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Summary: Theliver isthemajor regulator of theplasmalow
density lipoprotein cholesterol (LDL-C) concentration be-
causeit isnot only the site of formation of very low density
lipoproteins (VLDL), the precursors of most LDL inthecir-
culation, but it is also the organ where the bulk of receptor-
mediated clearanceof LDL takesplace. Theliver dsoinitialy
clearsal the cholesterol that is absorbed from the small in-
testine. The absorption of excess cholesterol can potentialy
increase the amount of cholesterol stored intheliver. This, in
turn, canresultinincreased VL DL secretion, and hence LDL
formation, and aso downregulation of hepatic LDL receptor
activity. Such eventswill potentially increase plasmaLDL-C
levels. The converse situation occurs when cholesterol ab-
sorptionisinhibited. Cholesterol entersthelumen of thesmall
intestine principaly from bile and diet. The major stepsin-
volved in the absorption process have been characterized. On
average, about half of al cholesterol entering theintestineis
absorbed, but the fractiond absorption rate varies greatly
among individuals. While the basisfor this variability isnot
understood, it may partly explain why some patientsrespond
poorly or not at al to statinsand other classes of lipid-lower-
ing drugs. There arefew datarelating to racia differencesin
cholesterol absorption. One study reported a significantly
higher ratein African Americanscompared with non-African
Americans. Multiple lipid-lowering drugs that target path-
ways involving the absorption, synthesis, transport, storage,
catabolism, and excretion of cholesterol are available.
Ezetimibe selectively blocks cholesterol absorption and low-
ersplasmalLDL-C levelsby an average of 18%. When ezeti-
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mibeiscoadministered with lower dosesof statins, thereisan
additivereductioninLDL-Cleve, which equalsthereduction
achieved with maximal dosesof atinsalone. Dud inhibition
of cholesterol synthesis and absorption is an effective new
strategy for treating hypercholesterolemia.

Roleof theLiver in Regulation of WholeBody
Cholesterol Balanceand Plasma L ow Density
Lipoprotein Cholesterol Concentration

The adult human body contains approximately 140 g of
sterol, essentialy al of which is cholesterol.! Remarkably,
this content normally remains constant throughout life, even
though thereisadaily net entry of around 1to 1.5 g of choles-
terol into the body from diet and from synthesis by the tis-
sues.2 3 The input of cholesterol from these two sources is
balanced by the excretion of cholesteral in various forms
fromthebody. Theliver playsacentrd roleinarticulating this
balance process.# Thus, it isnot only the organ that receives
most of the steral that isabsorbed from theintestine, but itis
also the site for the degradation and excretion of cholesterol
through thebile,

Theliver dso playsamajor rolein regulating plasmalow
density lipoprotein cholesterol (LDL-C) concentrations.® This
occursbecausetheliver isthe principa sitefor the production
of LDL, aswdll asthe receptor-mediated clearance of LDL
fromthecirculation. Cholesteral entering theliver throughthe
uptake of chylomicron remnantsand other lipoproteinsisbe-
lieved to mix with locally synthesized cholesterol in a com-
mon pool of steral. Presumably, thecholesterol inthisputative
pool isused for different functions, including theformation of
very low dengity lipoproteins, which are the precursors of
most of theL DL inthecirculation. Although nearly al organs
utilize LDL-C, the bulk of the receptor-mediated clearance of
LDL occursintheliver. Thus, circulatingLDL-Clevelscanbe
modulated over abroad range by changesin therate of LDL
production and/or clearance by theliver.

Asdepicted by the schemain Figure 1, the plasmaLDL-C
concentration can be atered by effecting changes in the
amount of cholesterol that is synthesized or excreted by the
body. Trestment with stetins, which partialy inhibit cholesteral
synthesisby thebody,? resultsin upregulation of LDL receptor
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activity and reduction in LDL formation.6 Similar responses
can potentialy occur whentherateof conversion of cholesterol
to bile acidsin the liver is driven by treatment with bile acid
sequestrants, or by cholesterol absorption inhibitors, which
diminishtheddivery of chylomicron cholesterol totheliver.

Atherogenic Potential of Chylomicron Remnants

Chylomicrons are secreted from enterocytes into the in-
testinal lymph and enter the blood stream via the thoracic
duct. Inthe periphera circulation, much of thetriglyceridein
chylomicrons undergoes hydrolysis by lipoprotein lipasein
the surface of capillary endothelia cdlls.” Thisresultsin the
formation of cholesterol-rich remnant particlesthat normally
arergpidly cleared fromthecirculation by theliver. Theclear-
anceof these particlescan bedeayed in patientswith digbetes
or disordersof lipid metabolism.8 The question of the athero-
genic potentia of chylomicronsand their remnants, aswell as
of triglyceride-rich lipoproteins, has been reviewed and con-
tinuesto beinvestigated.® 19 Studieswith anima model sshow
that chylomicron remnants can potentially penetrate the en-
dothelia lining of blood vesselsand thus contributeto plaque
formation.1 Hence, blocking chol esterol absorption might re-
ducetherisk of atheroscleross, not only by alowering of plas-
maL DL -C concentrations, but also by decreasing thelevel of
chylomicron remnant particlesand triglyceride-rich lipopro-
teinsinthecirculation.

Intestinal Cholesterol Absorption and ItsRegulation
This subject has been reviewed recently.12 The absorption

of cholesterol is essentidly atriphasic processwhich, in the
average human consuming atypica Western diet, isresponsi-

Synthesis

Cholesterol

Cholesterol

blefor delivering hundredsof milligramsof cholesterol tothe
liver every day. The cholesterol that is absorbed comes pri-
marily from the bile and to alesser extent from the diet. The
firgt, or intraluminal, phase of sterol absorption involvesthe
digestionand hydrolysisof dietary lipidsand themicellar sol-
ubilization of cholesterol and other noncholesterol sterols. In
the second phase, the sterolsarereleased from themicelles at
the surface of the brush border membrane of the enterocytes
and arethentakeninto cellsby amechanismlargely involving
aprotein caled Niemann-Pick C1 likel (NPC1L1).13 This
newly discovered function of NPC1L1 represents a critical
breskthroughin our effortsto understand fully, at amolecular
level, every stepinthe sterol absorption process. Inthethird,
or intracel lular, phase of absorption, cholesterol that istaken
into the enterocyte is largely re-esterified and incorporated
into nascent chylomicrons, which are secreted into the lymph.
In contrast, mogt of the phytosterolsand other noncholesterol
sterols, and potentially some of the cholesteral entering the
enterocyte, arerapidly effluxed into thelumen by the action of
thetwo half-transporters, adenosi netriphosphate-binding cas-
sette (ABC) G5 and G8 (ABCG5/8). Mutations in either of
thesetwo proteinsresult in sitosterolemia.’* 15 Althoughit is
well documented that the amount of cholesterol reaching the
circulationfrom thelumen of thesmall bowel can bemodulat-
ed by targeting events within either theintralumina or intra-
cellular phasesof the absorption process, the newly discovered
role of NPC1L1 in facilitating the uptake of sterols provides
another target for regulating the enterohepatic movement
of cholesteral.

I nterpatient Variability in Cholesterol Absor ption

Cholesterol absorption is most frequently measured as a
fractiond or percentage value, which istakento represent the

Excretion
Fecal
sterols

Fic.1 Theliverisamgor regulator of plasmaL DL-cholesterol (L DL-C) concentrationsbecauseitisnot only the site of formation of very low
density lipoproteins (VLDL), the precursorsof most LDL inthecirculation, but it isalso the organ where the bulk of receptor-mediated clear-
anceof LDL occurs. Treatment with statins (inhibitors of cholesterol synthesis) or with agentsthat promote cholesterol lossfrom theliver and
ultimately the body (either by increasing the conversion of cholesterol to bileacidsor by inhibiting the absorption and delivery of cholesterol
from the small intestine) reducesthe cholesterol content of liver cdlls. Thiscan, inturn, lead to an upregulation of LDL -receptor (LDL-R) activ-
ity and/or areductionintherate of hepatic VLDL secretion, and thusLDL formation.
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Fic.2 Cholesterol absorption levelsvary widely among individu-
as. Thefraction of all cholesterol entering theintestinefromthebile
and diet that ultimately getsabsorbed and ddlivered totheliver varies
greatly from oneindividua to another. Thishasbeen documentedin
numerous studies. Data presented hereare from Ref. No. 25 (copy-
right 1999 by American Society for Biochemistry and Molecular
Biology) and reproduced with permission.

proportion or fraction of dl cholesterol entering theintestinal
lumen that is subsequently absorbed acrosstheintestina wall
and delivered into the circulation via the lymphatic system.
Over about the past four decades, fractional cholesterol ab-
sorption va ues have been measured in many different typesof
patient groups aswell asin healthy subjects.3 16-27 Although
the methodology used to make such measurements has not
been standardized, most studieshavefound marked individua
variationinfractional absorption values. Perhapsthe study that
best illustrates this point is one reported by Bosner et al.25In
this study, fractional cholesterol absorption was measured in
94 subjects (79 Caucasians, 12 African Americans, 3Asians)
who consumed ageneraly low-cholesterol diet; theabsorption
dataarereproducedin Figure2. Althoughtheaveragefraction-
al absorptionratefor al subjectswas 56%, rates ranged from
2910 80%. Similar ranges have been reported by other investi-
gators.3 24 Thesetypesof dataclearly show that, whileinanor-
mal human population the average individual absorbs about
half of dl thecholesterol entering their small intestine, thereare
clearly subsetsof individua swho hypoabsorb or hyperabsorb
cholesteral. Thisphenomenonisnot peculiar to humans. It has
been documented in numerousother species, including various
nonhuman primate models and mice.28 2 Although the basis
for wideindividua differencesin sterol absorptionisnot well
understood, genetic factorsare apparently involved. %
Itisimportant that the underlying cause(s) of thehighindi-
vidud variability in cholesterol absorption be determined, be-
causeit may explainwhy some patientsrespond poorly, or not
at dl, to gatinsand other lipid-lowering drugs. Inindividuals
who hyperabsorb cholesteral, the efficacy of some hypolipi-
demic drugsmight conceivably bediminished smply because
of thecontinual delivery of excessveamountsof chylomicron
cholesteral to the liver. Evidence for thisthesis comes partly
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Fic.3 Theleve of cholesterol absorption may beafactor in deter-
mining how well patients respond to various classes of lipid-lower-
ing drugs, including statins. Data from the Finnish cohort of the
Scandinavian Simvastatin Survival Study (Ref. No. 31) suggest that
the efficacy of smvastatinin reducing coronary eventswaslower in
patients who absorbed cholesterol more efficiently, based on the
serum levels of certain sterols that are established markers for in-
testinal sterol absorptionlevels. 0 Placebo (n=434), B smvastatin
20-40mg (n=434).

from an analysisof datafrom the Finnish cohort of the Scan-
dinavian Simvastatin Survival Study,3! someof which arepre-
sented in Figure 3. Miettinen et al 3 found that theindividuals
who showed |east benefit from simvastatin treatment in terms
of coronary eventswerethe most efficient absorbersof choles-
terol, asdetermined by levels of specific sterolsintheplasma
that are markersfor theleve of cholesteral absorption.

Effect of Gender and Raceon Cholesterol Absorption

Asprevioudy noted, cholesterol absorption measurements
have been performed in diverse popul ation groups. However,
little attention has been given to the question of whether frac-
tional absorption valuesvary significantly asafunction of ei-
ther gender or race. The most definitive data on this point
comefrom astudy of Bosner et al.2> Although theseinvesti-
gatorsfound no differenceinfractiona cholesterol absorption
between men and women, they did find that the 12 African-
Americansintheir study manifested amarginal but statistical -
ly significant higher level of absorption comparedwith all the
other subjects. Thisdifference, whichisillustrated in Figure
4, suggeststhat further measurement of cholesterol absorption
and related parameters of sterol metabolism are warranted
in much larger numbers of African Americans versus
non-African Americans.

L ow Dendty Lipoprotein Cholesterol-L owering
AgentsThat Work Primarily intheSmall Intestine

Severd classesof lipid-lowering agentsthat act primarily at
thelevd of thesmadll intestineare avail able. Thetwo dominant
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Fic.4 Therearefew datarelating to racial differencesin choles-
terol absorption. Onestudy found amargina, but statistically signif-
icant higher level of absorption in African Americans versus non-
African Americans. Datafrom Ref. No. 25.

groupsof drugsin this category are bile acid sequestrantsand
cholesterol absorption inhibitors. The sequestrants, which
include cholestyramine, colestipol, and colesevalam, act by
binding bile acidsin thelumen, thereby preventing their resb-
sorptionintheterminal small bowe throughtheileal bileacid
transporter (IBAT).3234 Thediminished return of bileacidsto
theliver resultsin an accel erated conversion of cholesterol to
bileacids, with aportion of thischolesterol comingfrom LDL.
Asan dternativeto sequestrants, other drugsarebeing devel-
oped that directly inhibit IBAT activity.3*

Cholesterol absorptioninhibitorsdo not affect thereabsorp-
tion of bileacids, but rather disrupt one of thestepsinvolvedin
the movement of cholesterol from the lumen to the lymph.
Currently there are two types of therapiesin use that inhibit
cholesterol absorption. Plant sterolsor their saturated deriva:
tives, stanol's, when taken in gram quantities, appear to disrupt
the micellar solubulization of cholesterol within the lumen.
Thisresultsinlower levelsof cholesterol absorptionandinan
increaseinfecal cholesterol loss. Plant sterolsand stanolsare
usually added to various margarine products and are consid-
ered auseful adjunct to other lipid-lowering therapies.3> With-
inthelast 2 years, ezetimibe, anovel, specific, selective, and
potent cholesterol absorption inhibitor, hasbecomeavailable.
The mechanism of action and efficacy of this drug are de-
scribed below.

Other agentssuch asorlistat, neomycin, and olestra, while
not marketed asinhibitors of cholesterol absorption, never-
thelessact primarily in the small intestine and do effect are-
duction in plasma LDL-C concentrations. Orlistat, alipase
inhibitor, and olestra, adietary fat subgtitute, both partidly in-
hibit cholesterol absorption, presumably because both agents
causetheformation of anintraluminal oil phasethat may trap
cholesteral, thereby preventing its movement into the entero-
cytes.26:36 The mechanism by which neomycin, an antibiotic,
inhibits cholesterol absorption has not been clearly estab-
lished but may be an effect of changesin the composition of
theintestinal pool of bile acids caused by thisdrug.3”

Ezetimibe, aNove, Potent, and Specific Cholesterol
Absor ption Inhibitor

At a sngle daily dose of just 10 mg, ezetimibe inhibits
cholesterol absorption by about 50% and lowers LDL-C con-
centrationsby an average of 18% when used asmonotherapy.3®
Inaddition, when used a one, it effectsboth amodest reduction
in plasma triglyceride levels and a margind increase in the
high-density lipoprotein cholesterol concentrations.3 Thefind-
ing that ezetimibe lowers LDL-C levelsin subjects with ho-
mozygousfamilia hypercholesterolemiaindicatesthat therate
of production of LDL may fdl in responseto thereductionin
cholesterol absorption.3® The extent to which the LDL-C-low-
ering effect of ezetimibemay d soreflect upregul ation of hepat-
ic LDL receptor activity has not been determined. Ezetimibe
blocksthe absorption of cholesterol and plant sterols, but does
not affect theabsorption of bileacids, fatty acids, fat solublevi-
tamins, or triglycerides.4% 41 Newly published udiesshow that
ezetimibe reduces cholesterol absorption by inhibiting apath-
way inthebrush border membraneof theenterocytesthat isde-
pendent on the activity of NPC1L.1.13

Other Classesof Lipid-L owering Agents

Inaddition to tatins, bileacid sequestrants, and cholesteral
absorptioninhibitors, there are numerousother typesof lipid-
lowering agents that effectively change plasma lipoprotein
composition, thereby either preventing or halting the progres-
sion of atherosclerosis. These agents, which includefibrates
and variousformsof niacin, target one or more pathwaysin-
volving cholesterol and/or triglyceride metabolism. Several
recent comprehensivereviewsdiscussthe mechanismsof ac-
tion and efficacy of these drugs.® 3442 43 Other articlesfocus
on using combinations of these drugsto treat patientswitha
congtellation of disorders such as those seen in the metabol -
icsyndrome.#

Rationalefor Combining Cholesterol Absorption
Inhibitorswith Statins

Although the contribution of the liver to whole body
cholesterol synthesisin normal human subjectsisnot known,
studieswith anima modelssuggest that it may vary inversely
withtheinherent level of cholesterol absorptionin eachindi-
vidual 2845 Higher levels of cholesterol absorption generaly
resultinasuppression of cholesteral synthesishy theliver and
an accumulation of cholesteral in the hepatocytes.* When a
major pharmacologic block of cholesterol absorption isim-
posed, the diminished delivery of chylomicron cholesteral to
theliver resultsinapartial compensatory upregulation of hep-
atic cholesterol synthesis. To the extent that this occurs, the
LDL-C-lowering benefit of blocking cholesterol absorption
may potentially be blunted. Thus, while cholesterol absorp-
tion inhibitors can be used effectively as monotherapy for
treating hyperchol esterolemia, amore effective outcome will
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generdly beachieved if theinhibitor iscoadministered witha
statin; thiswill dampen the compensatory increasein hepatic
cholesterol synthesisthat ensueswhen cholesterol absorption
isblocked.

Efficacy of Combination Therapy Using Ezetimibe
with aStatin

Thereis now alarge volume of published data describing
theadditional cholesterol lowering that i sachieved when ezet-
imibeiseither coadministered with astatin or givento patients
receiving ongoing statin therapy.4% 4647 Together, these data
clearly demongtratethat the dua inhibition of both cholesterol
synthesis and absorption is an attractive new strategy for the
treatment of primary hyperchol esterolemia.
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