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Abstract

Objective—Ezetimibe improves cardiovascular outcomes when added to optimum statin
treatment. It lowers LDL cholesterol and percent intestinal cholesterol absorption, but the exact
cardioprotective mechanism is unknown. We tested the hypothesis that the dominant effect of
ezetimibe is to increase the reverse transport of cholesterol from rapidly-mixing endogenous
cholesterol pool into the stool.

Approach and Results—In a randomized, placebo-controlled, double-blind parallel trial in 24
healthy subjects with LDL cholesterol 100-200 mg/dL, we measured cholesterol metabolism
before and after a 6-week treatment period with ezetimibe 10 mg/day or placebo. Plasma
cholesterol was labeled by intravenous infusion of cholesterol-d; in a lipid emulsion and dietary
cholesterol with cholesterol-ds and sitostanol-d,4 solubilized in oil. Plasma and stool samples
collected during a cholesterol- and phytosterol-controlled metabolic kitchen diet were analyzed by
mass spectrometry. Ezetimibe reduced intestinal cholesterol absorption efficiency 30 + 4.3% (SE,
P<0.0001) and LDL cholesterol 19.8 + 1.9% (P = 0.0001). Body cholesterol pool size was
unchanged, but fecal endogenous cholesterol excretion increased 66.6 + 12.2% (P < 0.0001) and
percent cholesterol excretion from body pools into the stool increased 74.7 + 14.3% (P < 0.0001)
while plasma cholesterol turnover rose 26.2 + 3.6% (P = 0.0096). Fecal bile acids were
unchanged.

Conclusions—Ezetimibe increased the efficiency of reverse cholesterol transport from rapidly-
mixing plasma and tissue pools into the stool. Further work is needed to examine the potential
relation of reverse cholesterol transport and whole body cholesterol metabolism to coronary events
and the treatment of atherosclerosis.

Corresponding Author: Richard E. Ostlund, Jr., MD, Washington University School of Medicine, Campus Box 8127, 660 S. Euclid
Ave., St. Louis, MO 63110-1093, Phone: (314) 362-8286, Fax: (314) 747-4471, rostlund@wustl.edu.

ClinicalTrials.gov Identifier: URL.: http://www.clinicaltrials.gov. Unique identifier: NCT01603758

Disclosures
Ezetimibe and placebo pills were provided by Merck (Kenilworth, NJ, USA).


http://www.clinicaltrials.gov

Linetal. Page 2

Keywords
cholesterol absorption; excretion; controlled diet; stable isotopes; clinical trial; mass spectrometry

Introduction

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Statins inhibit cholesterol biosynthesis and are highly effective in reducing plasma LDL
cholesterol levels and cardiovascular disease (CVD) risk.! In spite of these effects, CVD
remains the leading cause of death in the United States and other Western countries.2 Thus,
complementary strategies are needed to further reduce risk.

Inhibiting intestinal cholesterol absorption represents another approach for LDL cholesterol
lowering which also affects whole body cholesterol metabolism. The drug ezetimibe reduces
intestinal cholesterol absorption by targeting Niemann-Pick C1 like 1 (NPC1L1), a sterol
transporter expressed in the apical membrane of enterocytes. 4 As a result, less cholesterol
is delivered to the liver, thereby upregulating LDL receptors and reducing LDL cholesterol.®
When given to patients with primary hypercholesterolemia, ezetimibe (10 mg/day) reduces
LDL cholesterol 15-20%.%: 7 Hepatic NPC1L1 is a second target of ezetimibe.® Even though
ezetimibe may increase cholesterol excretion by inhibiting intestinal NPC1L1 alone (in
rodents, for example), reducing both hepatic NPC1L1 and intestinal NPC1L1 is expected to
maximize endogenous cholesterol excretion in species such as humans where NPC1L1 is
expressed both in enterocytes and hepatocytes. Hepatic NPC1L1 reclaims cholesterol from
the bile back into the liver, inhibiting biliary cholesterol secretion.® Ezetimibe, by inhibiting
hepatic NPC1L1, stimulates biliary cholesterol secretion; simultaneous inhibition of
intestinal NPC1L1 by ezetimibe facilitates excretion of this biliary cholesterol in the stool.

Reverse cholesterol transport (RCT), the process of removing excess cholesterol from
peripheral tissues to the rapidly-mixing plasma and tissue pool and then directing it to the
intestine for excretion,10: 11 has been an area of intense research because it is another
mechanism with the potential to reduce CVD risk.12 The terminal portion of RCT involves
two pathways: biliary secretion and an intestinal phase where cholesterol is both absorbed
from the lumen and directly secreted into the lumen. The latter process is known as trans-
intestinal cholesterol excretion (TICE).2! Cholesterol from both pathways arrives in the
small intestine and is excreted into the stool. Inhibiting intestinal cholesterol absorption not
only reduces plasma LDL cholesterol levels, but also significantly increases total fecal
cholesterol excretion.3: 14 Because the majority of intestinal cholesterol comes from
endogenous cholesterol, ezetimibe is expected to promote fecal excretion of endogenous
cholesterol (FEEC) by inhibiting intestinal NPC1L1, as suggested in animal studies.1®

Two published clinical studies using pioneering mass spectroscopic methodologies have
examined changes in body cholesterol metabolism associated with ezetimibe treatment; both
support the idea that ezetimibe increases endogenous cholesterol excretion.1416 However,
this conclusion is tempered by limitations present in one or both of those trials, including
lack of a control group, lack of concurrent ezetimibe treatment during metabolic
measurements, collection of stool samples without control of either dietary cholesterol or
phytosterol intake, lack of measurement of intestinal cholesterol absorption efficiency or
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total endogenous cholesterol excretion, and a focus on analyses performed during rapid
changes in cholesterol enrichment, where repeatability of calculated parameters is limited. In
the present work, we tried to optimize the experimental conditions while emphasizing the
critical roles of the rapidly-mixing endogenous cholesterol pool and the intestine in the
action of ezetimibe. Using a well-defined intravenous cholesterol tracer and oral tracers, we
carefully identified the origins of fecal cholesterol as endogenous, dietary or unlabeled
cholesterol arising from newly-synthesized, non-equilibrated cholesterol.29 Measurements
were made while the subjects were consuming a metabolic kitchen diet under near steady-
state conditions, where results in the placebo group were reproducible. We advanced the
notion that percent cholesterol excretion (PCE), the percent of the rapidly-mixing
cholesterol pool excreted in the stool daily, is helpful in understanding and quantifying the
effect of ezetimibe on whole body cholesterol metabolism.

Materials and Methods

Results

Subjects

Materials and Methods are available in the online-only Data Supplement.

As shown in Figure 1, 26 subjects were randomized and 24 completed the protocol (12
ezetimibe, 12 placebo). Subjects included 15 females and 9 males with mean age of 55.6
+ 2.6 years. Table 1 shows the subject characteristics upon entry into the study.

Cholesterol metabolism

Table 2 shows the results of cholesterol metabolic measurements for the pre and post
treatment periods of placebo and ezetimibe groups and the respective absolute differences in
pre-post change between placebo and ezetimibe groups. Ezetimibe treatment increased fecal
total neutral sterol excretion +0.37 £ 0.08 g/day relative to placebo (Table 2) and 54.0%
(Fig. 2A). Additionally, ezetimibe increased FEEC (+0.31 = 0.06 g/day, Table 2; 66.6

+ 12.2%, Fig. 2B) and dietary cholesterol (+0.038 + 0.006 g/day, Table 2; 52.0 + 8.5%, Fig.
2C). Endogenous cholesterol was the major contributor to the increase in fecal sterol
excretion, accounting for 86.6 + 11.9% of the increase (Fig. 2D).

Ezetimibe did not alter excretion of unlabeled cholesterol, which represents newly
synthesized cholesterol that has not equilibrated with tracer, or excretion of bile acids (Table
2). Furthermore, the rapidly-mixing pool of body cholesterol was not affected by ezetimibe
(Table 2). However, ezetimibe reduced relative cholesterol-d; enrichment by 0.07 + 0.004
(Table 2) or 26.2 + 3.6% (Fig. 3A), indicating an increased turnover of body cholesterol by
ezetimibe. In addition, ezetimibe treatment increased PCE by +1.19 + 0.23 percentage points
(Table 2) or 74.7 £ 14.3% (P < 0.0001) (Fig. 3B). The treatment effect on intestinal
cholesterol absorption was —18.9 + 3.2 percentage points (Table 2) or —30.0 + 4.3% with
ezetimibe treatment relative to the pre-treatment period.
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Plasma lipids and lipoproteins

Ezetimibe treatment significantly reduced plasma LDL cholesterol levels by 28.2 + 6.3
mg/dL (Table 2) or 19.8 £ 1.9% (£ = 0.0001) relative to the pre-treatment and total
cholesterol by 33.9 £ 8.4 mg/dL (Table 2) or 15 + 0.02% (~ = 0.0003). Plasma triglyceride
and HDL cholesterol concentrations were not affected.

Plasma non-cholesterol sterols

Ezetimibe significantly reduced plasma concentrations of total phytosterols and the two
major individual phytosterols: campesterol and sitosterol (Table 2). Ezetimibe increased
plasma lathosterol to total cholesterol ratio, but did not affect plasma 5a.-cholestanol to total
cholesterol ratio (Table 2).

Discussion

The major finding of our study is that ezetimibe increased FEEC and endogenous
cholesterol turnover without affecting the size of the rapidly-mixing body cholesterol pool.
As expected, ezetimibe reduced plasma total cholesterol (15.0%) and LDL cholesterol
(19.8%) without affecting the concentrations of plasma HDL cholesterol or triglycerides.
Ezetimibe also reduced intestinal cholesterol absorption (30.0%). The effect of ezetimibe on
whole body cholesterol metabolism was much larger than its effect on LDL cholesterol and
intestinal cholesterol absorption. Ezetimibe increased fecal excretion of total neutral sterols
by 54.0%, which is consistent with a 64.0% increase from our previous study of ezetimibe.13
Both the amount and the efficiency of endogenous cholesterol excretion from the rapidly-
mixing cholesterol plasma and tissue pool into the stool increased. FEEC rose 66.6% and
PCE rose by 74.7%.

Fecal neutral sterols arise from endogenous cholesterol in the rapidly-mixing body pool,
unabsorbed dietary cholesterol, and unlabeled newly-synthesized cholesterol’, all of which
might potentially be altered by ezetimibe and contribute to the rise in total fecal sterol output
observed. In the present study, the use of oral and intravenous cholesterol tracers revealed
that the increase in FEEC accounted for 86.6% of the increase in fecal excretion of total
neutral sterols due to ezetimibe. In contrast, excretion of unabsorbed dietary cholesterol and
unlabeled cholesterol accounted for only 11.0% and 2.4%, respectively. The exclusion of
unlabeled newly-synthesized cholesterol as a small component of fecal cholesterol with
ezetimibe treatment demonstrates that the effect of ezetimibe is not due simply to a futile
cycle characterized by increased local intestinal synthesis of cholesterol. Moreover, the data
show that RCT from liver, plasma and intestine into the stool rises.

Endogenous cholesterol is likely secreted into the intestine both in bile and directly through
TICE.18 The intestinal sterol transporter NPC1L1, located in the apical membrane of
enterocytes, mediates both dietary and endogenous cholesterol uptake into the enterocyte.
Because the proximal small intestine is actively involved in TICE,19 the endogenous
cholesterol available for reuptake into the enterocyte comprises not only biliary cholesterol,
but also cholesterol secreted through TICE. By inhibiting NPC1L1, ezetimibe reduces the
intestinal reabsorption of dietary, biliary, and TICE-derived cholesterol, leading to losses in
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the stool. Ezetimibe may have stimulated both biliary RCT and non-biliary RCT (i.e. TICE)
in the present study. The action of ezetimibe to increase fecal excretion of labeled
cholesterol from macrophages (macrophage-specific RCT, mRCT) by inhibiting intestinal
NPC1L1 was demonstrated in mice,15 20 a species in which NPC1L1 is not measurably
expressed in the liver. Whether this happens in humans cannot be determined from our data.
More recently it has been demonstrated in vitro that ezetimibe may promote cholesterol
efflux from the brush-border membrane of enterocytes into the lumen, which may help the
drug both reduce intestinal cholesterol absorption and enhance cellular cholesterol flux back
to the intestinal lumen.2

In humans, NPC1L1 also is expressed in the liver, where NPC1L1 inhibits biliary
cholesterol secretion. Ezetimibe targets hepatic NPC1L1, stimulating biliary cholesterol
secretion.8 The additional potential biliary cholesterol resulting from the inhibition of
hepatic NPC1L1 arrives in the small intestine, where it is expected to be excreted in the stool
because intestinal NPC1L1 is inhibited simultaneously. In the current study, the increase in
FEEC by ezetimibe may reflect increased biliary cholesterol secretion (due to inhibition of
hepatic NPC1L 1) facilitated by reduced reabsorption of biliary cholesterol (due to inhibition
of intestinal NPC1L1). The unique dual-target mechanism of ezetimibe may maximize
reverse cholesterol transport by the combined inhibition of both hepatic NPC1L1 and
intestinal NPC1L1 and thus provide better athero-protection in species with NPC1L1
expressed in both the liver and intestine, such as humans. The importance of inhibiting
intestinal cholesterol absorption is supported by two elegant studies with LDL receptor
knockout mice that overexpressed hepatic ABCG5 and ABCG8 and had increased biliary
cholesterol secretion.?2 However, no effects were observed on intestinal cholesterol
absorption, fecal sterol excretion, or aortic atherosclerosis with functional intestinal
NPC1L1.22 In the same transgenic mouse model, ezetimibe inhibited intestinal cholesterol
absorption, leading to an increase in fecal sterol excretion and a reduction in proximal aortic
atherosclerosis.23 These results suggest that the terminal portion of the RCT pathway
focused on liver and intestine may be important in determining CVD risk.

It is not clear from our current study whether ezetimibe mainly increased biliary secretion or
TICE. In mice, ezetimibe increased mRCT by inhibiting intestinal NPC1L1, which required
efficient biliary cholesterol secretion.24 Similarly, in hamsters, ezetimibe has been
demonstrated to increase mRCT mainly through increased biliary cholesterol secretion and
independent of TICE.2® In contrast, ezetimibe enhanced endogenous cholesterol excretion in
humans predominantly by increasing TICE, mediated by intestinal ABCG5/ABCG8.26

It has been demonstrated that ezetimibe increases cholesterol synthesis in humans.> 14 In the
present study, ezetimibe increased total fecal sterols as well as plasma lathosterol/total
cholesterol ratio, a biomarker for cholesterol synthesis.2” This result suggests that increased
plasma lathosterol may result from relative cholesterol deficiency and does not necessarily
indicate a primary disorder of cholesterol overproduction. Likewise, the observed reduction
in phytosterol/cholesterol levels likely was due to reduced absorption rather than a change in
dietary phytosterol intake.
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Even though mRCT represents only a small fraction of whole-body cholesterol flux, there is
interest in targeting mMRCT in the prevention or regression of atherosclerosis. Several studies
have demonstrated such an effect mediated by ezetimibe in mice® 20. 24 and in hamsters.2
In the present study, cholesterol fluxes from macrophages or peripheral tissues into plasma
were not assessed directly. However, ezetimibe in the present study may have increased
cholesterol efflux from extra-hepatic tissues, including macrophages. The immediate source
of endogenous cholesterol excretion is from the rapidly-mixing cholesterol pool. The size of
this rapid pool was unchanged in the present study, suggesting that cholesterol efflux from
peripheral tissues or cholesterol biosynthesis were responsible for the increase in cholesterol
excretion. Ezetimibe significantly increased the turnover of cholesterol in body pools and
plasma. In mice, ezetimibe reduced plasma LDL cholesterol mainly by reducing hepatic
lipoprotein secretion and, to a lesser extent, by increasing lipoprotein clearance mediated by
the upregulated LDL receptors.?8 In insulin-resistant obese humans, a weight-loss diet alone
and a weight-loss diet plus ezetimibe both reduced VLDL-apoB100 secretion, with no
significant added effect of ezetimibe.2? Taken together, it is possible that ezetimibe increased
cholesterol efflux from extra-hepatic tissues into the plasma. Ezetimibe did not affect plasma
HDL cholesterol levels, as reported previously,14 16 which suggests that ezetimibe may
increase endogenous cholesterol excretion independently of HDL.

Our study is limited in that de novo cholesterol biosynthesis was not measured directly and
RCT from the periphery to the rapidly-mixing cholesterol pool was not assessed.
Nevertheless, the work focuses on the terminal components of the RCT pathway that appear
to be of critical importance based on animal studies and quantitatively clarifies the role of
ezetimibe in regulating fecal sterol output. The use of near-equilibrium conditions, multiple
isotope tracers, and a controlled diet creates an experimental system in which most
parameters can be replicated with a coefficient of variation of 10% or less (in the placebo
group), allowing greater statistical power.

Ezetimibe treatment increased the overall efficiency of the reverse cholesterol transport
pathway. In addition to inhibiting intestinal cholesterol absorption and reducing LDL
cholesterol, ezetimibe increased FEEC without affecting the size of the rapidly-mixing
cholesterol pool, leading to increased percent endogenous cholesterol excretion. The ability
of ezetimibe to increase reverse cholesterol transport was quantitatively much larger than the
effect on LDL cholesterol. Additional clinical investigation is needed to determine whether
ezetimibe-enhanced RCT adds clinical benefit to LDL reduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Ezetimibe (10 mg/day for 6 weeks) significantly increased fecal excretion of
total neutral sterols 54.0 £ 11.0% (P = 0.0004), endogenous cholesterol 66.6
+ 12.2% (P< 0.0001), and unabsorbed dietary cholesterol 52.0 £ 8.5% (P <
0.0001).

Ezetimibe did not alter fecal excretion of bile acids.

Endogenous cholesterol excretion accounted for 86.6 £11.9% of the increase
in fecal neutral sterols in response to ezetimibe.

Ezetimibe did not alter the size of the rapidly mixing cholesterol pool, but
increased its turnover, as indicated by a 26.2 + 3.6% decrease in plasma
cholesterol d7 enrichment (2= 0.0096).

Ezetimibe increased the efficiency of whole-body cholesterol excretion (i.e.,
greater cholesterol flux out of the rapid cholesterol pool).
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Assessed for eligibility (n=32)

Excluded (n=6)

++*Not meeting inclusion criteria (n=6)
+ Declined to participate (n=0)

% Other reasons (n=0)

Randomized (n=26)

&

»

Allocated to ezetimibe intervention (n=13)
+*Received ezetimibe pills (n=13)
+Did not receive ezetimibe pills (n=0)

Allocated to placebo (n=13)
+»Received placebo pills (n=13)
+Did not receive placebo pills (n=0)

1

1

Lost to follow-up (n=0)

Discontinued ezetimibe intervention
(withdrawn from study due to lack of
compliance with cholesterol tracer
capsules) (n=1)

‘Ldst to follow-up (n=0)

Discontinued placebo (withdrew from
study due to illness) (n=1)

v

Analysed (n=12)
++Excluded from analysis (did not provide
baseline or follow-up data) (n=1)

Analysed (n=12)
+Excluded from analysis (did not provide
follow-up data) (n=1)

Fig. 1. Consolidated Standards of Reporting Trials (CONSORT) flow diagram
Flow of subjects throughout the trial. All completed subjects were included in the analyses.
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P= Ol.OOO1

"' p=0.0005
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Fig. 2. Effects of ezetimibe on fecal excretion of total (A), endogenous (B), and dietary cholesterol
(C), and relative contributions to fecal excretion of total neutral sterols by ezetimibe (D)

Fecal excretion of total and endogenous cholesterol was determined in subjects receiving 10
mg/day ezetimibe (n=12) or placebo (n=12) for 6 weeks, as described in Methods. Fecal
excretion of unabsorbed dietary cholesterol and unlabeled cholesterol were calculated as
described in Methods. Results of A, B, and C are expressed as percent change relative to
pre-treatment in each group. Treatment effects and the 2 values are shown above the bars of
placebo and ezetimibe. Results of D are increases of fecal excretion of endogenous
cholesterol (FEEC), of dietary cholesterol excretion (FEDC), and of unlabeled cholesterol
(FEUC), as percent of the mean increase in fecal excretion of total neutral sterols by

ezetimibe.
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Fig. 3. Effect of ezetimibe on plasma relative cholesterol d; enrichment and percent endogenous

cholesterol excretion

Plasma relative cholesterol d; enrichment (A) is the cholesterol d7 enrichment ratio during
each metabolic measurement period. For post treatment, it is calculated as the ratio of net
plasma cholesterol d; enrichment on day 57 (difference between day 57 and day 43) to that
on day 44 (difference between day 44 and day 43). For pre-treatment, it is expressed as the
cholesterol d; enrichment ratio of plasma cholesterol d; enrichment on day 15 to that on day
2. Percent cholesterol excretion (B) is expressed as percent fecal endogenous cholesterol
excretion of the rapidly-mixing cholesterol pool. Treatment effects and the P values are
shown above the bars of placebo (n=12) and ezetimibe (10 mg/day for 6 weeks, n=12).
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Table 1

Subject characteristics at screening

N (women/men) 24 (16/8)
Race: White/Black 23/1
Age (y) 55.6 +2.6
BMI (kg/m?) 28.4+1.0
Lipids:

Total cholesterol (mg/dL) 2117
LDL cholesterol (mg/dL) 131+6
HDL cholesterol (mg/dL) 56 +3

Triglyceride (mg/dL) 122+8
HbALc (%) 55+0.1
Glucose (mg/dL) 111+ 2
Blood pressure:

Systolic (mm Hg) 127+4

Diastolic (mm Hg) 78+2

Values are means + SE.
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