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Abstract

Reduction of low-density lipoprotein-cholesterol through
statin therapy has only modestly decreased coronary
heart disease (CHD)-associated mortality in developed
countries, which has prompted the search for alterna-
tive therapeutic strategies for CHD. Major efforts are
now focused on therapies that augment high-density li-
poprotein (HDL)-mediated reverse cholesterol transport
(RCT), and ultimately increase the fecal disposal of cho-
lesterol. The process of RCT has long been thought to
simply involve HDL-mediated delivery of peripheral cho-
lesterol to the liver for biliary excretion out of the body.
However, recent studies have revealed a novel pathway
for RCT that does not rely on biliary secretion. This non-
biliary pathway rather involves the direct excretion of
cholesterol by the proximal small intestine. Compared to
RCT therapies that augment biliary sterol loss, modula-
tion of non-biliary fecal sterol loss through the intestine
is @ much more attractive therapeutic strategy, given
that excessive biliary cholesterol secretion can promote
gallstone formation. However, we are at an early stage
in understanding the molecular mechanisms regulating
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the non-biliary pathway for RCT, and much additional
work is required in order to effectively target this path-
way for CHD prevention. The purpose of this review is
to discuss our current understanding of biliary and non-
biliary contributions to RCT with particular emphasis on
the possibility of targeting the intestine as an inducible
cholesterol secretory organ.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Atherosclerosis is the disease process undetlying the clini-
cal complications of coronaty heatt disease (CHD), an ep-
idemic that has taken more lives in the United States over
the past century than the next four causes combined'.
Atherosclerotic cardiovascular disease (ASCVD) was long
thought to be a problem of developed Western societies,
but it is now understood that this cholesterol-driven dis-
ease pervades throughout most of the world®”. The most
accurate predictor of ASCVD incidence is the plasma con-
centration of low-density lipoprotein cholesterol (LDLc).
Hence, lowering LDLc has been the primary therapeutic
goal for decades, and statins have been the main drug used
to accomplish this. However, even with the substantial
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LDLc lowering achieved with statin treatment, these drugs
have been able to reduce CHD-associated mortality and
morbidity by only approximately 30%!". Major pharma-
ceutical interest has thus shifted towards developing high-
density lipoprotein cholesterol (HDLc)-elevating agents,
since HDLc was shown to be an even stronger predictor
than LDLc for CHD in the Framingham Heart Study".
There have been many mechanisms proposed as to how
HDLc influences the development of CHD"". but the
most widely accepted is the idea that HDL directly facili-
tates the process of reverse cholesterol transport (RCT).

REVERSE CHOLESTEROL TRANSPORT:
THE CLASSIC “BILIARY” MODEL
REQUIRES RECONSIDERATION

Nearly forty years ago, Glomset ez al™" presented the
seminal framework of HDL-driven RCT. This model for
RCT was described as a process by which extrahepatic
(peripheral) cholesterol is returned to the liver for excre-
tion into bile for subsequent loss through the feces™.
It is reasonable to assume that the process of RCT has
primarily evolved to protect multiple peripheral tissues
from the excess accumulation of unesterified cholesterol,
which is known to be cytotoxicm’lz]. Importantly, in the
context of ASCVD, RCT is thought to involve HDL-
mediated efflux of cholesterol from the arterial wall, spe-
cifically from cholesterol-laden macrophagesmm. In the
classic “biliary” view of RCT™™ HDL-mediated deliv-
ery of peripheral cholesterol to the liver directly results
in biliary secretion” ", Given this model, plasma HDLc
levels should accurately predict both biliary sterol secre-
tion and fecal sterol loss. However, there are now several
examples where plasma HDLc levels do not predict the
levels of cholesterol in bile or feces™". For example, in
mice lacking ATP-binding cassette protein A1l (ABCA1)
or apolipoprotein-Al, plasma HDLc is essentially at
undetectable levels!'*"". However, in the face of near
complete absence of HDLc, biliary and fecal cholesterol
levels are normal in these mice"™"™. These studies quite
convincingly demonstrate that plasma HDLc levels do
not determine the amount of cholesterol ultimately ex-
creted into the feces. These findings bring into question
whether therapeutic strategies that simply raise HDILc
will indeed promote fecal disposal of cholesterol. Ulti-
mately, to effectively target RCT, a drug should show ef-
ficacy in promoting the fecal disposal of cholesterol, not
simply raising HDLc.

Another problem with the classic model of RCT is
that the levels of cholesterol secreted into bile do not ac-
curately predict fecal disposal of cholesterol™ . In sup-
port of this concept, it has been demonstrated in several
mouse models where hepatobiliary cholesterol secretion
is substantially diminished that fecal sterol loss is nor-
mal"”?. The first demonstration of this was seen in mice
lacking the canalicular phospholipid transporter, multidrug
resistance 2 (Mdr2) " Mice lacking Mdr2 have the inabili-
ty to secrete phospholipids into bile, and secondary to bili-
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ary phospholipid insufficiency these mice also have dimin-
ished biliary cholesterol secretion'”. Quite strikingly, even
with > 80% reduced levels of biliary cholesterol, Mdt2
null mice have normal or even increased fecal cholesterol
loss compared to wild type mice™?. Furthermore, acti-
vation of the liver X receptor (LXR) in Mdr2 null mice
results in large increases in fecal sterol output, without
increasing biliary cholesterol output, supporting the pres-
ence of an LXR-inducible non-biliary pathway for fecal
sterol loss in these mice™. Our group has found strikingly
similar results in another mouse model lacking the ability
to sectete cholesterol into bile™ . In order to charactetize
the role of Niemann-Pick C1-Like 1 (NPC1L1) in hepato-
biliary sterol secretion, we previously generated mice trans-
genically overexpressing NPC1L1 in hepatocytes[zﬂ. Inter-
estingly, NPC1L1 overexpression in the liver results in a >
90% reduction in biliary cholesterol levels, yet mass fecal
neutral sterol loss and macrophage RCT is normal in these
mice”?. In addition, LXR activation in NPC1L1-""*"*
mice results in large increases in macrophage RCT and
mass fecal neutral sterol loss™, further supporting the
existence of a non-biliary pathway in this model. In ot-
der to more definitively test whether bile is required for
macrophage RCT, we set out to create a surgical model
where there would be no biliary emptying into the small
intestine, without obstructing bile flow. In order to do this
we surgically diverted bile flow away from the small intes-
tine and measured macrophage RCT. Importantly, mice
surgically lacking biliary contributions to the intestine have
normal LXR-inducible macrophage RCT™. Collectively,
these studies in mice demonstrate that mass fecal sterol
loss and macrophage RCT can proceed in the complete
absence of biliary sterol secretion, challenging the obligate
role of bile in RCT. Although the classic “biliary” model
has been instrumental in providing a framework for our
current understanding of RCT, we now understand that
fecal sterol loss does not absolutely require circulating
HDL"""™ or biliary sterol secretion'”*”. Paradigm shifting

data such as these'**

strongly suggest that an alternative
model for RCT is now appropriate. Based on our current
understanding, fecal sterols originate from at least two
distinct excretory routes: (1) the classic hepatobiliary ste-
rol secretion route; and (2) the non-biliary liver to plasma
lipoprotein to small intestine to feces route (Figure 1).
Importantly, the major mechanisms regulating cholesterol
secretion into bile have been recently defined"”™*"***" but
almost no information exists regarding mediators of non-

biliary cholesterol secretion by the intestine.

REVERSE CHOLESTEROL TRANSPORT:
EARLY SUPPORT FOR AN ALTERNATIVE
“NON-BILIARY” MODEL

Long before Glomset ef al”!" proposed the “biliary”
model for RCT, the existence of a “non-biliary” pathway
for RCT was proposed by Sperry ez al™. 1n 1927, Sperry’s
experiments demonstrated that in dogs that had under-
gone chronic biliary fistula surgery, fecal neutral sterol
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Figure 1 Biliary and non-biliary fecal cholesterol excretion. In this proposed model, cholesterol is effluxed from peripheral cells onto high-density lipoprotein
(HDL) and then delivered to the liver or small intestine via HDL or very low density lipoprotein (VLDL)/low-density lipoprotein (LDL) following cholesterol ester transfer
protein-mediated transfer. The cholesterol internalized or de novo synthesized by the liver is secreted into bile through the action of ABCG5/G8 and subsequently
excreted in the feces. Alternatively, the liver secretes the cholesterol in apoB-containing lipoproteins or HDL containing apoAl or apoE, which are specifically
targeted to the small intestine. After being internalized by scavenger receptor, class B, type I (SR-BI), LDL receptor (LDLR), or another lipoprotein receptor system,
the cholesterol is trafficked across the enterocytes to the brush border membrane and effluxed into the intestinal lumen by ABCG5/G8 or a currently unidentified

cholesterol transporter.

loss was paradoxically increased, compared to control
bile intact dogs. Sperry’s findings were largely ignored
given that it was already well accepted in the 1920s that
bile was the only source of fecal lipids. Nearly a half-
century later, Pertsemlidis e# al” confirmed the results of
Sperry et al””, by demonstrating surgical biliary diversion
resulted in complete loss of fecal acidic sterol output,
yet fecal neutral sterol output actually increased approxi-
mately 7-fold. These studies, along with elegant work
done by Dietschy ef al”™ have demonstrated that bile is
absolutely required for the enterohepatic circulation of
acidic sterols, but this is not the case for neutral sterols.
Similar results have been seen in bile diverted rats™” and
familial hypercholesterolemic humans®”. Actually, as early
as 1959, it was suggested that non-dietary fecal choles-
terol loss in humans consists of two distinct fractions:
(1) the traditional fraction coming from hepatobiliary
sectetion; and (2) an elusive fraction directly secteted by
the intestine”™. Unfortunately, a major drawback of these
early biliary diversion or obstruction models is the inter-
ruption of enterohepatic circulation of bile acids and
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other non-lipid components that are found in bile. Under
bile-diverted conditions, the absence of bile salt delivery
to the intestinal lumen compromises intestinal choles-
terol absorption, and endogenous cholesterol synthesis
is strongly upregulated locally in the intestine™. Given
these limitations, these eatly studies have been largely ig-
nored, and the theory that fecal neutral sterol loss derives
only from a biliary origin has become dogma. However,
we have recently demonstrated that biliary cholesterol
secretion is not required for macrophage RCT in mice
using both surgical and genetic models of biliary insuf-
ficiency™. Collectively, findings in animal models of bile
diversion have cleatly demonstrated the presence of a
non-biliary component of RCT, yet the mechanisms un-
derlying such a process are poorly understood.

RELATIVE CONTRIBUTION OF THE

NON-BILIARY PATHWAY TO RCT
In addition to the classic RCT pathway involving choles-
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terol secretion into the bile, there is mounting evidence
that a non-biliary pathway quantitatively contributes to
fecal cholesterol excretion. The non-biliary RCT pathway
appears to involve the targeting of plasma cholesterol to
the small intestine and the subsequent cellular secretion
of the cholesterol into the lumen of this organ. Chris-
tened transintestinal cholesterol efflux (TICE) by Kuipers,
Groen and their colleagues, the relative contribution of
the non-biliary pathway to fecal cholesterol loss has not
been fully defined. In normal chow-fed C57BL/6] mice,
TICE accounts for 33% of total fecal neutral sterol loss™,
and roughly 20% of total fecal sterol loss in FVB mice™.
However, it is important to point out that non-biliary fecal
cholesterol loss is quite sensitive to pharmacological ma-
nipulation. To this end, LXR activation can dramatically
augment non-biliary macrophage RCT™, and increases
mass fecal neutral sterol loss™*”. In fact, LXR activa-
tion in C57BL/(] increases the contribution of TICE to
fecal cholesterol loss from 33% in vehicle treated mice to
63% in LXR agonist-treated mice™. Furthermore, activa-
tion of the peroxisome proliferator activated receptor &
(PPAR-8) also promotes non-biliary neutral fecal sterol
loss in mice™. Tmportantly, now in three independent ge-
netically modified mouse models (ABCG5/G8”, Mdr2”,
and NPCI1L1-""" that have severely diminished bili-
ary cholesterol secretion, fecal neutral sterol loss is only
modestly decreased™ or not altered at all***. This clearly
indicates that the non-biliary pathway must be able to ad-
equately compensate for biliary insufficiency to maintain
normal fecal cholesterol loss in rodents. Collectively, these
data support the idea that fecal neutral sterol loss is a mix-
ture of dietary, biliary, and intestinally-derived cholesterol,
and the origins of the latter source likely originates from
the plasma compartment”***, Given the plasma source
of intestinally derived fecal neutral sterols, and the central
role of the liver in lipoprotein metabolism, it is tempting
to speculate that the liver may serve as a potential site of
organization for non-biliary fecal cholesterol loss.

ORIGINS OF NEUTRAL STEROLS FOR
TRANSINTESTINAL CHOLESTEROL
EFFLUX

In the classic view of RCT, the liver plays a central role in
moving petipheral cholesterol out of the body"” ", In par-
allel, we believe that the liver also plays a central role in the
non-biliary pathway by re-packaging peripheral cholesterol
into liver-derived lipoproteins that are targeted for subse-
quent intestinal uptake™. In support of this concept, most
of the mouse models where non-biliary fecal cholesterol
loss has been described™?! represent conditions where
free cholesterol could potentially accumulate in the liver
due to defects in normal hepatic elimination pathways. It
remains possible that under conditions where hepatic free
cholesterol burden becomes too excessive for disposal
through biliary secretion (i.e. Mdr2” mice™, ACAT2 ASO
treatment™, or NPC1L1-"""" mice™*), an alternative
non-biliary plasma lipoprotein-based route for fecal cho-
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lesterol disposal is utilized. In previous work, we were able
to show that the liver can secrete lipoprotein particles that
preferentially deliver cholesterol to the proximal small in-
testine for fecal excretion™. However, whether these liver-
derived lipoproteins represent nascent very low density
lipoprotein (VLDL) particles, nascent HDL particles, or
some novel lipoprotein remains to be addressed.

POSSIBLE COMPONENTS IN THE
TRANSINTESTINAL CHOLESTEROL
EFFLUX PATHWAY

Based upon their ability to transport mass amounts of
cholesterol in the blood and deliver the cholesterol to
specific cells within tissues and organs, lipoproteins are al-
most certainly involved in the TICE pathway. However, it
1s unclear which lipoprotein class or classes is involved and
how the lipoprotein is targeted to the small intestine. Be-
cause of its role in the removal of excess cholesterol from
peripheral tissues, HDL is a logical choice for the lipo-
protein responsible for cholesterol trafficking to the small
intestine. However, ABCA1 null mice, which have very
low levels of HDL in plasma, have normal or increased
fecal cholesterol excretion under basal conditions' ">,
Furthermore, treatment with an I.XR agonist, which stim-
ulates TICE, causes fecal cholesterol excretion to increase
to the same extent in both wild type and ABCA1 null
P Thus, at least in mice, HDL does not appear to be
necessary for non-biliary RCT.

Apolipoprotein E (apoE)-rich HDL (HDL-E) could also
be involved in delivering cholesterol to the small intestine
for fecal excretion. HDI-E is found in the plasma of wild
type mice” but its concentration is significantly increased in
two mouse models with upregulated TICE, NPC1L1-"
and LXR agonist-treated wild type mice” " Compared
to LDL and apoAl-rich HDL, HDL-E has an intermedi-
ate size and a higher ratio of free cholesterol to cholesteryl
ester. The source of HDL-E is currently unknown, but it
could be generated by hepatic ABCA1 effluxing cholesterol
and phospholipid to lipid-poor apoE. Hepatic ABCA1 is
increased in both NPC1L1-"""" and LXR-agonist treated
mice and it has been shown that hepatic overexpression

mice

of ABCALI in mice increases the plasma concentration of
HDL-E™. Humans and other species with high levels of
cholesterol ester transfer protein activity have low concen-
trations of plasma HDL-E". Thus, the contribution of
HDL-E to the TICE pathway would presumably be much
greater in mice than humans.

Evidence from our group also suggests that liver-
derived apoB-containing lipoproteins can deliver choles-
terol for TICE®. In order to study the hepatic function
of the cholesterol esterifying enzyme ACAT2, we treated
mice with an antisense oligonucleotide (ASO) which tar-
gets ACAT2 mRNA for degradation. Mice treated with
ACAT2 ASO »s control ASO had no change in biliary
cholesterol secretion but had a 2-fold increase in fecal
cholesterol excretion. The increased fecal cholesterol
excretion was concluded to be the result of TICE since
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ACAT2 ASO-treated mice, unlike ACAT2 null mice, did
not have a significant reduction in cholesterol absorption.
To determine whether the liver was producing a lipopro-
tein that was targeted for clearance by the small intestine,
isolated liver perfusion was conducted on mice that had
been radiolabeled with [SH]cholesterol and treated with
control or ACAT2 ASO. The radiolabeled perfusate, which
carried almost 100% of the cholesterol on VLDL, was
then injected into control and ACAT2 ASO treated mice.
After 6 h, 2-3 fold more [3H}cholesterol from the ACAT2
ASO perfusate compared to the control ASO perfusate
had accumulated in the lumen and wall of the proximal
small intestine. One interpretation of this result was that
the VLDL secreted from the ACAT2 ASO liver was
preferentially targeted to the small intestine. It is also pos-
sible that following clearance of the perfusate VLDL by
the liver, the [H]cholesterol was packaged into another
lipoprotein that delivered the cholesterol to the intestine.
However, hepatic production of this lipoprotein would
likely be driven by some factor secreted exclusively into
the ACAT2 ASO perfusate since intestinal accumulation
of [H]cholesterol from ACAT2 ASO perfusate was simi-
lar in control and ACAT2 ASO-treated recipient mice.

Regardless of the lipoprotein class that delivers cho-
lesterol to the small intestine, there must be receptors in-
volved in the internalization or uptake of the lipoprotein
cholesterol by the enterocytes. Scavenger receptor, class B,
type I (SR-BI), which is expressed on the basolateral sur-
face of enterocytes, is one receptor that could potentially
play a role in TICE. SR-BI can bind VLDL, LDL, and
HDL and subsequently mediates the selective uptake of
the cholesteryl ester'”. Intestinal expression of SR-BI also
increases with LXR agonist treatment of mice”™™. How-
ever, when measured using an intestinal perfusion system,
TICE was found to be significantly increased in SR-BI
null mice™. Studies involving mice with intestine specific
overexpression or deletion of SR-BI may aid in determin-
ing whether SR-BI plays a part in TICE.

If apoE-rich HDL or apoB-containing lipoproteins are
involved in the TICE pathway then a member of the LDL
receptor family may mediate the uptake of these particles
by the enterocytes. The LDL receptor is expressed in the
small intestine; however its expression at the protein level
is downregulated in mice treated with LXR agonistm].
Moreover, TICE appears to be stimulated in LDL receptor
null mice treated with ACAT2 ASO compared to control
ASO™. This data indicates that the LDL receptor is not
necessary for TICE but does not exclude the possibility
that other members of the LDL receptor family may com-
pensate when the LDL receptor is absent.

Following delivery of lipoprotein cholesterol to the
enterocytes, the ATP-binding cassette (ABC) transporters
G5 and G8 appear to participate in pumping the choles-
terol into the lumen of the small intestine. Expressed in
the liver and small intestine™, ABCG5/G8 functions as
an obligate heterodimer and facilitates cholesterol excre-
tion from the body by effluxing cholesterol from the apical
surface of hepatocytes and Eil%éc:sytes into bile and in-

testinal contents, respectively | By employing stable
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isotope tracers, it was determined that the contribution of
TICE to fecal cholesterol excretion decreased from 25% in
wild type mice to 15% in ABCG5 null mice™. In addition,
LXR agonist treatment of ABCG5/G8 null mice, unlike
wild type mice, did not increase mass fecal neutral sterol
loss"™ and macrophage reverse cholesterol transportm].
Although this data indicates that ABCG5/8 plays a role in
TICE, there appears to be multiple or redundant pathways
for effluxing cholesterol from enterocytes into the intes-
tinal lumen since TICE continues to function, albeit at
lower efficiency, in the absence of ABCG5/GS.

METHODOLOGIES FOR MEASURING
TRANSINTESTINAL CHOLESTEROL
EFFLUX

Several different methodologies have been used to mea-
sure TICE or non-biliary excretion in mice. Taking into
consideration dietary intake, biliary secretion, fractional
absorption, and fecal excretion of cholesterol, it was
calculated that under basal conditions in wild type mice,
TICE contributed 20%-50% of the cholesterol in fe-
ces™™, Using similar measurements, approximately 40%
of fecal cholesterol excretion was attributed to TICE in
wild type mice treated with LXR agonist[zm. By determin-
ing the kinetics of stable isotopically labeled cholesterol
that was delivered orally and intravenously plus assessing
the fate of de novo synthesized cholesterol that was isoto-
pically labeled, it was determined that 33% and 63% of
fecal cholesterol excretion in mice treated with vehicle or
LXR agonist was the result of TICE™

Cholesterol secretion into the lumen of the small intes-
tine was also observed when the intestine of wild type mice
was perfused with bile acid; phospholipid micelles™***",
The rate of cholesterol secretion was found to be high-
est in the proximal third of the small intestine™”, and was
dependent upon the concentration of the phospholipid in
the micelles™. Since ['*C]cholesterol that was intravenous-
ly injected was found in the perfusate, a portion of the
cholesterol secreted into the lumen was detived from the
plasma. Moreover, the plasma cholesterol secreted in the
lumen must have trafficked through and mixed with the
cholesterol pool of the enterocytes since the specific ac-
tivity of the cholesterol in the perfusate was similar to that
of the mucosa but was 10-fold less than that of the se-
rum”. Although these studies showed that bile salt:phos-
pholipid micelles could mediate the efflux of cholesterol
from the small intestine, the question remains whether
TICE would occur if the micelles consisted of physiologi-
cal concentrations of not only bile salt and phospholipid
but also cholesterol.

DOES TICE PLAY A MAJOR ROLE
IN HUMAN FECAL CHOLESTEROL
EXCRETION?

Since most of the studies of the TICE pathway have been
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conducted in mice, the question remains whether TICE
contributes significantly to fecal cholesterol excretion in
humans. Using an intestinal perfusion system, it was esti-

mated that approximately 44% of total fecal cholesterol
output originated from non-biliary sources in humans®",

Yet, it cannot be determined from this data whether TICE
was the source of the non-biliary sterol. The current
methodologies used to measure TICE in murine models
are invasive and therefore could not be implemented in
humans. However, the procedures used to measure TICE
in mice could be applied to non-human primates, whose
lipoprotein and cholesterol metabolism closely resembles
that of man. If in non-human primates TICE can be
shown to play a significant part in fecal cholesterol excre-
tion and to be amenable to pharmaceutical manipulation
then future studies in humans could be warranted. Al-
though our understanding of non-biliary fecal sterol excre-
tion is still in its infancy, continued research surrounding
this pathway has strong potential to lead to novel therapies
for the prevention and/or treatment of ASCVD.
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