesterol absorption (111, 112). In the
case of SR-BI knockout mice, cluster determi-
nant (CD)36 was thought to compensate for
SR-BI’s function. However, mice lacking both
SR-BIand CD36 do not have a defect in overall
intestinal cholesterol absorption (113). Ezetim-
ibe still inhibits intestinal cholesterol absorp-
tion in SR-BI knockout mice (114). Although
the role of aminopeptidase N (CD13) in intesti-
nal cholesterol absorption has not been exam-
ined in animal models, the majority of animal
and human genetic studies provide strong evi-
dence that NPCILI is the target of ezetimibe.
For example, genetic inactivation of NPCI1L1
in mice reduces intestinal cholesterol absorp-
tion to the level seen in ezetimibe-treated mice
(16); NPCIL1 is enriched at the apical sur-
face of absorptive enterocytes (16, 46, 97); the
in vivo responsiveness to ezetimibe correlates
well with different NPC1L1 binding affinities
of species (115); sequence variations in the hu-
man NPCILI gene are associated with varying
sterol absorption efficiencies (83, 90), LDL-C
levels (83), and responsiveness of LDL-C lev-
els to ezetimibe therapy (86-88); and overex-
pression of NPCILI in cultured cells facili-
tates cellular cholesterol uptake, which can be
blocked by ezetimibe treatment (22, 23, 94).
Importantly, ezetimibe binds to a single site
on intestinal brush border membrane vesicles
and to cells overexpressing NPC1L1, and this
binding is absent in intestinal brush border
membrane vesicles isolated from NPC1L1-null
mice (17). More definitively, the ezetimibe-
NPCILI1 complex has been purified elegantly,
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showing that NPC1L1 accounts for essentially
all the ezetimibe binding to protein (18). The
ezetimibe-binding site on NPCIL1 has been
mapped to the second extracellular loop of the
protein (18).

NPCI1L1 IS ESSENTIAL FOR
INTESTINAL ABSORPTION OF
PLANT STEROLS

Each day, a healthy individual on a typical
Western diet consumes ~250 mg of plant
sterols (116). The two major plant sterols are
sitosterol and campesterol. Although the av-
erage efficiency of intestinal cholesterol ab-
sorption is ~50% (69), only ~5% of plant
sterols are absorbed in healthy humans (116).
In a rare autosomal recessive genetic disor-
der known as sitosterolemia (117), plant sterols
and shellfish sterols accumulate in blood and
tissues. Blood cholesterol is often elevated in
sitosterolemic patients, resulting in premature
coronary heart disease and xanthomas (choles-
terol deposits in skin and tendons) (118). The
disease is caused by mutations in the het-
erodimeric sterol transporter ABCG5/ABCGS
(59, 60). Interestingly, ezetimibe treatment can
dramatically reduce plant sterol accumulation
in sitosterolemic patients (119, 120) and in
mice (72). NPC1L1 knockout mice also absorb
fewer plant sterols (46, 91). Genetic deletion
of NPCILI in mice lacking ABCG5/ABCGS
completely normalizes sitosterolemia but fails
to rescue biliary cholesterol secretion (91).
These findings demonstrate thata transporter is
needed for intestinal absorption of plant sterols
and that NPCILI is such a transporter.

IS NPC1L1 THE FIRST GENETIC
DEFENSE AGAINST PLANT
STEROLS?

As mentioned above, the efficiency of intestinal
plant sterol absorption is only ~5%, whereas
the average fractional absorption of choles-
terol is ~50%. What is the genetic defense
against plant sterols? Because mutations in
ABCGS5/ABCGS cause sitosterolemia, it was
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believed that the ABCG5/ABCGS heterodimer
plays a critical role in discriminating plant
sterols from cholesterol by preferentially trans-
porting plant sterols out of cells (3, 121).
However, animal and biochemical studies have
shown that ABCGS5/ABCGS can also efficiently
transport cholesterol and is essential for hepato-
biliary cholesterol secretion (62, 122-124). The
rank order of fractional intestinal absorption
for various sterols (cholesterol > cholestanol
> campesterol > sitosterol) is maintained in
mice lacking ABCGS5/ABCGS (61, 122). It is
therefore unlikely that this heterodimeric sterol
transporter has higher affinity for plant sterols
than for cholesterol.

The in vitro sterol uptake studies suggest
that NPC1L1 may play a partin discriminating
plant sterols from cholesterol. In McArdle hep-
atoma cells overexpressing NPC1L1, facilitated
uptake is evident for cholesterol, but not for 3-
sitosterol (93, 94). In CaCo-2 cells overexpress-
ing NPCI1L1, p-sitosterol uptake is facilitated,
but its efficiency is ~60% lower compared with
cholesterol uptake (23). Although NPCILI is
essential for plant sterols to enter the body
in mice (91), these cell-based uptake assays
suggest that NPCIL1 may be a low-affinity
transporter for phytosterols and thus rep-
resents the first genetic defense against
intestinal absorption of diet-derived plant
sterols.

NPC1L1 AND ATHEROSCLEROSIS

The strong positive correlation between blood
LDL-C levels and atherosclerotic CVD (5,
6) implies that a significant reduction in
LDL-C induced by NPCIL1 deficiency or
ezetimibe treatment would decrease athero-
genesis. Indeed, ezetimibe treatment or ge-
netic inactivation of NPCILI1 significantly
reduces atherosclerosis in mice deficient in
apolipoprotein E (11, 92). However, the
outcome of the clinical trial ENHANCE
(Ezetimibe and Simvastatin in Hypercholes-
terolemia Enhances Atherosclerosis Regres-
sion) in 720 subjects with heterozygous fa-
milial hypercholesterolemia was disappointing,

with no differences observed in carotid intima-
media thickness between the group on ezetim-
ibe/simvastatin and the group on simvastatin
alone after two years of treatment (125). Im-
provements in study design—such as including
heart attack and stroke as endpoints, increasing
participant numbers, and extending treatment
duration—may be needed. An ongoing clini-
cal trial, IMPROVE-IT (Improved Reduction
of Outcomes: Vytorin Efficacy International
T'rial), involves 18,000 subjects (126). Although
the outcome of this long-term large clinical trial
may be more conclusive, all subjects involved
in the IMPROVE-IT trial have normal blood
LDL-C, and total cardiovascular events may be
limited, which has the potential to confound the
outcome.

NPC1L1 DEFICIENCY PREVENTS
FATTY LIVER DISEASE

Hepatic steatosis, hepatic steatosis with inflam-
mation, fibrosis, and cirrhosis are seen in al-
coholic fatty liver disease and virus-associated
hepatitis. In patients without hepatic viral in-
fection and excessive alcohol use, these liver
abnormalities are collectively referred to as
nonalcoholic fatty liver disease (NAFLD) (127-
130). The prevalence of NAFLD is estimated
to range from 3% to 24% in the general pop-
ulation (131) and to reach ~10% in children
(132) in developed countries. In one study, the
frequency of hepatic steatosis determined by
proton magnetic resonance Spectroscopy was
even higher: 45% in Hispanics, 33% in whites,
and 24% in blacks (133). A detailed lipidomic
analysis of liver biopsy samples showed that
all subjects with NAFLD accumulated triglyc-
eride and unesterified cholesterol in the liver
(134). It has long been known that increased
dietary cholesterol promotes hepatic accumu-
lation of not only cholesterol but also triglyc-
erides in animals (135). Thus, reducing in-
testinal cholesterol absorption may decrease
triglyceride accumulation in liver. In agree-
ment with this, inactivation of NPCIL1 pre-
vents the development of fatty liver in mice
fed a cholesterol-rich and bile acid—containing

www.annualreviews.org © NPC1L1 and Cholesterol Transport

NAFLD:
nonalcoholic fatty liver
disease

249



Annu. Rev. Physiol. 2011.73:239-259. Downloaded from www.annualreviews.org

by Istanbul Universitesi on 08/28/13. For personal use only.

250

Paigen diet (30). Ezetimibe treatment also
improves hepatic steatosis in wild-type mice
fed a high-fat, high-cholesterol diet (136) and
in Zucker fatty (fa/fa) rats (137), the latter of
which develop metabolic syndrome and hep-
atic steatosis as a result of leptin receptor defi-
ciency (138). Inaratmodel of NAFLD induced
by a methionine choline—deficient diet, ezetim-
ibe administration reduces hepatic triglyceride
content (139). Interestingly, ezetimibe treat-
ment or NPCIL1 disruption in mice can even
prevent hepatic steatosis induced by a high-
fat diet that contains only a trace amount of
cholesterol (140, 140a), implying a potential
role for the enterohepatic circulation of en-
dogenous cholesterol in promoting fatty liver
disease.

Researchers recently examined the benefi-
cial effect of ezetimibe on fatty liver disease in
humans. In obese subjects on a weight loss diet,
ezetimibe treatment significantly reduced hep-
atic fat contentas determined by magnetic reso-
nance techniques (141). In ten Japanese patients
with nonalcoholic steatohepatitis and dyslipi-
demia, ezetimibe treatment for six months sub-
stantially improved serum profiles of liver en-
zymes and lipids as well as histological scores
for fatty liver (142). In another study, although
ezetimibe treatment did not improve fatty liver,
it significantly reduced serum levels of alanine
aminotransferase in nonobese subjects with
NAFLD (143).

Hepatic steatosis is often associated with
insulin resistance, a pathological condition
characterized by increased circulating insulin
levels. Under this condition, insulin cannot
suppress hepatic gluconeogenesis, but it can
promote hepatic lipogenesis (144). Ezetimibe
treatment improves insulin resistance in
rodents with NAFLD (74, 137, 139, 145) and
in human subjects with hypercholesterolemia
(146). Genetic ablation of NPCIL1 also
improves glucose tolerance and increases
insulin sensitivity in mice on a high-fat diet
(74). Although the improved insulin resistance
under these conditions may result from the
reduced fat accumulation in the liver, there are
situations in which animals have severe fatty de-
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generation in the liver, yet show no alterations
in insulin sensitivity (147). Thus, ezetimibe
treatment or NPCI1L1 disruption may prevent
hepatic steatosis primarily by improving insulin
sensitivity.

Several other mechanisms have been pro-
posed to explain how ezetimibe treatment or
NPCILI deficiency protects against hepatic
steatosis, including reduced generation of reac-
tive oxygen species (ROS), elevated C-Jun N-
terminal kinase (JNK) activation, and decreased
endoplasmic reticulum stress (145). However,
all these alterations may be a result of re-
duced hepatic accumulation of triglyceride and
cholesterol, rather than the cause of decreased
steatosis.

Figure 3 summarizes mechanisms by which
ezetimibe treatment or NPC1L1 ablation may
prevent fatty liver disease. By inhibiting intesti-
nal cholesterol absorption, ezetimibe treatment
or NPCI1L1 disruption may reduce cholesterol-
dependent LXR activation (148) and subse-
quent LXR activation—induced hepatic lipoge-
nesis (149). Intestinal cholesterol absorption
may be important for maintaining basal LXR
activity in the body. Consistent with this no-
tion, NPC1L1 knockout mice are less sensi-
tive to a synthetic LXR agonist relative to wild-
type mice in terms of activation of lipogenic
gene expression and fat accumulation in the
liver (64). Additionally, the steatoprotective ef-
fect of ezetimibe or NPCILI1 deficiency may
be associated with improved insulin sensitiv-
ity and decreased circulating insulin concen-
trations. In support of this, NPC1L1 knockout
compared with wild-type mice have a dramatic
reduction in plasma insulin concentrations and
are completely protected against hepatic steato-
sis induced by long-term high-fat-diet feeding
(140a). In this study, however, we were unable
to determine the cause-effect relationship be-
tween reduced hepatosteatosis and low blood
insulin levels because protection from hepatic
steatosis per se may improve insulin sensitivity,
thereby reducing circulating insulin concentra-
tion. Alternatively, protection of NPC1L1-null
mice from diet-induced obesity may result in
improved insulin sensitivity (74) and low blood
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Proposed mechanisms for Niemann-Pick C1-Like 1 (NPC1L1) deficiency or ezetimibe (Zetia) treatment to
prevent nonalcoholic fatty liver disease (NAFLD). () NPC1L1 inhibition blocks intestinal absorption and
promotes biliary excretion of free cholesterol (FC). Therefore, NPC1L1 may prevent hepatic steatosis by
reducing hepatic cholesterol content and cholesterol-dependent activation of liver X receptor (LXR), a
nuclear receptor that promotes hepatic lipogenesis. (b)) Reduced lipid accumulation in the liver as a result of
NPCILI inhibition may improve liver insulin signaling by reducing hepatic content of lipotoxic lipids,
endoplasmic reticulum (ER) stress, and/or the production of proinflammatory cytokines and reactive oxygen
species (ROS). Such events thereby inhibit simple steatosis progression to nonalcoholic steatohepatitis
(NASH) and blunt diet-induced insulin resistance and the development of hyperinsulinemia, a condition that
promotes hepatic lipogenesis via a mechanism dependent on a membrane-bound transcription factor, sterol
regulatory element-binding protein (SREBP)-1c. (c) For unknown reasons, NPC1L1 inhibition prevents
diet-induced obesity, which may further protect the liver from steatosis by improving whole-body insulin
sensitivity. (4) NPCIL1 inhibition dramatically reduces blood insulin concentrations. It is unclear if this
reduction is attributable solely to improved insulin sensitivity. NPC1L1 inhibition may somehow directly
impair insulin secretion by pancreatic (3 cells, thereby preventing the liver from undergoing insulin-driven

lipogenesis.

insulin levels, thus preventing insulin-induced
hepatic steatosis (144).

NPC1L1 DEFICIENCY PREVENTS
DIET-INDUCED OBESITY

A recent study showed that genetic inactivation
of NPCIL1 or ezetimibe treatment protects
C57BL/6 mice from weight gain induced by a
high-fat diet (74). Such an effect was not seen in
NPCI1LI knockout mice on a 129/0laHsd and
C57BL/6 mixed background after they were fed

a diet containing 0.15% cholesterol (92) or in
ezetimibe-treated wild-type C57BL/6 mice on
a diet containing 0.12% cholesterol (136). Al-
though the discrepancy between these studies
may be attributable to differences in genetic
background, gene targeting strategies, experi-
mental duration, or fat source, we found that
C57BL/6 mice deficient in NPCI1LI are pro-
tected against diet-induced obesity only on a
low-cholesterol (~0.02%)-containing diet, but
not on a high-cholesterol (~0.2%)-containing
diet (150). Large clinical trials have not
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reported changes in weight gain in human sub-
jects treated with ezetimibe (151). However, in
a small clinical study conducted on 38 Japanese
hypercholesterolemic subjects, ezetimibe treat-
ment for approximately five weeks did signifi-
cantly reduce body weight gain, body mass in-
dex, and waist circumference (146). Because this
ethnic group generally consumes a diet low in
cholesterol, the weight-reducing effect of eze-
timibe may be seen only in people consuming a
low-cholesterol diet.

How does an intestinal cholesterol
transporter modulate diet-induced obesity?
NPCIL1 deficiency or ezetimibe treatment
slightly but significantly reduces intestinal
absorption of total fat and two saturated fatty
acids, stearate and palmitate, in mice on a
high-fat diet, despite having no effects on food
intake (74). Although this modest reduction in
fat absorption may account for a proportion
of reduced weight gain over a long period,
we found that NPCI1L1-deficient mice have

SUMMARY POINTS

similar calorie intakes and fat absorption
on several low-fat diets and a high-fat diet
of different composition, but they still gain
significantly less weight relative to wild-type
mice (150). Thus, energy expenditure must be
increased in NPC1L1-deficient mice.

FUTURE DIRECTIONS

The molecular mechanisms for NPCILI-
dependent cholesterol uptake remain elusive.
Dissection of molecular components in this
process may hold promise for the development
of novel hypocholesterolemic agents. It is also
unclear how NPC1L1 modulates the pathogen-
esis of fatty liver disease, insulin sensitivity, and
diet-induced obesity, which should be an im-
portant topic of research. Given the upsurge in
prevalence of these metabolic diseases, this re-
search has tremendous translational potential
for improving public health.
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1. NPCI1L1 mediates the uptake of unesterified cholesterol from the intestinal lumen into
absorptive enterocytes and is essential for intestinal cholesterol absorption.

2. In humans and nonhuman primates, NPC1L1 may have evolved to prevent excessive loss
of cholesterol from bile, likely by transporting cholesterol in the bile canaliculus back
into hepatocytes.

3. NPCILI may be a weak transporter for plant sterols but is essential for intestinal ab-
sorption of these sterols, thus serving as the first genetic defense against phytosterols.

4. Both intestinal NPC1L1 and hepatic NPCIL1 are targets of the cholesterol-lowering
drug ezetimibe.

5. NPC1L1-dependent cholesterol uptake may be a clathrin-mediated endocytic process.

6. Animal studies show that genetic inactivation of NPCI1L1 or ezetimibe treatment at-
tenuates atherosclerosis, NAFLD, insulin resistance, and, under certain circumstances,
diet-induced obesity.
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