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Abstract Results of previous studies have shown that
ezetimibe (10 mg/day) reduces LDL cholesterol in patients
with mild hypercholesterolemia on a normal-cholesterol diet
(dietary intake of 200-500 mg/day) by 16-22%. However,
the LDL cholesterol-lowering effect of ezetimibe in subjects
with an extremely low dietary cholesterol intake (vegetar-
ians) has not been studied. We conducted a randomized,
double-blind, placebo-controlled, two-phase crossover
study in 18 healthy pure vegetarians to assess the effect of
ezetimibe (10 mg/day) on plasma lipids, cholesterol ab-
sorption, and its synthesis. Treatment periods lasted 2 weeks
each, with an intervening 2 week washout period. Fractional
cholesterol absorption was determined using the continuous
dual stable isotope feeding method. Mean dietary choles-
terol intake in the pure vegetarians was extremely low and
averaged 29.4 = 16.8 and 31.4 * 14.4 mg/day during the
placebo and ezetimibe administration phases, respectively.
Fractional cholesterol absorption during the placebo phase
was 48.2 = 8.2% and was decreased by 58% during ezetimibe
treatment to 20.2 * 6.2% (P < 0.001). This change in in-
testinal cholesterol absorption was followed by a signifi-
cant reduction in LDL cholesterol of 17.3%. In individuals
with extremely low dietary cholesterol intake, treatment with
ezetimibe (10 mg/day) leads to a significant reduction of
cholesterol absorption and a clinically relevant decrease of
plasma LDL cholesterol, comparable to that of subjects with a
normal dietary cholesterol intake.lif Thus, the lipid-lowering
effect of ezetimibe is mediated mainly through a reduction
of the absorption of endogenous (biliary) cholesterol.—
Clarenbach, J. J., M. Reber, D. Litjohann, K. von Bergmann,
and T. Sudhop. The lipid-lowering effect of ezetimibe in pure
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Decreasing serum cholesterol with HMG-CoA reductase
inhibitors (statins) for the primary and secondary preven-
tion of cardiovascular events has been demonstrated to
be a very effective approach in many large-scale clinical
trials (1, 2). Recently, the introduction of ezetimibe has
given an additional treatment option for those patients
who either do not achieve recommended treatment goals
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with statins alone or do not tolerate treatment with statins
or other lipid-lowering drugs. In several clinical trials, it
has been shown that ezetimibe (10 mg/day) decreases LDL
cholesterol on average by 16-22% (3-5). Ezetimibe acts by
reducing the absorption of cholesterol from the intestinal
tract. This effect is thought to be mediated by blocking the
sterol transporter Niemann-Pick Cl-Like 1, located at the
brush border membrane of the small intestine (6, 7). How-
ever, several other proteins are also involved in the intesti-
nal uptake and transport of cholesterol and might also play
arole in the mechanism of action of ezetimibe (8, 9).

We have previously demonstrated that ezetimibe re-
duces the fractional absorption of dietary cholesterol on
average by 54% in subjects with mild to moderate hyper-
cholesterolemia (10). Compared with baseline levels, re-
duction in total and LDL cholesterol averaged 15.1%
and 20.4%, respectively. The subjects enrolled in that
study had a dietary cholesterol intake between 200 and
500 mg/day. The concomitant measurements of fecal ex-
cretion of neutral sterols indicated that >600 mg/day of
neutral sterols in feces during ezetimibe treatment must
be of endogenous origin. These results suggest that the
reduction of endogenous (biliary) cholesterol absorption
by ezetimibe plays a major role in the decrease of total and
LDL cholesterol.

To prove this hypothesis, we investigated the effect of
ezetimibe on serum lipids, cholesterol absorption, and fecal
excretion of neutral and acidic sterols in pure vegetarians
with an extremely low dietary cholesterol intake.

METHODS

Study design

This was a randomized, double-blind, placebo-controlled,
two-period crossover trial in 18 healthy vegetarians. Eligible sub-
jects underwent a 2 week single-blind placebo run-in period to
assess their compliance with a strict vegetarian diet. Upon suc-
cessful completion of this run-in period, subjects were randomly
assigned to one of two treatment sequences: either ezetimibe
(10 mg/day) in period 1 and matching placebo in period 2, or
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placebo treatment in period 1 followed by ezetimibe in period 2.
Each treatment period lasted 2 weeks, with an intervening 2 week
washout period on single-blind placebo treatment.

The primary study end point was the treatment-induced change
in intestinal cholesterol absorption. Changes in plasma LDL cho-
lesterol and in indices of endogenous cholesterol and bile acid
synthesis were secondary end points. The trial was conducted in
full accordance with the Declaration of Helsinki. The trial proto-
col was approved by the local independent ethics committee. All
subjects were informed of the nature and scope of the trial by a
physician and gave informed consent before participation.

Subjects

Subjects who reported to be vegetarians for at least 6 months
before study enrollment and whose dietary cholesterol intake
was <70 mg/day, as assessed by 7 day food records obtained
during the single-blind placebo run-in period, were eligible for
study participation. Other inclusion criteria were age between
18 and 65 years, body mass index between 17.5 and 29 kg/m?,
plasma LDL cholesterol < 180 mg/dl, and plasma triglycerides <
250 mg/dl. Female volunteers of child-bearing potential were
required to strictly adhere to safe contraceptive methods through-
out the entire study. Subjects were excluded who reported a die-
tary intake of meat and/or eggs within 6 months before the study
began. Subjects were also excluded who were on any lipid-lowering
medications or who consumed dietary supplements containing fi-
ber or margarines enriched with phytosterols/phytostanols within
6 months before the study. Other exclusion criteria were a history
of endocrine or metabolic disease known to affect plasma lipids
or lipoproteins; a history of cardiovascular disease (coronary artery
disease, peripheral or cerebral vascular disease, congestive heart
failure or cardiac arrhythmias, clinically significant echocardio-
graphic abnormalities including QT intervals > 440 ms); arterial
hypertension, defined as systolic or diastolic blood pressure > 160
or 100 mm Hg, respectively; renal malfunction (plasma creatinine
> 1.4 mg/dl, nephrotic syndrome, or other renal disease); fast-
ing plasma glucose levels > 126 mg/dl or history of diabetes; a
history of intestinal diseases (malabsorption, disorders of gastroin-
testinal motility, intestinal bypass or resection surgery, or any other
abdominal surgery within 6 months before the study); liver trans-
aminase levels greater than twice the upper limit of normal; acute
or chronic infection with human immunodeficiency virus or
hepatitis B or C virus; and poor mental function or unstable psy-
chiatric disorders. Female subjects were excluded who were preg-
nant, in whom a pregnancy could not be excluded at the time of
enrollment, or who were actively breastfeeding. Subjects were also
excluded if they confessed to substance or drug abuse or if they
did not pass a urinary drug screening test and/or alcohol breath
test at the time of enrollment.

Eighteen healthy vegetarian subjects (14 women and 4 men)
were recruited for this trial. The mean age was 26 years (range,
21-33 years), with mean body weight and body mass index aver-
aging 63.3 kg and 21.7 kg/m? respectively. Throughout the
study, subjects underwent repeated counseling by an experi-
enced study nurse to ensure their constant compliance with the
study medication and the vegetarian diet.

Cholesterol absorption measurement

Fractional cholesterol absorption was assessed during the
second week of each treatment period using the continuous dual
stable isotope feeding method (11). For this purpose, subjects
ingested tracer capsules containing 3 mg of [2H6]cholesterol
and 8 mg of [*H,]sitostanol three times daily for 7 days during
the second week of each treatment period (days 8-14 and days
36—42, respectively). During the final 3 days of each treatment

period, stool samples were collected and measurement of intes-
tinal cholesterol absorption was performed by GC-MS from these
samples as described previously (11).

Synthesis of cholesterol and bile acids

From the same fecal samples, the fecal excretion of neutral
and acidic sterols was calculated with [2H4]sitostanol as a fecal
flow marker. Measurements were carried out by gas-liquid chro-
matography as described previously (12). Daily fecal excretion
rates were calculated from the ratios of neutral and acidic sterols
to the deuterium-labeled sitostanol in fecal samples, multiplied
by the daily intake of deuterium-labeled sitostanol. Net choles-
terol synthesis was then calculated as the sum of daily excretion
of neutral and acidic sterols minus the mean dietary intake of
cholesterol. Daily sterol intake was assessed from the last 7 days
of the placebo run-in period and each of the treatment pe-
riods based on daily food diaries. A nutrition database program
(Prodi 4.5; WVG) was used to calculate the mean daily choles-
terol intake.

Plasma lipids

Blood samples for plasma lipid and lipoprotein analysis were
drawn after an overnight fast at the beginning and end of each
treatment period. Total cholesterol and triglycerides in plasma
were measured by standard enzymatic methods. HDL cholesterol
was determined from the supernatant after precipitation of apo-
lipoprotein B-containing lipoproteins. LDL cholesterol was cal-
culated by the Friedewald formula (13).

Noncholesterol sterols

Lathosterol, campesterol, and sitosterol were measured from
the same fasting blood samples used for lipid analysis using GC-
MS with epicoprostanol as the internal standard, as described
previously (14).

Statistical analysis

Means and standard deviations were assessed using SPSS sta-
tistical software. Differences between the two treatment periods
were evaluated for significance and carryover effects using modi-
fied ttests appropriate for two-way crossover trials.

RESULTS

All volunteers completed the study and demonstrated
excellent compliance with the study procedures based on
pill counts and food diaries.

Absorption and synthesis of cholesterol

In all subjects, treatment with ezetimibe led to a reduc-
tion of fractional intestinal cholesterol absorption (Fig. 1).
During the placebo and ezetimibe treatment phases, cho-
lesterol absorption ranged from 32.1% to 65.8% (48.2 *
8.2%, mean =+ SD) and from 5.8% t0 29.7% (20.2 = 6.2%),
respectively. Thus, treatment with ezetimibe resulted in
a mean reduction of intestinal cholesterol absorption by
58.0 = 14.3% (range, 29.7-85.1%).

The results for dietary cholesterol intake, fecal excretion
of neutral and acidic sterols, and total endogenous cho-
lesterol synthesis are summarized in Table 1. Mean dietary
cholesterol intakes during the placebo and ezetimibe treat-
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Fig. 1. Fractional cholesterol absorption in individual vegetarians
during the placebo phase and treatment with ezetimibe.

ment phases were 29 and 31 mg/day, respectively, with
no significant difference between the two treatment phases.
No subject exceeded a cholesterol intake of >70 mg/day
during any of the two double-blind treatment phases.
Compared with placebo, fecal output of total neutral
sterols increased by 81% during treatment with ezetimibe
(P<0.001). An increase of 35% in fecal excretion of acidic
sterols was also observed, although this effect missed the
level of statistical significance (P = 0.052). Total endoge-
nous cholesterol synthesis increased by 72% on ezetimibe
relative to placebo (P < 0.001). No significant carryover
effects were observed with respect to sequence or period.

Plasma lipoproteins

Plasma lipoproteins are summarized in Table 2. Mean
baseline LDL cholesterol averaged 94.2 mg/dl. The
mean percentage changes from baseline to end point after
2 weeks of treatment were +13.1% (P = 0.017) on placebo
and —6.3% (P = 0.296) on ezetimibe, resultingina —17.3%
treatment difference (P < 0.001). Similar results were ob-
tained for total cholesterol, with a mean baseline value of
182.1 mg/dl. The mean percentage changes from baseline
to end pointwere +4.6% (P= 0.174) on placebo and —5.7%
(P = 0.129) on ezetimibe, resulting in a total difference
of —9.9% (P < 0.001) on ezetimibe compared with placebo.

TABLE 1. Fractional absorption of cholesterol, excretion of neutral
and acidic sterols, and endogenous synthesis of cholesterol after
2 weeks of treatment with ezetimibe (10 mg/day) and placebo in
18 healthy vegetarians

Parameter Placebo Ezetimibe P

Cholesterol intake (mg/day) 294 +16.8 314 *144  0.600

Fractional cholesterol 48.2 + 8.2 20.2 £ 6.2 <0.001
absorption (%)

Cholesterol synthesis 595 = 154 1,022 = 285 <0.001
(mg/day)

Neutral sterol excretion 461 * 157 834 = 211 <0.001
(mg/day)

Acidic sterol excretion 163 + 74 220 = 122 0.052
(mg/day)
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We did not detect any correlation between percentage
change in cholesterol absorption and reduction in total and
LDL cholesterol.

Changes in triglycerides and HDL cholesterol levels
were not significantly different between treatment with
ezetimibe and placebo. There was, however, a statistically
significant 10% decrease in HDL cholesterol during treat-
ment with ezetimibe compared with baseline values. A
similar decrease in HDL cholesterol, although not signifi-
cant, was observed during the placebo treatment period
compared with baseline levels.

Plasma noncholesterol sterols

Results are presented in Table 3. The mean plasma con-
centration of lathosterol increased by 39%, and the ratio
of lathosterol to cholesterol, a marker of hepatic HMG-
CoA reductase activity (15) and total body cholesterol syn-
thesis (16, 17), increased by 55% on ezetimibe compared
with placebo (P < 0.001 for both). Treatment with eze-
timibe reduced the plasma concentrations of the two plant
sterols campesterol and sitosterol by 46% and 39%, re-
spectively (P < 0.001 for both). Similar results were obtained
for their ratios to cholesterol, with the mean decrease being
41% for the campesterol-to-cholesterol ratio and 33% for
the sitosterol-to-cholesterol ratio (P < 0.001 for both).

Safety

Treatment with ezetimibe was well tolerated, and there
were neither serious adverse events nor clinically rele-
vant increases of laboratory parameters (including no as-
partate or alanine aminotransferase increases >3-fold the
upper limit of normal and no creatinine phosphokinase
increases >2-fold the upper limit of normal).

DISCUSSION

Here, we demonstrate that the lipid-lowering effect of
ezetimibe in pure vegetarians can be attributed almost
exclusively to the inhibition of intestinal absorption of cho-
lesterol that originates from biliary secretion.

In a previous trial conducted in volunteers on a typi-
cal Western diet with a daily cholesterol intake between
200 and 500 mg, Sudhop et al. had identified a 54% re-
duction in intestinal cholesterol absorption by ezetimibe
(10 mg/day) compared with placebo treatment (10). In
contrast, in the current trial in vegetarians, the mean
daily cholesterol intake was considerably lower at only
~30 mg/day (Table 1). However, the mean percentage re-
duction of intestinal cholesterol absorption by ezetimibe
was virtually identical at 58%, indicating that dietary cho-
lesterol load has no influence on the relative inhibition of
sterol absorption by ezetimibe. Further studies are needed
to determine whether the inhibition of intestinal cho-
lesterol absorption remains constant over longer periods
of treatment.

There are typically two sources of cholesterol entering
the intestinal tract. Food intake contributes to intestinal
cholesterol with amounts ranging from <50 mg/day (in
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TABLE 2. Plasma lipoproteins at baseline and after 2 weeks of treatment with ezetimibe (10 mg/day) and placebo in 18 healthy vegetarians

Difference between

Mean Change from Baseline Ezetimibe and Placebo

Parameter Treatment Baseline Week 2 % P % P

Total cholesterol (mg/dl) Ezetimibe 182.1 171.7 —5.7 0.129 -9.9 <0.001
Placebo 182.1 190.5 4.6 0.174

LDL cholesterol (mg/dl) Ezetimibe 94.2 88.3 —-6.3 0.296 -17.3 <0.001
Placebo 94.2 106.6 13.1 0.017

HDL cholesterol (mg/dl) Ezetimibe 66.4 59.8 —10.0 0.017 —-2.3 0.49
Placebo 66.4 61.2 =7.9 0.053

Triglycerides (mg/dl) Ezetimibe 107.6 118.2 9.9 0.304 -0.2 0.99
Placebo 107.6 118.4 10.1 0.207

pure vegetarians) to ~750 mg/day, whereas biliary se-
cretion of cholesterol into the duodenum is in the range
of 500-2,400 mg/day (18). Recently, a third source of in-
testinal cholesterol was identified in mice: a significant
part of excess cholesterol is excreted directly via the intes-
tine upon activation of the liver X receptor, indicating
the existence of an important, alternative route for choles-
terol disposal (19). However, the role of this pathway in
humans is unclear, and we cannot rule out the possibility
that this pathway may contribute to the effect of ezetimibe.

In this study, despite a mean cholesterol intake of only
~30 mg/day, the 58% reduction of cholesterol absorp-
tion led to a mean increase in the fecal excretion of neu-
tral sterols of 373 mg/day (+81%). This is >20-fold the
increase that would have been observed if only the ab-
sorption of dietary cholesterol had been affected by
ezetimibe. Therefore, this excess in fecal sterol excretion
must be of biliary origin, which demonstrates that, in vege-
tarians, ezetimibe works almost exclusively by preventing
the absorption of biliary cholesterol from the intestine.

As expected, the vegetarian subjects participating in
this trial exhibited relatively low levels of total and LDL
cholesterol during treatment with placebo. Despite these
already low lipid levels, further reductions were achieved
by treatment with ezetimibe.

Considering the extensive promotion of neutral sterol
excretion by ezetimibe, it is not surprising that a signifi-
cant reduction of total and LDL cholesterol in plasma was
observed compared with placebo. The 17.3% decrease
of LDL cholesterol is in the range of previously reported
reductions of 16-22% in subjects with a nonrestricted cho-

TABLE 3. Lathosterol, campesterol, and sitosterol and their ratios
to cholesterol in plasma after 2 weeks of treatment with ezetimibe
(10 mg/day) and placebo in 18 healthy vegetarians

Sterol Placebo Ezetimibe P

Lathosterol (mg/dl) 0.236 = 0.124 0.327 = 0.160  <0.001

Campesterol (mg/dl) 0.351 £ 0.134  0.189 £ 0.074  <0.001

Sitosterol (mg/dl) 0.249 = 0.089  0.153 = 0.052  <0.001

Ratio of lathosterol to 1.212 = 0.488 1.879 = 0.773  <0.001
cholesterol (ug/mg)

Ratio of campesterol to 1.874 £ 0.733  1.097 = 0.368  <0.001
cholesterol (ug/mg)

Ratio of sitosterol to 1.324 = 0.456  0.885 = 0.251  <0.001

cholesterol (ug/mg)

lesterol intake treated with ezetimibe (10 mg/day) (3, 4,
20, 21). The unusually low cholesterol intake in this trial did
not diminish the typical lipid-lowering effect of ezetimibe.

It must be acknowledged that the significant reductions
in total and LDL cholesterol were detected only when the
ezetimibe treatment phase was compared with treatment
with placebo. In contrast, on comparison of lipid levels
at the end of each of the two study phases with lipid levels
at baseline, there was an increase in total and LDL choles-
terol during the placebo treatment phase, which actually
reached statistical significance in the latter. The decrease
of both total and LDL cholesterol during treatment with
ezetimibe was statistically not significant compared with
baseline values. It remains unclear why both total and
LDL cholesterol increased from baseline during the pla-
cebo treatment phase. We were not able to detect any se-
quence or carryover effects between the two treatment
periods. Therefore, the significant difference of total and
LDL cholesterol between the two treatment periods as
presented in Table 2 probably reflects the true drug effect.

There were no significant changes in the plasma levels
of triglycerides and HDL cholesterol between the two treat-
ment periods. Although it has been reported that beneficial
changes can occur (21, 22), they are generally small, and
this study was not powered to detect such small effects.

We observed a significant increase in endogenous
cholesterol synthesis during treatment with ezetimibe
(Table 1). Similarly, plasma lathosterol and the lathosterol-
to-cholesterol ratio exhibited marked increases (Table 3).
These parameters are indicators of hepatic HMG-CoA re-
ductase activity (15) and total endogenous cholesterol
synthesis (16, 17). Increases in endogenous cholesterol syn-
thesis have been reported in subjects treated with ezetimibe
(10), and they most likely reflect a physiologic response to
compensate for the extensive fecal loss of neutral sterols.

As described previously (7, 10, 23), ezetimibe treatment
led to a significant reduction of plasma plant sterol levels
compared with placebo treatment. In fact, this effect was
more pronounced than the effect on cholesterol. This
finding is attributable to the different absorption rates
of campesterol and sitosterol compared with cholesterol
(11, 24), their faster biliary elimination (25, 26), and the
inability of the body to synthesize plant sterols (27).

Although it would have been desirable to limit the study
population to subjects not ingesting any cholesterol at all
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(e.g., pure vegans), we believe that the data presented
here provide compelling evidence that the cholesterol-
lowering effect of ezetimibe is mediated largely through
the inhibition of biliary cholesterol absorption. Further
investigations are necessary to define more clearly the in-
fluence of dietary cholesterol on the lipid-lowering effects
of ezetimibe .l
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