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Abstract
Cholesterol is essential for the growth and function of all mammalian cells, but abnormally elevated
levels of circulating low-density lipoprotein cholesterol (LDL-C) are a major risk factor for the
development of atherosclerotic cardiovascular disease (ASCVD). For many years, statin drugs have
been used to effectively lower LDL-C, but ASCVD still persists in most of the world. Hence,
additional LDL-C lowering is now recommended, and the search for therapeutic strategies that work
in synergy with statins has now begun. Intestinal absorption and biliary excretion of cholesterol
represent two major pathways and continue to show promise as druggable processes. Importantly,
both of these complex physiological pathways are tightly regulated by key proteins located at the
apical surface of the small intestine and the liver. One of these proteins, the target of ezetimibe
Niemann-Pick C1-Like 1 (NPC1L1), was recently identified to be essential for intestinal cholesterol
absorption and protect against excessive biliary sterol loss. In direct opposition of NPC1L1, the
heterodimer of ATP-binding cassette transporters G5 and G8 (ABCG5/ABCG8) has been shown to
be critical for promoting biliary cholesterol secretion in the liver, and has also been proposed to play
a direct role in intestinal disposal of sterols. The purpose of this review is to summarize the current
state of knowledge regarding the function of these opposing apical cholesterol transporters, and
provide a framework for future studies examining these proteins.
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INTRODUCTION
Atherosclerosis is the disease process underlying the clinical complications of coronary heart
disease (CHD), an epidemic that has cost more lives in this country over the past century than
the next four causes combined [1]. It was estimated that in 2007, cardiovascular diseases would
account for $431.8 billion in direct and indirect costs in the United States alone, a significant
increase from $393.5 billion in 2005. The most accurate predictor of CHD incidence is the
plasma concentrations of low-density lipoprotein cholesterol (LDL-C). Hence, lowering LDL-
C has been the primary therapeutic goal for decades, and statins have been the main drugs used
to accomplish this since the late 1980s. However, even with the substantial LDL-C lowering
achieved with statin treatments, these drugs have reduced CHD-associated mortality and

*Address correspondence to: Liqing Yu, M.D, Ph.D. Wake Forest University School of Medicine; Department of Pathology, Section on
Lipid Sciences, Medical Center Blvd., Winston-Salem, NC 27157-1040. Tel: 336-716-0920; Fax: 336-716-6279; lyu@wfubmc.edu.

NIH Public Access
Author Manuscript
Immunol Endocr Metab Agents Med Chem. Author manuscript; available in PMC 2010 February
18.

Published in final edited form as:
Immunol Endocr Metab Agents Med Chem. 2009 March ; 9(1): 18–29. doi:10.2174/187152209788009797.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



morbidity by only ~30% [2]. Therefore, emphasis has now shifted towards developing novel
therapies that would work in synergy with statins to further lower LDL-C and associated CHD
risk. Currently, the two most attractive synergistic therapeutic strategies are drugs that work
to 1) prevent intestinal cholesterol absorption, or 2) augment biliary secretion of cholesterol in
order to promote fecal sterol loss. Interestingly, both of these complex physiological processes
are tightly controlled by identical transport proteins that reside on the apical membrane of both
enterocytes in the small intestine and hepatocytes in the liver. These proteins, Niemann-Pick
C1-Like 1 (NPC1L1) and ATP-binding cassette transporters G5 and G8 (ABCG5/ABCG8),
serve as opposing gatekeepers in the liver and intestine to tightly regulate whole body sterol
homeostasis (Fig. 1). The purpose of this review is to summarize the current state of knowledge
regarding the biology of NPC1L1 and ABCG5/ABCG8, and summarize why these proteins
are attractive targets for future non-statin based therapeutics.

CHOLESTEROL’S WAY IN: NIEMANN PICK-C1 LIKE-1 (NPC1L1)
Discovery of a Dedicated Protein That Facilitates Intestinal Cholesterol Absorption: A New
Hypolipidemic Target

Cholesterol is essential for the growth and function of all mammalian cells. Therefore, the body
has devised many elegant pathways to maintain cellular cholesterol levels at a set point. It is
well appreciated that cholesterol can either be obtained through dietary sources or synthesized
from endogenous precursors. Both of these pathways have been intensively studied, and several
effective drugs have surfaced targeting both pathways. Statins, the champion of
hypocholesterolemic drugs, work very effectively to limit de novo synthesis of cholesterol. A
breakthrough in the late 1990s [3] gave rise to a new hypolipidemic drug that specifically blocks
intestinal absorption of dietary and biliary cholesterol known as ezetimibe (Zetia; SCH 58235;
1-(4-fluorophenyl)-(3R)-[3-(4-fluorophenyl)-(3S)-hydroxypropyl]-(4S)-(4-
hydroxyphenyl)-2-azetidinone). For many years intestinal cholesterol absorption was thought
to be a passive process, but the second order kinetics [4] and sterol specificity of this process
[5,6], and the fact that ezetimibe could specifically and dose-dependently inhibit the process
[3,7] lead to a search for candidate ezetimibe-sensitive sterol transport protein(s) in the
intestine.

At nearly the same time ezetimibe was discovered, the first clues into the identity of this elusive
intestinal sterol transport protein surfaced [8]. Through a genomic and bioinformatics
approach, Yiannis Ioannou and colleagues first identified a protein that shared a high sequence
identity (42%) and similiarity (51%) with the late endosomal protein Niemann-Pick C1
(NPC1), and therefore named this protein Niemann-Pick C1-Like 1. Like NPC1, NPC1L1
contains a putative sterol-sensing domain [8], and shares similarity with the resistance-
nodulation-division family of prokaryotic permeases that are involved in the transport of
lipophilic drugs, detergents, fatty acids, and bile acids across the plasma membrane, suggesting
a potential role in sterol transport. Given this information, and the coincident availability of a
powerful tool to inhibit intestinal cholesterol absorption (ezetimibe), the stage was set for
further investigation into molecular mechanisms regulating intestinal cholesterol absorption.

NPC1L1 Is Critical For Intestinal Cholesterol Absorption and Is the Target of Ezetimibe
In 2004, in a landmark paper, scientists at Schering-Plough provided the first insight into the
function of NPC1L1 [9]. This work clearly demonstrated that mice lacking NPC1L1 have
severely diminished intestinal cholesterol absorption, a finding that has been consistently
substantiated by multiple investigators [10–13]. Furthermore, ezetimibe administration
inhibited cholesterol absorption to the same level seen in NPC1L1 knockout mice, and
ezetimibe treatment in NPC1L1 knockout mice caused no further reduction in cholesterol
absorption, providing indirect evidence that NPC1L1 may be the target of ezetimibe [9]. More
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direct evidence for this connection was first published by Garcia-Calvo and colleagues [14].
These investigators showed that the glucuronidated form of ezetimibe binds with high affinity
to cells ectopically overexpressing NPC1L1 and to intestinal brush border membranes from
wild type mice, but did not bind to intestinal membranes from NPC1L1 knockout mice [14].
The interaction site of ezetimibe binding has been traced to a 61 amino acid region of the
extracellular domain in dog NPC1L1, and Phe-532 and Met-543 seem to be especially critical
for binding [15]. In further support of direct binding, Hawes and colleagues demonstrated that
the well-documented species-specific responsiveness to ezetimibe correlates directly with
NPC1L1 binding affinity [16]. The most impressive preclinical demonstration of the
importance of the ezetimibe-NPC1L1 pathway was a study where ApoE knockout mice either
received ezetimibe treatment or had NPC1L1 genetically deleted [13]. This study clearly
demonstrated that inhibition of NPC1L1 results in dramatic LDL-C lowering, and complete
protection against murine atherosclerosis [13].

NPC1L1 Is Critical For Hepatobiliary Cholesterol Secretion: Another Target of Ezetimibe
Action

Interestingly, rodents express NPC1L1 almost exclusively in the small intestine [9,17]. In
contrast, humans express high levels of NPC1L1 mRNA in the liver and the small intestine
[9,17]. We recently discovered that NPC1L1 protein is abundantly expressed in human liver,
and localizes to the canalicular membrane of both primate and human hepatocytes [18]. Based
upon these findings, we hypothesized that hepatic NPC1L1 may facilitate the recapture of
newly secreted biliary cholesterol by hepatocytes, and that ezetimibe may be able to disrupt
this pathway. To test this hypothesis, we generated transgenic mice expressing human NPC1L1
specifically in hepatocytes. Hepatic overexpression of NPC1L1 resulted in a greater than 90%
decrease in biliary cholesterol concentration, but had no effect on biliary phospholipid and bile
acid concentrations. Quite strikingly, biliary cholesterol concentrations in these animals were
returned virtually to normal with ezetimibe treatment. These findings suggest that in humans,
ezetimibe may reduce plasma cholesterol by inhibiting NPC1L1 function in both the intestine
and liver, and hepatic NPC1L1 may have evolved to protect the body from excessive biliary
loss of cholesterol. Collectively, we believe that in humans NPC1L1 may have evolved at two
sites (apical membrane of enterocytes and canalicular membrane of hepatocytes) to facilitate
cholesterol uptake, protecting the body against fecal and biliary loss of cholesterol.

NPC1L1 Is a Clinically Relevant Target in Humans: LDL-C Lowering by Ezetimibe
Given the attractive pharmacological profile seen in rodent models, the clinical relevance of
the target of ezetimibe (NPC1L1) was examined in primates and humans. In cynomolgus
monkeys, treatment with an ezetimibe analogue significantly reduced the cholesterol content
of postprandial chylomicrons, without affecting triglycerides or apoB-48 levels [19]. Ezetimibe
treatment in mildly hypercholesterolemic [20] or vegetarian [21] humans resulted in a dramatic
54% or 58% reduction in cholesterol absorption, respectively. Importantly, in these studies,
ezetimibe treatment significantly reduced LDL-C by 17–20% [20,21]. These studies clearly
demonstrated that ezetimibe was effective in blocking the intestinal absorption of both dietary
and biliary cholesterol, with parallel reductions of LDL-C in humans. The safety and efficacy
of ezetimibe monotherapy have been subsequently tested in two randomized double-blind
studies [22,23]. In a pooled analysis from both of these studies it was shown that ezetimibe
effectively lowered LDL-C by 18.2%, lowered plasma triglycerides, and also significantly
increased high density lipoprotein cholesterol (HDL-C) [24]. Importantly, ezetimibe treatment
was shown to be extremely safe and was well tolerated across all groups [22–24].

Since ezetimibe works by inhibiting cholesterol absorption [9–13,19–21] and promoting biliary
cholesterol secretion [18], it positions itself as an ideal complimentary LDL-C-lowering drug
for use as a dual therapy with a statin. Therefore, several large clinical trials have tested whether
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coadministration of ezetimibe and statin could provide additional LDL-C lowering above statin
treatment alone. In the ezetimibe add-on to statin for effectiveness (EASE) trial, greater than
three thousand patients were randomized into groups receiving either statin plus ezetimibe or
statin plus placebo [25]. This study showed that statin plus ezetimibe dual therapy was well
tolerated and resulted in a 26% decrease in LDL-C, whereas statin plus placebo only reduced
LDL-C by 2.7%. In a separate study, ezetimibe plus statin dual therapy was given to patients
with homozygous familial hypercholesterolemia (FH), and demonstrated that dual therapy
resulted in an additional LDL-C lowering of 14–21%, when compared to statin monotherapy
[26]. This study provided important new information that LDL-C lowering by ezetimibe does
not rely on functional LDL receptors, and offers FH patients another viable treatment option
[26]. In addition to these trials, four different statins (simvastatin, atorvastatin, lovastatin, and
pravastatin) have been given in combination with ezetimibe in independent phase III studies
[27–30], with strikingly similar results. Regardless of the type of statin used, ezetimibe plus
low dose statin (10 mg) reduced LDL-C to a similar extent as the highest statin dose (40–80
mg, according to statin) [27–30]. Collectively, these studies provided strong evidence that this
dual therapy was extremely effective in lowering LDL-C in humans, and may provide benefit
above statin monotherapy [27–30].

Given this information, a fixed dose combination of simvastatin and ezetimibe (Vytorin®) was
developed and approved by the FDA in 2004, and it dramatically lowered LDL-C by 45–60%
over a 10–80 mg simvastatin dose range [31]. Subsequent studies with this dual therapy
demonstrated that ezetimibe/simvastatin was superior to atorvastatin (80 mg) in the percent
LDL-C reduction [32], and that at each dose (10, 20, 40, or 80 mg) of statin the ezetimibe/
simvastatin dual therapy reduced LDL-C to a greater extent than statin alone [33]. Furthermore,
in the high-risk patients with type II diabetes, ezetimibe/simvastatin dual therapy resulted in a
greater percentage of patients who attained a LDL-C level of <70 mg/dL, when compared to
statin alone [34]. Collectively, studies looking at the benefit of adding ezetimibe to statin
therapy have provided striking evidence that this dual therapy is the most effective LDL-C
lowering therapy known to date. Therefore, four highly publicized randomized, double-blind,
clinical outcomes trials (ENHANCE = Ezetimibe and Simvastatin in Hypercholerolemia
Enhances Atherosclerosis Regression study; SEAS = Simvastatin and Ezetimibe in Aortic
Stenosis study; SHARP = Study of Heart and Renal Protection; and IMPROVE IT = the
Improved Reduction of Outcomes: Vytorin Efficacy International Trial) have been initiated to
answer a long-standing question in the field: Does the dramatic LDL-C lowering seen with
inhibition of cholesterol absorption and de novo sterol synthesis translate into reduced ASCVD
and microvascular complications? Results of these studies are just now coming to light [35,
36], and have sparked an unfortunate controversy in the field [37,38] that will only be solved
with additional studies.

The Cell Biology of NPC1L1: Cholesterol-Sensitive Endocytic Recycling
With strong in vivo evidence in hand regarding the role of NPC1L1 in intestinal cholesterol
absorption and biliary sterol transport, several investigators have attempted to define the
molecular mechanism by which NPC1L1 facilitates cellular cholesterol transport. However,
initial attempts at developing a functional cell-based assay for NPC1L1-dependent cholesterol
transport was unexpectedly difficult. In 2005, our laboratory was able to first demonstrate a
functional cellular assay for NPC1L1-dependent sterol transport [39]. The rationale for
development of this assay stemmed from previous work that had demonstrated that NPC1L1
could localize to either the plasma membrane [39,40], or to an ill-defined intracellular
compartment [17,40]. Based on this, we reasoned that NPC1L1 could be dynamically
trafficking to and from the plasma membrane through an endocytic recycling event. After
testing a number of conditions known to affect endocytic recycling, we serendipitously treated
hepatoma cells overexpressing NPC1L1 with methyl-β-cyclodextrin (Mβ CD) to deplete the
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cells of cholesterol. We found that under these conditions NPC1L1 translocates from the
endocytic recycling compartment to an apical subdomain in the plasma membrane, where it
can facilitate cellular cholesterol transport [39,41]. From these studies we now appreciate that
initial attempts to establish a functional assay for NPC1L1 likely failed simply due to the fact
that the majority of NPC1L1 proteins reside intracellularly in sterol-replete cells, where they
do not actively facilitate sterol transport. In agreement with our studies, independent
investigators have demonstrated endocytic recycling-dependent, NPC1L1-driven cholesterol
transport in a variety of cell models [41–45]. Furthermore, we have demonstrated that NPC1L1
is a unidirectional transporter of unesterified cholesterol, and not cholesterol ester [41], clearly
making this pathway distinct from other cholesterol receptors such as the LDL receptor [46]
or the scavenger receptor class B type I (SR-BI) [47]. Importantly, ezetimibe dose-dependently
inhibits NPC1L1-dependent cellular cholesterol transport [39,42,43,45], further establishing
NPC1L1 as a direct target of ezetimibe.

Until very recently, the molecular mechanism by which ezetimibe inhibits NPC1L1-dependent
sterol transport was not well understood. In an elegant study, Ge and colleagues provided the
first clues into the mechanism of ezetimibe action [45]. Interestingly, following cholesterol
depletion-driven movement of NPC1L1 to the plasma membrane (i.e. Mβ CD treatment),
adding back cholesterol to the cells resulted in rapid internalization of NPC1L1 via clathrin/
AP2-dependent vesicular endocytosis [45]. Importantly, ezetimibe functionally blocks
cholesterol-induced NPC1L1 internalization and cholesterol uptake [45]. Currently, published
data support a model where NPC1L1 acts not as a permease, but rather as a free cholesterol
receptor that is internalized via cholesterol-sensitive and ezetimibe-inhibitable clathrin-
mediated endocytosis [39–45]. However, more work is needed to comprehensively define this
clinically important pathway.

The Sterol Specificity of NPC1L1: Does It Discriminate?
It has long been known that vegetarian humans and animals consume only plant-derived sterols
in their diets, yet all the cells in their body contain large amounts of cholesterol and no plant
sterols [48,49]. Observations like these have intrigued many investigators, and have lead to the
discovery that plant sterols are completely excluded from the body, yet may compete with
cholesterol for incorporation into micelles in the intestinal lumen, thereby indirectly blocking
the intestinal absorption of cholesterol [50–53]. Importantly, although mutations in ABCG5
and ABCG8 (discussed in detail below) cause the accumulation of plant sterols in the body
[54,55], the rank order of intestinal absorption among animal and plant sterols is maintained
in ABCG5/ABCG8 knockout mice [56], indicating that ABCG5/ABCG8 is a gatekeeper rather
than the intestinal discriminator. The search for protein mediators of sterol selectivity at the
level of the intestine has continued for decades, without a clear understanding. It remains
possible that NPC1L1 may be one such protein contributing to intestinal sterol selectivity, but
more work is needed for clarification since current data are conflicting.

It is quite clear that NPC1L1 knockout mice have significantly reduced plant sterol absorption
[12]. In agreement, ezetimibe treatment effectively blunts the accumulation of plant sterols
seen in genetically sitosterolemic patients [57] and mice [58]. Furthermore, we have recently
shown that targeted deletion of NPC1L1 prevents plant sterol accumulation in the body in
genetically sitosterolemic mice (ABCG5/ABCG8 knockouts) [11]. All of the in vivo
observations strongly support that NPC1L1 does not discriminate, and facilitates the intestinal
absorption of both cholesterol and plant sterols. However, data generated in minimal cell
models of NPC1L1-dependent transport have not substantiated this [41,43,45]. In hepatoma
cells overexpressing NPC1L1, we were able to demonstrate robust NPC1L1-dependent
transport of cholesterol, but not β-sitosterol [41]. In fact, the kinetics of cholesterol and β-
sitosterol transport were strikingly different in hepatoma cells, indicating different transport
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mechanisms for the two sterols [41]. In agreement, it has been shown that the NPC1L1-
dependent transport of β-sitosterol is 60% lower than that of cholesterol in CaCo2 cells [43].
Furthermore, when examining the sterol-dependent endocytic recycling of NPC1L1, Ge and
colleagues [45 found that clathrin-dependent internalization of NPC1L1 could only be induced
by cholesterol, but not plant sterols, further indicating sterol specificity. Collectively, in several
cellular models of NPC1L1-dependent sterol transport, it seems that NPC1L1 can indeed
discriminate between sterols of plant and animal origin.

Generally in vivo data trumps in vitro data, but in the case of NPC1L1 one must consider both
arguments. One possible explanation for the reported decreases in sitosterol absorption seen
in mice lacking NPC1L1 is that NPC1L1 protein is the transporter for phytosterols, but its
affinity to these sterols is much lower than to cholesterol. Alternatively, the lack of phytosterol
accumulation in NPC1L1-deficient mice may be indirect, and may instead be mediated by the
drastic reduction in enterocytic cholesterol content seen when intestinal absorption is blocked,
resulting in activation or repression of sterol-regulated transcription factors. For instance, Davis
and colleagues [12] reported that mice lacking NPC1L1 showed dramatic decreases in
intestinal ABCA1 mRNA expression, most likely resulting from diminished cholesterol-driven
liver X receptor (LXR)-mediated transcription. Interestingly, intestinal ABCA1 expression has
been recently implicated in promoting intestinal cholesterol absorption [59,60], and has been
shown to mediate the basolateral transport of β-sitosterol out of CaCo-2 cells [61], Therefore
the decreases in intestinal ABCA1 seen in NPC1L1-knockout mice may partially explain the
diminished intestinal β-sitosterol absorption. It is not hard to imagine that, in addition to
ABCA1, the expression of many sterol-sensitive genes are altered in the intestine of NPC1L1
knockout mice, and one of the genes may be critical for plant sterol transport. Furthermore,
the fact that ezetimibe normalizes elevated plasma sitosterol levels in sitosterolemic humans
[57] and mice [58] could also be a secondary effect of the potent cholesterol absorption
inhibiting effects of ezetimibe (i.e. altering sterol-driven gene expression in the intestine), and
not a direct effect on NPC1L1 per se. Although it is quite clear that NPC1L1 readily transports
cholesterol through a clathrin-mediated endocytic pathway [39,41–43,45], the same may not
be true for plant sterols [41,43,45]. Additional work is needed to clarify the route by which
plant sterols are transported into intestinal enterocytes.

Transcriptional Regulation of NPC1L1
In addition to posttranslational control (endocytic recycling), there is emerging data that
NPC1L1 may be transcriptionally controlled by sterol-sensing transcription factors. The first
evidence of this was presented by Duval and colleagues, who showed that mice treated with a
synthetic LXR agonist had reduced NPC1L1 expression in the intestine [62]. The mechanism
behind the reduction has yet to be elucidated. Further work has demonstrated that intestinal
NPC1L1 mRNA levels are downregulated in response to a cholesterol/cholate-containing diet
[12]. It has also been shown that dietary fish oil can cause reductions in intestinal NPC1L1
expression [63]. In addition, in two genetic mouse models of altered intestinal cholesterol
metabolism (acyl-CoA:cholesterol acyltransferase 2 knockouts and phospholipid transfer
protein knockouts), NPC1L1 mRNA is diminished, indicative of transcriptional regulation
[60,64]. More direct evidence of sterol-sensitive transcriptional control was demonstrated
recently by Alrefai and colleagues [65]. This study demonstrated that the human promoter for
NPC1L1 contains two functional sterol response elements, and demonstrated that NPC1L1
was indeed a target for the sterol regulatory element-binding protein 2 (SREBP2). In a
subsequent study it was shown that hepatocyte nuclear factor 4α (HNF4α) works
synergistically with SREBP2 in the NPC1L1 promoter for sterol-sensitive repression [66].
Although our understanding of the transcriptional control of NPC1L1 is in its infancy, it seems
that NPC1L1 expression is regulated by sterol-sensitive transcription factors.
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Inhibiting NPC1L1 May Have Multiple Therapeutic Benefits: NPC1L1’s Future
Over the last eight years NPC1L1 has solidified itself as a critical gatekeeper of cholesterol
absorption and biliary sterol secretion, thus positioning itself as an attractive target for
prevention of cholesterol-driven diseases such as atherosclerosis. However, inhibition of
NPC1L1 may provide benefits for other important metabolic diseases as well. It has recently
been shown that ezetimibe-mediated inhibition of intestinal cholesterol absorption prevents
diet-induced increases in biliary cholesterol secretion in hamsters [67]. In parallel, ezetimibe
decreases biliary cholesterol levels and gallstone formation in mice fed a lithogenic diet [68],
and in patients presenting with cholesterol gallstones [68,69]. In fact ezetimibe treatment was
able to facilitate the dissolution of gallstones that were already present prior to treatment in
mice [68]. Collectively, these data have shown that ezetimibe-mediated inhibition of intestinal
cholesterol absorption may prevent the formation of cholesterol gallstones and potentially act
as an effective cholelitholytic agent [67–69]. In addition, ezetimibe has been shown to
ameliorate hepatic steatosis, and now has potential as an antisteatotic therapy [70,71].
Ezetimibe has also been shown to blunt high fat diet-induced obesity and insulin resistance in
mice [72]. Most recently, the genetic inactivation of NPC1L1 in mice was shown to attenuate
hepatic steatosis caused by an LXR agonist [10] and protect against high fat diet-induced
obesity [72] (Yu L, unpublished observation). More work is needed to understand the molecular
mechanisms underlying these intriguing results. Simply by regulating how much cholesterol
enters the body, NPC1L1 has the potential to be a master regulator of metabolic diseases. The
future is bright for NPC1L1 as a viable therapeutic target in humans, yet additional work is
needed.

CHOLESTEROL’S WAY OUT: ATP-BINDING CASSETTE PROTEINS G5 AND
G8 (ABCG5/ABCG8)
Discovery of ABCG5/ABCG8: Sitosterolemia and the Power of Human Genetics

As described above, most humans consume large amounts of dietary plant sterols, yet these
sterols are excluded from the body, primarily at the level of the intestine. [48–53]. A major
breakthrough regarding this issue came when Bhattacharayya and Connor described a novel
disease in which two sisters presented to the clinic with tendon xanthomas, and were
surprisingly shown to have extremely elevated levels of plasma plant sterols (primarily β-
sitosterol) [73]. Hence, the disease was named β-sitosterolemia, and the authors proposed that
this disease was caused by a single genetic defect that permitted the intestinal absorption of
plant sterols. Sitosterolemic patients have elevated fractional absorption of dietary sterols and
diminished ability to secrete multiple sterols into bile [73–76]. As a result, sitosterolemia
manifests as the accumulation of both plant and animal sterols in the plasma, skin, tendons,
and coronary arteries, and most affected individuals suffer from premature CHD [77–80].
Sitosterolemia was subsequently mapped to a single locus (STSL, sitosterolemia locus) on
human chromosome 2p21 [54,55,81]. The STSL locus was found to contain two genes ABCG5
and ABCG8 that were positioned in a head-to-head orientation, and mutations in either of these
genes were shown to be causative of sitosterolemia [54,55]. These two genes were shown to
encode two distinct proteins known as sterolin-1 (ABCG5) and sterolin-2 (ABCG8).

Since the discovery of the genetic basis for sitosterolemia, there has been intensive effort put
forth to understand the function of both ABCG5 and ABCG8. Like NPC1L1, ABCG5 and
ABCG8 are expressed almost exclusively on the apical membrane of enterocytes in the
intestine and hepatocytes in the liver [54,55,82,83,84]. As will be discussed in detail later,
ABCG5 and ABCG8 are obligate heterodimers [84], explaining why single mutations in either
of these genes causes sitosterolemia. It was originally hypothesized that the ABCG5/ABCG8
heterodimeric complex served as an efflux pump to remove sterols (cholesterol and plant
sterols) from cells, trafficking them either back into the lumen of small intestine in the
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enterocyte or into bile in the hepatocyte. If this were true, ABCG5/ABCG8 would likely play
a rate-limiting role in both intestinal sterol absorption and hepatobiliary sterol secretion by
opposing the actions of NPC1L1, which experimental evidence has now substantiated.

The Role of ABCG5/ABCG8 in Intestinal Sterol Absorption
In contrast to NPC1L1, which directly transports cholesterol from the gut lumen into
enterocytes, ABCG5/ABCG8 likely plays an opposing role, thereby indirectly regulating net
sterol absorption. A potential role for ABCG5/ABCG8 in intestinal cholesterol absorption was
first discovered in sitosterolemic patients, who have elevated retention of both plant sterols
and cholesterol in the body [74–76,85–87]. In fact, sitosterolemic patients retain roughly 20–
30% of dietary sitosterol, compared to <5% absorption in unaffected individuals [73,74,85,
87]. Importantly, mice lacking either ABCG5 alone [88], ABCG8 [89,90] alone, or mice
lacking both transporters [56] exhibit sitosterolemia, which can likely in part be explained by
increased intestinal absorption of phytosterols. In support of this concept, in mice lacking both
ABCG5 and ABCG8 fed a chow diet, intestinal absorption of cholesterol was not significantly
altered, yet the absorption of sitosterol, cholestanol, campesterol was significantly increased
[56]. Furthermore, in a recent study by Wang and colleagues, it was elegantly demonstrated
the lymphatic transport rate of cholesterol and sitostanol was increased by ~40% and 500%,
respectively in mice lacking ABCG8 [90]. In agreement, mice transgenically overexpressing
ABCG5 and ABCG8 in the intestine and liver exhibit a 50% reduction in fraction cholesterol
absorption, and fecal neutral sterol levels were shown to increase 3–6 fold [91]. Collectively,
work done in both sitosterolemic humans and animal models has supported an important role
for ABCG5/ABCG8 in intestinal sterol absorption. The ABCG5 and ABCG8 heterodimer in
the intestine is thought to be an efflux pump to deliver sterols from enterocytes back into the
lumen of the small intestine for fecal disposal, but direct experiment evidence of the concept
is still lacking.

ABCG5/ABCG8 Is Critical For Promoting Hepatobiliary Cholesterol Secretion
Opposing the previously described function for NPC1L1 in the liver [18], ABCG5 and ABCG8
are critical for promoting the removal of neutral sterols from the body through biliary secretion.
In fact, sitosterolemic patients have severely impaired ability to secrete multiple sterols into
bile [74,76,85]. In parallel, in mice lacking both ABCG5 and ABCG8, cholesterol
concentrations in gall bladder bile were reduced by >90%, yet biliary phospholipids and bile
acids concentrations were normal [56]. Similar effects have been seen in mice lacking ABCG5
[88] or ABCG8 [89,90] alone. Also, mice transgenically overexpressing ABCG5 and ABCG8
in the intestine and liver had a > 5-fold increase in biliary cholesterol output [91]. In addition
to these data, it has been shown that ABCG5 and ABCG8 mRNA expression is highly
correlated with biliary cholesterol secretion rates in a variety of different mouse strains and
conditions [92]. Collectively, there is a large body of evidence that the ABCG5/ABCG8
heterodimer represents the major route for delivery of sterols into bile. However, there is
emerging support for an alternative ABCG5/ABCG8-independent route for biliary sterol
secretion under some conditions [92–94], which requires further exploration.

The LDL-C Lowering and Atheroprotective Role of ABCG5/ABCG8
ABCG5/ABCG8 plays a crucial role in cholesterol excretion from the body. Based on this, it
seemed logical to assume that mice lacking the heterodimer should have increased
atherosclerotic burden, while mice transgenically overexpressing ABCG5/ABCG8 should be
protected against atherosclerosis. These hypotheses have been tested, and provide useful
insight into the potential for ABCG5/ABCG8 to become a viable therapeutic target for
ASCVD. In LDL receptor knockout mice, as expected high-level overexpression of ABCG5/
ABCG8 in both the intestine and liver results in reduced LDL-C and significantly less
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atherosclerosis [95]. In contrast, hepatocyte-specific ABCG5/ABCG8 overexpression, which
elevated biliary sterol secretion ~2-fold, did not protect against atherosclerosis in the LDL
receptor or apolipoprotein E (ApoE) knockout backgrounds [96]. This result was very
confusing, since it was anticipated that a 2-fold increase in biliary cholesterol output would
result in atheroprotection. In a subsequent study, these same authors clarified this confusing
outcome, and showed that ezetimibe treatment in mice overexpressing ABCG5/ABCG8
specifically in the liver produced profound protection against atherosclerosis [97]. These data
strongly support the opposing roles of ABCG5/ABCG8 and NPC1L1, and demonstrate that
therapies that simply increase biliary sterol output may not be effective at altering sterol balance
and atherosclerosis, since these sterols can re-enter the body via the actions of intestinal
NPC1L1 [98]. However, dual therapies that increase biliary sterol output and block re-uptake
of biliary sterols by the intestine continue to hold promise.

It is well known that many sitosterolemic patients suffer from premature ASCVD [77–80].
However, whether this ASCVD is caused by the massive accumulation of plant sterols in the
blood or the associated mild to moderate hypercholesterolemia has been a matter of debate.
Without a doubt hypercholesterolemia is a major driving force in ASCVD progression, but
little is known about the consequences of elevated blood plant sterols because in organisms
with intact ABCG5/ABCG8 plant sterols are efficiently excluded from the body. Therefore,
sitosterolemic patients and ABCG5/ABCG8 knockout mice provide a unique research
opportunity to ask the age-old question: How are plant sterols metabolized, and do plant sterols
like their animal counterparts contribute to atherogenesis? Importantly, the plant sterol
stigmasterol has been shown regulate cholesterol metabolism by directly inhibiting SREBP2
processing and activating LXR-driven gene expression [98]. In addition the plant sterol
sitosterol has recently been shown to drive macrophage cell death [99], an important feature
of the late stages of ASCVD. These and many other findings have promoted a potential role
for plant sterols in the progression of ASCVD in sitosterolemic patients. Recently, a study
examined this relationship in both ABCG5/ABCG8 knockout mice and in sitosterolemic
patients [100]. It was found that plasma levels of plant sterols did not correlate with
atherosclerosis extent in either of these sitosterolemic models, leading the authors to conclude
that perhaps elevated plasma cholesterol levels are responsible for the development of
premature ASCVD in sitosterolemic patients [100]. At this time the atherogenicity of plant
sterols remains in question, but without a doubt more studies are needed to understand why
sitosterolemic patients suffer from premature CHD.

The Cell Biology of ABCG5/ABCG8: Obligate Heterodimers Regulating Apical Sterol
Transport

Although the in vivo relevance of ABCG5 and ABCG8 in both plant sterol and cholesterol
homeostasis has been clearly established in humans and genetically modified mice, our
understanding of the cell biology of these proteins is still incomplete. What has been clearly
demonstrated is that ABCG5 and ABCG8 must heterodimerize in order to transport sterols
across membranes [84,101,102]. This is supported by data demonstrating that, when expressed
together, the proteins colocalize in the endoplasmic reticulum (ER) and the plasma membrane
[84,101], they can be co-immunoprecipitated [84], and the exit of these proteins from the ER
to the plasma membrane requires coexpression of both proteins [84,101,102]. From these
studies it was postulated that ABCG5 and ABCG8 heterodimerize in the ER, traffic together
through the Golgi apparatus, and subsequently target to apical subdomains in the plasma
membrane [101]. It has been further demonstrated that both ABCG5 and ABCG8 undergo N-
linked glycosylation, and that glycosylation at Asn-619 in ABCG8 is critical for efficient
trafficking of the heterodimer [102]. It has also been shown that the ABCG5/ACBG8
heterodimer requires the molecular chaperones, calnexin [102] and calreticulin [102,103] for
proper folding and trafficking out of the ER. Subsequent site-directed mutagenesis experiments
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demonstrated that the majority of mutants causative of sitosterolemia exhibit impaired transport
of the heterodimer from the ER to the plasma membrane [102].

Although there is a strong body of work examining the subcellular trafficking and dimerization
of ABCG5 and ABCG8, characterization of the sterol transport properties of the heterodimer
is still incomplete. Recently, it has been shown that overexpression of ABCG5 and ABCG8
in human kidney and gallbladder epithelial cells promotes the efflux of cholesterol and plant
sterols [104,105]. In these studies it was shown that ABCG5/ABCG8-dependent efflux was
dependent on the presence of mixed bile salt micelles as an acceptor, whereas other cholesterol
acceptors such as apolipoprotein AI, HDL, or Mβ CD failed to efficiently promote ABCG5/
ABCG8-dependent efflux [104,105]. More recently, ABCG5/ABCG8-dependent sterol
transport has been successfully reconstituted in vitro [106,107]. From these studies it was
demonstrated that, with either a recombinant [106] or purified native ABCG5/ABCG8 [107],
the heterodimer could directly transport sterols, sterol esters, and phospholipids from donor
vesicles to proteoliposomes in an ATP-dependent fashion. With this established in vitro assay
[106,107] and complimentary cell-based models [104,105] for ABCG5/ABCG8-dependent
sterol transport we now have the tools available to address unanswered questions. For instance,
does the ABCG5/ABCG8-transported pool of sterols originate from a cytosolic pool, or does
the heterodimer act primarily on a membrane-associated pool as a flippase? Are other proteins
required for ABCG5/ABCG8-dependent sterol transport? Additionally, what is the substrate
specificity for ABCG5/ABCG8?

The Sterol Specificity of the ABCG5/ABCG8 Heterodimer: Does It Discriminate?
There is now overwhelming evidence that mutations in either ABCG5 or ABCG8 cause
abnormal accumulation of plant sterols in the body [54,55,85–90]. Given this fact, most have
assumed that the ABCG5/ABCG8 heterodimer is the primary, if not the sole protein,
responsible for sterol discrimination in the intestine. However, the current knowledge base
does not firmly support this conclusion. In support of this concept, genetically sitosterolemic
patients [75], rats [108], and mice [56] still possess the ability to discriminate between
cholesterol, campesterol, and sitosterol at the level of intestinal absorption, indicating that
ABCG5/ABCG8 is a gatekeeper rather than the intestinal sterol discriminator. Given this
information, caution should be taken when assuming the ABCG5/ABCG8 heterodimer is the
sole mediator of sterol selectivity in the intestine. Much more work is needed in this area, and
with recent progress using cell-based and in vitro systems for ABCG5/ABCG8-dependent
sterol transport, we now have the tools to gain further mechanistic insight into the critical
question of substrate specificity.

Transcriptional Regulation of ABCG5/ABCG8
Both ABCG5 and ACBG8 seem to be primarily controlled at the transcriptional level. The
sterol-sensing transcription factors LXRα and LXRβ seem to be the major regulator of ABCG5
and ABCG8 mRNA expression. In support of this, both dietary cholesterol and synthetic LXR
agonists upregulate ABCG5 and ABCG8 mRNA expression in the small intestine and liver of
wild type mice, but not LXR knockout mice [54,109–111]. This is indicative of a direct effect,
but the presence of a bona fide LXR response element in the ABCG5/ABCG8 intergenic
promoter or surrounding areas has not been demonstrated. The physiological relevance of
LXR-driven upregulation of ABCG5 and ABCG8 mRNA has recently been highlighted in two
separate studies. It was first shown that LXR-driven increases in hepatobiliary and fecal
cholesterol excretion rely on functional ABCG5 and ABCG8, since ABCG5/ABCG8 knockout
mice could not elevate biliary and fecal sterol secretion in response to a synthetic LXR agonist
[112]. In agreement, using ABCG5/ABCG8 knockout mice, Calpe-Berdiel and colleagues
demonstrated that LXR-mediated induction of macrophage to feces reverse cholesterol
transport requires functional ABCG5/ABCG8 [113].
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Another transcriptional activator of the STSL locus is the liver receptor homolog-1 (LRH-1)
[114]. However, it is important to point out that a functional LRH-1 binding site is only present
in the human gene, and rodent homologs do not possess LRH-1-sensitive transcriptional
activation [114]. More recently, it has been shown that three additional transcription factors
known as HNF-4α, GATA4, and GATA6 act in a cooperative fashion to transactivate the
human intergenic promoter [115]. There is also evidence that bacterial endotoxin can down-
regulate ABCG5 and ABCG8 mRNA levels [116], yet the transcription factors involved in
this response have yet to be clearly elucidated. Collectively, it is quite clear that ABCG5 and
ABCG8 are coordinately regulated at the transcriptional level. More work in this area may
prove to be critical for future ABCG5/ABCG8-centered therapies.

Are The Sterolins Viable Therapeutic Targets? ABCG5/ABCG8’s Future
Inter-individual variations exist in responses to statins [117], which were thought to be
attributable to differences in baseline cholesterol absorption and/or endogenous cholesterol
synthesis among individuals [118,119]. Stimulation of ABCG5/ABCG8-mediated cholesterol
excretion not only promotes fecal disposal of cholesterol, but also increases endogenous
cholesterol synthesis [120]. Coadministration of a statin and a yet-to-be developed ABCG5/
ABCG8 activator is expected to have a synergistic cholesterol-lowering effect. Consistent with
this notion, transgenic overexpression of ABCG5/ABCG8 in the liver and intestine confers
mice hypersensitive to the cholesterol-lowering capacity of lovastatin [121].

Unlike the success story for NPC1L1 and its inhibitor ezetimibe, a specific pharmacological
modulator for ABCG5/ABCG8-dependent sterol transport has yet to be developed. Most
current attempts at modulating ABCG5/ABCG8-dependent sterol transport involve the use of
a synthetic LXR agonist, which robustly transcriptionally upregulates heterodimer expression
in the liver and intestine [54,110–112]. However, LXR activation elicits the unwanted side
effect of increased de novo lipogenesis, resulting in pronounced hepatic steatosis [122,123],
ruling out synthetic LXR agonists as a safe way to promote ABCG5/ABCG8 function.
Therefore, alternative strategies for ABCG5/ABCG8 modulation need to be pursued. It remains
possible that the ABCG5/ABCG8 heterodimer may be more directly targeted by small
molecule activators. With in vitro and cell-based functional assays for ABCG5/ABCG8-
dependent sterol transport in place, it may now be possible to screen for such compounds.
Based on the limited data generated in mice transgenically overexpressing ABCG5 and
ABCG8, pharmacologic activators of this pathway could serve as powerful promoters of
cholesterol removal from the body, and may provide additional protection against
atherosclerosis when given in combination with statin therapy.

CONCLUSION AND FUTURE PERSPECTIVES
In the search for cholesterol-lowering therapies in the post-statin era, inhibitors of NPC1L1
and activators of ACBG5/ABCG8 hold great promise as future synergistic therapies. This is
true not only for atherosclerosis prevention, but could potentially hold promise for many other
prevalent metabolic diseases including hepatic steatosis, cholelithiasis, type II diabetes, and
obesity. Acting as opposing gatekeepers at the apical membrane of enterocytes and
hepatocytes, NPC1L1 serves as cholesterol’s way in, and ABCG5/ABCG8 as cholesterol’s
way out of the body (Fig. 1). Over the last decade we have gained enormous insight into the
enterohepatic recirculation of cholesterol by studying these proteins, and future research will
no doubt shed light on the connections between cholesterol metabolism and other metabolic
diseases. In regards to NPC1L1 and ABCG5/ABCG8, several important questions remain to
be resolved by future studies: Do sterols physically interact with NPC1L1 during its endocytic
recycling itinerary? What determine the metabolic fate of cholesterol delivered to a cell by
NPC1L1-mediated uptake? What is the relationship between NPC1L1 and other membrane
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proteins implicated in intestinal sterol transport such as CD36, SR-BI [124,125]? How does
NPC1L1 regulate hepatic steatosis, obesity and other metabolic disorders? Does ABCG5/
ABCG8 actively transport sterols across membranes, or simply move sterols between
membrane leaflets? Can a dual therapy, such as inhibition of both cholesterol absorption and
de novo cholesterol synthesis (ezetimibe plus statin), or stimulation of ABCG5/ABCG8-
mediated cholesterol excretion and simultaneous inhibition of cholesterol synthesis (potential
ABCG5/ABCG8 activator plus statin), in humans result in improved protection against
atherosclerosis? In answering these and many other questions, we will assuredly strengthen
our chances of developing statin-synergistic therapies to help further decrease atherosclerosis
risk in future generations.
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ABC ATP-binding cassette transporter

ASCVD atherosclerotic cardiovascular disease

CHD coronary heart disease

FH familial hypercholesterolemia

HDL-C high density lipoprotein cholesterol

HNF4α hepatocyte nuclear factor 4 alpha

LXR liver X receptor

MβCD methyl-β-cyclodextrin

LDL-C low density lipoprotein cholesterol

NPC1 Niemann-Pick C1

NPC1L1 Niemann-Pick C1-Like 1

SREBP sterol regulatory element-binding protein

SR-BI scavenger receptor class B type I

STSL sitosterolemia locus
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Fig. 1.
Role of NPC1L1 and ABCG5/ABCG8 in enterohepatic circulation of sterols. In the gut lumen,
free cholesterol (FC) derived from diet and bile is mixed with bile acids (BA) and phospholipids
(PL) to form micelles. FC in micelles is transported by NPC1L1 into the absorptive enterocyte
where the majority of FC is converted to cholesteryl ester (CE) for the assembly into
chylomicrons (Chylo.) for delivery into the body. A proportion of FC in enterocyte is
presumably secreted back into the gut lumen by ABCG5/ABCG8. Chylomicrons deliver their
cargo (FC and CE) to the liver. In hepatocytes, a proportion of FC is secreted into the canalicular
bile by ABCG5/ABCG8. FC in the canalicular bile may be recaptured by NPC1L1 back into
hepatocyte or delivered to the gut lumen for another round of enterohepatic circulation.
Importantly, ezetimibe (EZ) blocks NPC1L1-dependent sterol uptake at both the apical surface
of enterocytes and the canalicular membrane of hepatocytes.

Brown and Yu Page 20

Immunol Endocr Metab Agents Med Chem. Author manuscript; available in PMC 2010 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


