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Abstract
The absorption of cholesterol by the proximal small intestine represents a major pathway for the
entry of cholesterol into the body pools. This cholesterol is derived primarily from the bile and the
diet. In adult humans, typically several hundred milligrams of cholesterol reach the liver from the
intestine daily, with the potential to impact the plasma low density lipoprotein-cholesterol (LDL-C)
concentration. There are three main phases involved in cholesterol absorption. The first occurs
intraluminally and culminates in micellar solubilization of unesterified cholesterol which facilitates
its movement up to the brush border membrane (BBM) of the enterocyte. The second phase involves
the transport of cholesterol across the BBM by Niemann-Pick C1 Like-1 (NPC1L1), while the third
phase entails a series of steps within the enterocyte involving the esterification of cholesterol and its
incorporation, along with other lipids and apolipoprotein B48 (apo B48), into nascent chylomicrons
(CM). The discovery of the role of NPC1L1 in intestinal sterol transport occurred directly as a
consequence of efforts to identify the molecular target of ezetimibe, a novel, potent, and specific
inhibitor of sterol absorption that is now widely used in combination therapy with statins for the
management of hypercholesterolemia in the general population. Some aspects of the role of NPC1L1
in cholesterol absorption nevertheless remain controversial and are the subject of ongoing research.
For example, one report suggests that NPC1L1 is located not in the plasma membrane but
intracellularly where it is thought to be involved in cytosolic trafficking of cholesterol, while another
concludes that a protein other than NPC1L1 is responsible for the high affinity binding of cholesterol
on intestinal BBM. However, other new studies which show that the in vivo responsiveness of
different species to ezetimibe correlates with NPC1L1 binding affinity further support the widely
held belief that NPC1L1 does facilitate sterol uptake by the enterocyte and is the target of ezetimibe.
Added to this is the unequivocal finding that deletion of the gene for NPC1L1 in mice results in a
near complete prevention of cholesterol absorption and an accelerated rate of fecal neutral sterol
excretion. In summary, the development of ezetimibe and the identification of NPC1L1 as a key
player in sterol absorption have taken research on the molecular control of this pathway to an exciting
new level. From this it is hoped that we will now be able to determine more precisely what effect, if
any, other classes of lipid lowering agents, particularly the statins, might exert on the amount of
intestinal cholesterol reaching the liver.
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1. Introduction
The body of a 70 kg non-obese individual contains about 140 grams of sterol, essentially all
of which is cholesterol.1 Each day, normally about 1 to 1.5 grams of new cholesterol enters
the body from synthesis by the tissues and from dietary intake. The average daily cholesterol
intake for individuals consuming a typical Western diet is assumed to be around 400 mg, but
clearly this value varies over a wide range. The rate at which the body synthesizes cholesterol
averages about 10 mg/day/kg bw, but this can vary with changes in cholesterol intake.2, 3 Over
the course of the day, an amount of cholesterol equal to what enters the body is eliminated in
various forms, predominantly as bile acids and various metabolites of cholesterol in the stools.
This balance between input and output thus ensures that whole body cholesterol content
remains essentially constant over long periods of time. The liver plays a central role in the
maintenance of whole body cholesterol balance because, not only is it the organ that receives
most of the cholesterol absorbed from the small intestine, but it is also the site for the
degradation and excretion of cholesterol through the bile.4 The liver also synthesizes
cholesterol but the rate at which it does so varies widely depending on multiple factors, in
particular, the amount of cholesterol being delivered to it from the small intestine.4 It is well
documented that manipulation of the enterohepatic flux of cholesterol or of bile acids can
markedly impact the intrahepatic handling of cholesterol in a way that leads to clinically
significant shifts in the circulating low density lipoprotein-cholesterol (LDL-C) concentration.
5–9

The transport of cholesterol from the small bowel to the liver is very substantial because it
reflects the movement of not only dietary cholesterol but also of reabsorbed biliary cholesterol.
In an adult human consuming a typical Western diet, the total amount of dietary and biliary
cholesterol entering the lumen of the small intestine likely exceeds 1000 mg per day in most
individuals.10–12 Fractional cholesterol absorption values (the proportion of the luminal pool
that gets absorbed) in humans vary widely but average about 50%.13, 14 From these values,
it therefore becomes apparent that a large quantity of intestinal cholesterol reaches the liver
throughout the day. Such data thus explain why the cholesterol absorption pathway has long
been a key target in the management of dyslipidemia. As reviewed elsewhere, attempts to
develop effective and tolerable inhibitors of cholesterol absorption span almost half a century.
15 Although several different classes of inhibitors were developed, often these had to be taken
in gram quantities and usually only modest reductions in the plasma LDL-C level were
achieved. In marked contrast, a daily dose of just 10 mg of ezetimibe inhibits cholesterol
absorption by about 50% and lowers the plasma LDL-C concentration by ~ 18 to 20%.16 While
ezetimibe is now widely used in combination with statins for treating hypercholesterolemia, it
has also proved to be of immense value as a tool for advancing our knowledge of how
cholesterol absorption is regulated at a molecular level. In particular, studies on the mechanism
of action of ezetimibe led to the discovery of a major role for Niemann-Pick type C 1-Like-1
(NPC1L1) in intestinal sterol transport. The primary objective of this article then is to review
our current understanding of the role of NPC1L1 and other proteins in facilitating the uptake
and intracellular handling of cholesterol by the enterocyte. It also discusses how our new
knowledge in this aspect of intestinal sterol metabolism will potentially be of value in
determining, at a mechanistic level, how other classes of lipid lowering drugs, particularly
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statins, might directly or indirectly have an impact on the amount of chylomicron cholesterol
(CM-C) reaching the liver.

2. Atherogenic potential of intestinally-derived cholesterol
As depicted in the schematic shown in Figure 1, the delivery of intestinal cholesterol into the
circulation can potentially impact events at the vessel wall in at least two ways. One (1) is
through an effect on the plasma LDL-C concentration. The liver is the primary regulator of
circulating LDL-C levels, not only because it is the site of formation of very low density
lipoproteins (VLDL), which can be converted to LDL, but also because the bulk of receptor
mediated clearance of LDL normally takes place in the liver.17 The sustained delivery of excess
intestinal cholesterol to the liver can potentially increase hepatic cholesterol content. This, in
turn, can lead to an accelerated rate of VLDL-cholesterol (VLDL-C) secretion into the plasma,
as well as a downregulation of hepatic LDL receptor (LDL-R) activity.17 The extent to which
these events take place is dictated not only by the amount of chylomicron cholesterol (CM-C)
reaching the liver, but also by the quantity and type of fatty acid that accompany the cholesterol.
18

A second (2) way in which intestinal cholesterol can potentially contribute to atherosclerotic
plaque formation is through chylomicron remnant (CMr) particles which are normally rapidly
cleared from the circulation by the liver primarily through the LDL-R and LDL receptor-related
protein (LRP) pathways.19 In diabetes and various other disorders, the clearance of these
CMr’s can be markedly delayed.19, 20 These particles, which carry a marker protein,
apolipoprotein B48 (apo B48), are small enough to penetrate the vessel wall. Apo B48 has
been found in human atherosclerotic plaque.21 The relative contribution of LDL and CMr’s
(and other lipoproteins such as VLDL remnants) to the cholesterol contained in atherosclerotic
plaque is unknown. Nevertheless, the underlying objective in using inhibitors of cholesterol
absorption is to diminish the amount of CM-C entering the circulation that may potentially
contribute to atherogenesis through one mechanism or another.

3. Intestinal cholesterol absorption
In a recent classic review of this subject,22 the author defines intestinal cholesterol absorption
as “the transfer of intraluminal cholesterol into intestinal or thoracic duct lymph,” and
intestinal uptake of cholesterol as “its entry from the lumen into intestinal absorptive cells.”
This point is emphasized here because of a common misconception that “uptake” constitutes
“absorption.” As will be discussed in a subsequent section, the uptake step in the absorption
pathway has been intensely studied as a consequence of research into the molecular target of
ezetimibe. Before reviewing all the recent discoveries and current controversies regarding the
proteins involved in sterol uptake and intracellular trafficking by the enterocyte, a number of
general points about cholesterol absorption warrant comment.

(a) Sources of sterols entering lumen
Although the main focus is on cholesterol from the diet and bile, depending on the dietary
habits of an individual, there may also be substantial quantities of phytosterols and various
other non-cholesterol sterols like those found in certain types of shellfish entering the intestinal
sterol pool. The identities and sources of these sterols are described elsewhere.23, 24 When
the inflow of biliary cholesterol is combined with cholesterol and non-cholesterol sterols from
the diet, the total amount of sterol entering the lumen of the small intestine is probably in the
range of at least 1000 to 2000 mg for most individuals and can reach several grams per day in
those consuming products that are enriched with large quantities of plant stanol or sterol esters.
When taken in gram quantities, these stanols/sterols can have LDL-C lowering benefits.25
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(b) Specificity of sterol absorption
Despite the presence of significant quantities of phytosterols and other non-cholesterol sterols
in the diet of most individuals, only trace amounts of such sterols are normally found in the
circulation, even though these sterols appear to be transported into the enterocyte. As discussed
in detail elsewhere,22 this “selectivity” in sterol absorption is articulated through the actions
of two sterol efflux proteins, adenosine triphosphate binding cassette transporters G5 and G8
(ABCG5/G8). These proteins are not direct targets of absorption inhibitors like ezetimibe, but
the relative amounts of mRNA for ABCG5/G8 in the enterocyte do reflect drug- and diet-
induced changes in the amount of cholesterol and other sterols transported into the cell.22,
26 The actions of ABCG5/G8 are not totally effective in blocking all non-cholesterol sterol
absorption. As discussed later, the plasma concentration of certain phytosterols like sitosterol
and campesterol relative to cholesterol has proved to be a useful marker for relative rates of
cholesterol absorption in some settings.

(c) Individual variability in fractional cholesterol absorption values
Several studies have shown that fractional cholesterol absorption values in humans vary over
a wide range.13, 16 While such data suggest that the average subject absorbs about half of the
cholesterol entering the luminal pool, there appear to be subsets of individuals who either hypo-
or hyper-absorb cholesterol. As discussed in a later section, fractional cholesterol absorption
data must be interpreted carefully because they do not necessarily faithfully reflect the absolute
amount of cholesterol reaching the liver. In any cohort of experimental subjects, there will
likely be wide individual differences in the size of the intraluminal sterol pool. When a marker
of absorption is introduced into that pool, the fractional absorption value obtained will be
determined by multiple factors, one of which is the degree to which the marker is diluted in
the luminal sterol pool. Despite this limitation of fractional absorption data, studies by
Miettinen and Kesaniemi27 have nevertheless shown that there are wide individual differences
in the absolute rates of cholesterol absorption, and furthermore, that the rate of whole body
cholesterol synthesis varies inversely with the amount of cholesterol absorbed. The molecular
basis for individual variability in cholesterol absorption rates remains to be elucidated.

(d) Phases of cholesterol absorption
As discussed in detail elsewhere, the cholesterol absorption pathway as a whole is essentially
a triphasic process.28, 29 The initial or intraluminal phase involves a constellation of
physicochemial events that culminate in the delivery of sterols contained in mixed micelles up
to the brush border membrane (BBM) of the enterocyte. The ensuing second, or BBM phase,
entails the uptake of cholesterol and other sterols across the BBM via NPC1L1 and possibly
other transporters (discussed later). The third, or intracellular phase, encompasses multiple
events including the re-esterification of much of the cholesterol after it is taken up into the
enterocyte, and the incorporation of cholesterol and other lipids, along with apo B48, into
nascent CM particles. The main reason to outline the phases of the absorption process here is
to emphasize the point that, historically, the development of different classes of absorption
inhibitors has broadly paralleled advances in our knowledge of the events that take place in
each phase.

(e) Sites of action of different classes of inhibitors
Several detailed reviews on sterol absorption inhibitors are available.8, 15, 25 The steps
involved in the intraluminal phase of absorption were, for the most part, delineated more than
two decades ago. Hence, it was this stage of absorption that agents like phytosterols and
surfomer (alpha-olefin maleic acid) (AOMA) were aimed at disrupting.15 The multiple events
that take place in the intracellular phase were the next to be delineated. This, in turn, prompted
the development of agents for either inhibiting cholesterol esterification (acyl CoA:cholesterol
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acyltransferase (ACAT)), or disrupting CM assembly (microsomal triglyceride transfer protein
(MTP)). The most recent major breakthroughs in our knowledge of how the sterol absorption
pathway is regulated center around the BBM phase and involve key proteins like NPC1L1 and
ABCG5/G8.22 The discovery and development of ezetimibe changed the course of research
into the regulation of intestinal sterol homeostasis. It has taught us much about the role of
NPC1L1 in intestinal sterol transport and has also stimulated the search for other proteins that
may be involved in the uptake and intracellular trafficking of sterols within the enterocyte.

4. Molecular control of cholesterol absorption
Although most of the major proteins that are involved in the intraluminal and intracellular
phases of cholesterol absorption were identified many years ago, those known (or thought) to
be involved in sterol uptake across the BBM, as well as those that facilitate sterol efflux from
the enterocyte, have been discovered much more recently. The schematic shown in Figure 2
summarizes the main steps involved in the cholesterol absorption pathway and the locations
where specific proteins act. The role of NPC1L1 and other putative sterol transporters is
discussed below. Currently, the major questions that remain to be answered are, first, whether
NPC1L1 acts alone in facilitating sterol uptake and, second, what the mechanisms are for
moving newly internalized sterol to other sites within the enterocyte.

(a) Niemann-Pick C1-Like1 (NPC1L1)
Ezetimibe is a potent and selective inhibitor of cholesterol absorption in numerous species
including various non-human primates and humans.16, 30–32 At the time it was approved for
clinical use its molecular target was not known, although earlier studies with an ezetimibe
analog, SCH58053, demonstrated that this class of absorption inhibitor did not directly regulate
the intestinal expression of key known sterol transporters such as ABCA1 or ABCG5/G8.26
In a seminal paper published early in 2004, Altmann et al. identified NPC1L1 as a critical
protein for the absorption of dietary and biliary cholesterol.33 These studies showed that
deletion of NPC1L1 in mice resulted in a dramatic reduction in cholesterol absorption. Later
in 2004, the same laboratory further demonstrated that NPC1L1 transported phytosterols, as
well as cholesterol, and was a key modulator of whole body cholesterol homeostasis.34 The
following year, Garcia-Calvo et al. published evidence clearly demonstrating that NPC1L1 is
a target of ezetimibe.35 In more recent studies, Hawes et al. have shown that the in vivo
responsiveness to ezetimibe correlates directly with NPC1L1 binding affinity.36 These new
data explain why the potency of ezetimibe in inhibiting sterol absorption varies so widely
amongst different species. Other areas of research have started to focus on genetic variation in
NPC1L1 expression in human populations and how these can be associated with individual
variations in plasma LDL-C levels and responsiveness to ezetimibe treatment.37, 38 Such
studies exemplify the major clinical relevance of research on the molecular control of
cholesterol transport into and within the enterocyte.

(b) Other proteins thought to be involved in intestinal sterol uptake and intracellular
trafficking

Although several lines of evidence firmly anchor NPC1L1 as a fundamentally important
protein in the regulation of intestinal cholesterol absorption, not all investigators in the field
currently accept that NPC1L1 is located in the brush border membrane and serves in facilitating
the uptake of cholesterol and non-cholesterol sterols into the enterocyte. Several publications
conclude that other proteins, not NPC1L1, facilitate sterol uptake, and that NPC1L1 might
instead function in the movement of cholesterol intracellularly. For example, one study
purports to show that scavenger receptor class B type 1 (SR-B1) might play such a role,39
although it is known that in mice lacking SR-B1 there is no change in fractional cholesterol
absorption values, irrespective of the dietary cholesterol intake of the mice.40 Another study
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using the CaCo-2 cell line reported that targeted disruption of NPC1L1 in this model resulted
in diminished mRNA expression for SR-BI, but not for other transporters like ABCG5/G8 and
fatty acid translocase (also called CD36).41 The role of SR-BI in the intestinal handling of
cholesterol continues to be evaluated. This is also the case with CD36, a membrane protein
that is believed to facilitate fatty acid uptake. Recently published data showed that in
enterocytes from the proximal small intestine of CD36 knockout mice the uptake of cholesterol,
as well as of fatty acids, was markedly reduced.42 In 2004, when evidence for a key role of
NPC1L1 in intestinal transport was published,33, 34 another laboratory reported that an
annexin 2-caveolin 1 complex regulates intestinal cholesterol transport, and was responsive to
ezetimibe treatment.43 A subsequent study, however, showed that cholesterol absorption was
unchanged in caveolin-1 knockout mice.44 Another laboratory further reported that the
annexin 2-caveolin 1 complex, documented earlier in zebrafish and mouse small intestine
cytosol, was not present in cytosol and brush border membrane vesicles from rabbit small
intestine.45 This same laboratory, in a subsequent publication, reported that aminopeptidase
N (CD13) is a molecular target of ezetimibe.46 The effect of deleting the gene for CD13 on
cholesterol absorption has yet to be determined. These authors also speculate that several
proteins, rather than a single cholesterol transporter, are involved in intestinal sterol uptake
and trafficking.46 This concept is supported by even more recent studies from two other groups
of investigators.47, 48

In evaluating the divergent findings of all these studies, one must take into account the wide
differences in the techniques and model systems that were utilized. It is important that putative
intestinal sterol transport proteins, identified under in vitro conditions, are demonstrated to
perform the same functions in vivo. We have already seen several examples of proteins that
in vitro appeared to play critical roles in intestinal sterol transport, but when the genes for these
proteins were deleted in mice, there was little or no impact on cholesterol absorption. In
summary, while many proteins are now purported to be involved in intestinal cholesterol uptake
and trafficking, the balance of evidence at this time still strongly favors NPC1L1 as being of
central importance in dictating the amount of intestinal cholesterol that ultimately reaches the
liver.

5. Cholesterol absorption values and their interpretation
Intestinal cholesterol absorption is frequently measured as a fractional or percentage value
based on the appearance in the plasma or stools of markers labeled with stable or radioisotopes
that were delivered intragastrically several days beforehand.49, 50 A popular alternative
technique involves the measurement in plasma of the ratio of the concentration of non-
cholesterol sterols such as campesterol, sitosterol, or cholestanol to that of cholesterol.51–54
These methods, while useful in many settings, provide only relative levels of cholesterol
absorption and do not necessarily reflect changes in the absolute amount of cholesterol moving
from the small intestine to the liver. This can be determined only if both the fractional
absorption value and the pool of absorbable sterol within the intestinal lumen are known, as
defined by the following expression:

While it is relatively easy to measure the fractional value, it is technically very difficult to
obtain even an approximate value for the pool size, especially in humans, although this has
been done.55 The pool size is determined largely by input of cholesterol from the diet and from
the bile. If it is known with certainty that a particular treatment has no effect on the amount of
biliary cholesterol entering the lumen over the course of the day, then changes in the fractional
absorption value can be taken as a reliable measure of the degree of change in the amount of
CM-C reaching the liver, providing the daily cholesterol intake is known.
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There are numerous examples of published studies in both animal models and humans that can
be used to illustrate these points. One study in ACAT2+/+ mice fed graded increases in dietary
cholesterol showed that the fractional cholesterol absorption value decreased as the dietary
cholesterol intake was raised, and yet hepatic cholesterol concentration in the same mice
increased in proportion to cholesterol intake.56 However, when these concentration values
were compared directly to the absolute amounts of dietary cholesterol that were absorbed, there
was a strong positive correlation. Clearly then, in this situation the radiolabeled markers used
to measure the fractional absorption value became increasingly diluted within the lumen as the
amount of exogenous cholesterol entering the pool increased. Exactly the same effect would
occur if the treatment being tested caused a significant increase in the amount of biliary
cholesterol entering the lumen.

In other situations where dietary cholesterol intake is kept low and constant in the face of
treatment with variable doses of an agent like ezetimibe, the dose related reduction in fractional
cholesterol absorption values is paralleled by compensatory increases in hepatic and intestinal
cholesterol synthesis that are directly proportional to the magnitude of change in the fractional
absorption value.31 Thus in this instance, such values can be interpreted to mean that there is
a true net reduction in the absolute amount of cholesterol delivered from the small intestine to
the liver because it is known that one of the primary determinants of the rate at which the liver
synthesizes cholesterol is the amount of cholesterol it gets from the small bowel. The marked
reductions in fractional absorption values seen in ezetimibe treated animal models clearly do
represent diminished CM-C delivery to the liver because in most cases hepatic cholesterol
concentrations remain essentially normal in the face of pronounced increases in dietary
cholesterol intake.31, 32, 57

The expanding use of the absolute or relative concentrations in plasma of sterols such as
campesterol, sitosterol, cholestanol as surrogate measures of cholesterol absorption efficiency,
especially in studies with human subjects, can potentially yield misleading information about
whether specific agents do change the amount of cholesterol absorbed from the small bowel.
This is because the extent to which any such marker appears in the plasma will be determined
in part by events within the lumen relating to the micellar solubilization of sterols and their
delivery up to the BBM of the enterocyte for possible uptake into the cell. In the lumen,
phytosterols and other non-cholesterol markers must compete with large amount of biliary and
dietary cholesterol for incorporation into these micelles. Clearly then, the probability of any
of these markers ultimately appearing in the circulation may change if there are sustained
alterations in the amount of biliary or dietary cholesterol entering the luminal pool.52 There
are numerous studies where the use of such surrogate markers of cholesterol absorption have
provided reliable information about the direction and magnitude of change in cholesterol
absorption in response to specific treatments. Generally, however, such data should be
interpreted with caution, particularly if they are not accompanied by other molecular or
metabolic measurements that more fully reflect sterol homeostasis within the enterocyte and
hepatocyte.

6. Statin monotherapy and intestinal cholesterol absorption
The discovery of ezetimibe and the ensuing expansion of our knowledge about the molecular
control of the cholesterol absorption pathway have stimulated interest in determining whether
other classes of lipid-lowering drugs might in some way affect the amount of cholesterol we
absorb. There is a particular interest in whether statins, which act primarily by reducing whole
body cholesterol synthesis, might over time cause a compensatory increase in cholesterol
absorption. It is well established that when cholesterol absorption is inhibited, there is a
compensatory increase in cholesterol synthesis in the liver, and to some extent in the small
intestine as well.31, 58 Hence, the question arises as to whether, in the converse situation, the
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inhibition of cholesterol synthesis by statins might cause adaptive changes in cholesterol
homeostasis within the enterocyte that would involve more cholesterol being absorbed.

Several studies have reported an increase in either fractional cholesterol absorption values or
the plasma concentration of specific phytosterols relative to that of cholesterol during treatment
with various statins.51–54, 59 While not every study has found this to be the case,55 there
appears nevertheless to be a growing belief in the lipid research community that statins cause
a compensatory increase in cholesterol absorption.60 It is important to emphasize that at this
time there are no published data unequivocally demonstrating that there is, or is not, such an
effect. We do know, however, that the modest number of articles purporting to show an increase
in absorption with statins are based on methods that will likely overestimate the level of
cholesterol absorption during statin treatment. This is because statins significantly reduce the
amount of biliary cholesterol reaching the lumen of the small bowel.10, 55, 59, 61 For example,
one of these studies showed that after 5 to 6 weeks of treatment with lovastatin (40 mg/day),
biliary cholesterol secretion fell 33% from 55.3 to 37.2 mg/hr.10 Presumably, such reductions
result in a significant contraction of the pool size of cholesterol in the lumen. Thus, cholesterol
absorption markers that mix with this smaller pool are likely to be absorbed at a higher rate,
thereby yielding increased values for fractional absorption or plasma phytosterol:cholesterol
ratios. Unfortunately, such data are often taken to mean that more cholesterol was absorbed.
In a study with 63 male subjects, Miettinen and Kesäniemi found a positive correlation between
the rates of biliary cholesterol secretion (measured indirectly) and whole body cholesterol
synthesis.27 It is therefore not surprising that statins reduce biliary cholesterol output. Given
that the reabsorption of biliary cholesterol is an important determinant of how much CM-C
reaches the liver, the impact of statins on biliary cholesterol secretion must be taken into
account when interpreting cholesterol absorption data from patients on statin monotherapy.

Another key point to be addressed here is whether statins inhibit cholesterol synthesis within
the intestinal mucosa, and if so, whether this would necessarily be a trigger for absorptive cells
to compensate by increasing the uptake of sterols from the lumen. While statins unquestionably
slow down the rate of sterol synthesis by the body,2, 55, 59 there are no published data detailing
whether this reduction is primarily in the liver, the small intestine, or the other extrahepatic
organs. In a primate model that manifests a rate of whole body cholesterol synthesis comparable
to that reported for humans, about 13% of total synthesis occurs in the small intestine.62 If this
were also the case in humans, then the reduction in whole body cholesterol synthesis seen
during statin therapy might partly reflect a lower rate of intestinal synthesis. While there are
no in vivo data to support this contention, one study demonstrated in vitro that the incubation
of human intestinal epithelial cells with lovastatin resulted in a marked acute inhibition of sterol
synthesis.63 Even if statins do cause a deficit of newly synthesized cholesterol within the
enterocyte, it is possible that such a shortfall could be balanced by increased uptake of
cholesterol from other sources such as LDL.17 Recent studies in a miniature pig model showed
a marked increase in the relative mRNA level for the LDL-R in the small intestine when
cholesterol absorption was inhibited with ezetimibe.64

Taken together then, these various findings make a compelling case for a major research effort
to now be undertaken on statin monotherapy and intestinal sterol homeostasis. This is currently
one of the most challenging and clinically important questions in the field of lipidology. By
combining established techniques for measuring biliary cholesterol secretion rates, fractional
cholesterol absorption values, and most importantly, the expression and activities of all the
proteins now known or thought to be involved in intestinal sterol homeostasis, we can be
confident of advancing our knowledge of how statins and other classes of lipid lowering drugs
might potentially impact the amount of cholesterol we absorb.
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Figure 1.
Atherogenic potential of intestinally-derived lipoproteins. This schematic illustrates two
mechanisms through which the entry of chylomicron cholesterol (CM-C) into the circulation
can potentially play a role in atherosclerotic plaque formation. (1) The uptake of CM-C by the
liver can lead to a shift in intrahepatic cholesterol metabolism that in turn causes either a
downregulation of low density lipoprotein receptor (LDL-R) activity, or/and an increase in
hepatic very low density lipoprotein-cholesterol (VLDL-C) secretion. Either of these events
can lead to a rise in the steady-state plasma low density lipoprotein-cholesterol (LDL-C)
concentration. (2) Upon entering the circulation, CM’s lose much of their triacylglycerol
content, resulting in the formation of a much smaller, cholesterol rich remnant particle (CMr)
that can permeate the vessel wall. Ordinarily, CMr particles are rapidly cleared from the
circulation by the liver but in Type 2 diabetes and other disorders this clearance rate can be
markedly delayed.

Turley Page 13

J Clin Lipidol. Author manuscript; available in PMC 2008 May 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Transport of intestinal cholesterol. This illustration summarizes the main steps involved in the
uptake of cholesterol (C) from the lumen into the enterocyte, and the intracellular events that
lead to the eventual incorporation of the cholesterol into nascent chylomicron (CM) particles.
Here, Niemann-Pick C1 Like1 (NPC1L1) is depicted as the brush border membrane sterol
transporter that facilitates the uptake of cholesterol and non-cholesterol sterols into the
enterocyte. As discussed in the text, some studies suggest that other proteins might perform
this function, and that NPC1L1 might instead be located at intracellular sites. Fatty acids (FA),
which enter the cell through other mechanisms, are either incorporated into triacylglycerols
(TG), or used to form cholesteryl esters (CE) through the action of acyl CoA: cholesterol
acyltransferase 2 (ACAT2). Subsequently, the CE, as well as some unesterified cholesterol,
along with TG and apolipoprotein B48 (apo B48), are packaged into nascent CM through the
action of microsomal triglyceride transfer protein (MTP).
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