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ABSTRACT

Background: Ezetimibe, a selective inhibitor of intestinal cholesterol absorption, is in
clinical development for the treatment of hypercholesterolemia. It is rapidly absorbed and
glucuronidated in the intestine. The parent compound and its conjugated metabolite un-
dergo enterohepatic recirculation, resulting in multiple peaks in the plasma concentration—
time profile.

Objective: The purpose of this study was to develop a population pharmacokinetic
(PPK) model for ezetimibe that incorporates enterohepatic recirculation.

Methods: A population compartment model incorporating input from the gallbladder,
consistent with food intake, was developed to account for enterohepatic recirculation. The
amount recycled was allowed to vary within a subject and between subjects, accommo-
dating variability in bile secretion. The data used consisted of 90 profiles from healthy
subjects who received single or multiple doses of ezetimibe 10 or 20 mg. Modeling was
carried out using a nonlinear mixed-effect function in the S-PLUS® statistical program.

Results: The amount of ezetimibe recycled into the central compartment was estimated
to be ~17% to 20% of the total amount absorbed, independent of the volume of distribu-
tion. The intersubject coefficient of variation was 46% to 80% in the absorption rate con-
stant, 27% in the distribution phase, and ~50% in the volume of distribution.

Conclusions: PPK models adapted for enterohepatic recirculation allowed a formal as-
sessment of the magnitude and frequency of the enterohepatic recirculation process, and
the associated intersubject and intrasubject variability in healthy subjects. The PPK ap-
proach also helped to assess the correlation between the observed maximum or minimum
(24 hours postdose) concentration with the model-based area under the curve, confirming
the appropriateness of the former measures as a surrogate of drug exposure for a possi-
ble correlation with pharmacodynamics.
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INTRODUCTION

Ezetimibe (SCH 58235), a selective cho-
lesterol absorption inhibitor, is in clinical
development for the treatment of hyper-
cholesterolemia. Ezetimibe has been
shown to inhibit the absorption of dietary
and biliary cholesterol in rats, rabbits,
dogs, and cynomolgus and rhesus mon-
keys.!* Ezetimibe is currently in phase
I1I clinical trials, with results from 2 phase
I trials in patients with primary hypercho-
lesterolemia confirming that the drug sig-
nificantly (P < 0.05) lowers low-density
lipoprotein cholesterol in humans.>® The
molecular mechanism by which this com-
pound inhibits cholesterol absorption is
currently being elucidated.

Clinical studies completed to date in-
volving >1500 healthy subjects and hyper-
cholesterolemic patients demonstrated that
ezetimibe is well tolerated.> The overall
incidence of adverse events with ezetimibe
was similar to that associated with placebo.
The most commonly reported adverse ef-
fects were generally mild, transient, and
nonspecific and included headache and
gastrointestinal complaints.>

Ezetimibe is excreted into the bile after
undergoing extensive glucuronidation in
the intestine to a phenolic glucuronide,
SCH 60663.1° It is possible that ezetimibe
is repeatedly delivered back to the site of
action, the lumen of the intestinal tract, via
enterohepatic recirculation (EHC) after un-
dergoing reabsorption in the ileum. This,
in turn, has the potential to enhance the
residence time of the compound in the lu-
men of the intestinal tract, thereby potenti-
ating its cholesterol-lowering activity.!©

EHC has been shown to contribute to mul-
tiple peaks in the plasma concentration—
time profile of various compounds.!!:!2
Because conventional pharmacokinetic
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models are unsuitable for such data,!?
these models have been modified to in-
corporate additional input into the intes-
tine from EHC.1214!15 In this study, we
followed a similar approach but adapted a
population pharmacokinetic (PPK) model
and applied the model to pooled data from
clinical trials in healthy volunteers receiv-
ing single or multiple doses of ezetimibe.
Since the glucuronide (~90% of the total)
and the parent compound both exhibit
multiple peaks and exhibit cholesterol-
lowering activity, the total ezetimibe con-
centrations (glucuronide + parent) were
modeled.

Based on the model parameters, indi-
vidual pharmacokinetic parameters were
also derived and correlated with the ob-
served maximum and minimum plasma
concentrations to establish the appropri-
ateness of the latter parameters as surro-
gate measures of drug exposure for possi-
ble correlations with pharmacodynamic
responses.

METHODS

Study Population and Drug
Administration

Data from 5 phase I clinical studies!¢-20
were pooled and used in this investiga-
tion. These were well-supervised, inpa-
tient pharmacokinetic studies in which
meals were standardized with regard to
their timing relative to ezetimibe dosing.

Two merged datasets were generated:
dataset A contained full profiles from 54
subjects after a single dose of ezetimibe
20 mg. Dataset B contained full profiles
on Day 1 (single dose) and Day 10 (mul-
tiple dose) from 36 subjects receiving ei-
ther 10 or 20 mg ezetimibe. All subjects
were young healthy males or females who
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had a 10-hour fast before the first dose
and who were not allowed to eat until at
least 2 or 4 hours postdose. Water intake
was allowed during the fasting period.

Ethics

Before the initiation of each study, the
protocols and statements of informed con-
sent were reviewed and approved by an
institutional review board. The studies
were conducted in accordance with Good
Clinical Practices. Procedures were in
compliance with the US Code of Federal
Regulations (21 CFR Parts 50 and 56),
with the World Medical Association Dec-
laration of Helsinki concerning informed
consents and the protection of rights of
human subjects, and with the internal stan-
dard operating procedures of Schering-
Plough Research Institute, Kenilworth,
New Jersey. Written informed consent was
obtained from each volunteer before per-
forming any study-related activities.

Pharmacokinetics

Blood samples were collected for the
determination of total ezetimibe concentra-
tions in plasma (total ezetimibe is the sum
of unchanged [unconjugated] ezetimibe
and ezetimibe—glucuronide). For single-
dose administration, the combined sam-
pling times were at 0 hour (predose) and
05,1,15,2,3,4,5,6, 8, 10, 12, 16, 24,
36, and 48 hours postdose. For multiple-
dose administration, the combined sam-
pling times were at 0 hour (predose) and
05,1,15,2,3,4,5,6, 8, 10, 12, 16, and
24 hours postdose. All blood samples were
centrifuged within 30 minutes after col-
lection for 10 to 15 minutes at ~1000 to
1500g and 4°C. The plasma was sepa-
rated, transferred into a cryogenic tube,

and stored frozen at —20°C or below until
analyzed.

Plasma samples were assayed for eze-
timibe and total ezetimibe concentrations
using validated liquid chromatography/
tandem mass spectrometry methods at
Phoenix International Life Sciences, St.-
Laurent, Quebec, Canada. The analytic
methods had lower limits of quantitation
of 20 pg/mL and 0.250 ng/mL, and cali-
bration curve ranges of 20.0 to 20,000
pg/mL and 0.250 to 250 ng/mL for un-
changed and total ezetimibe, respectively.
The coefficients of variation for the quality-
control samples ranged from 5.2% to 8.7%
between runs and from 3.2% to 8.6%
within runs.

For the analysis of unchanged ezetim-
ibe, 100 pL of internal standard working
solution (**C,-SCH 58235, 150 ng/mL in
water) and 1.0 mL water were added to a
1-mL aliquot of each sample before ex-
traction with 8.0 mL of 1-chiorobutane.
For the determination of total ezetimibe,
100 pL of internal standard working so-
lution (250 ng/mL), 500 pL of sodium
acetate (0.5M, pH 5.0) and 50 pL of B-
glucuronidase (100,000 units/mL) were
added to each 200-pL aliquot of plasma.
The samples were then incubated at 50°C
for 60 minutes and 500 pL of sodium bo-
rate solution (0.1M) was added. The sam-
ples were then extracted with 8.0 mL of
1-chlorobutane. Each tube was then
shaken for 15 minutes at room tempera-
ture and centrifuged. After centrifugation,
the samples for the determination of eze-
timibe and total ezetimibe were processed
similarly. The organic layer was removed
and evaporated using a Turbovap® (Zy-
mark Corporation, Hopkington, Massa-
chusetts) or a SpeedVac® apparatus
(Thermo Savant, Holbrook, New York),
reconstituted in 500 uL of methanol, and
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again evaporated to dryness. The residues
were then reconstituted in 50 pL of 20:80
(v/v) water in methanol and analyzed using
a Waters Alliance 2690 high-performance
liquid chromatograph (Waters Corpora-
tion, Milford, Massachusetts) equipped
with a Sciex API III mass spectrometer
(Perkin-Elmer, Norwalk, Connecticut).
We used a 7.5 cm x 4.6 mm Zorbax SB-
C18 chromatographic column with 3.5-
wm particle size (Chromatographic Spe-
cialties, Brockville, Ontario, Canada) and
an isocratic mobile phase composed of
80% methanol:20% 0.025 mol/L ammo-
nium acetate (1.0 mL/min flow rate).

Mass spectrometric detection was per-
formed in the positive-ion mode. The m/z
transitions monitored for SCH 58235 were
392.0 to 133.4, and those for the internal
standard were 398.4 to 139.4. Plasma con-
centrations of ezetimibe—glucuronide, re-
ported as ezetimibe equivalents, were cal-
culated for each plasma sample by
subtracting the unchanged ezetimibe con-
centration from the corresponding total
ezetimibe concentration.

Pharmacokinetic Modeling

The pharmacokinetic profile of ezetimibe
was characterized using a 2-compartment
model?! incorporating random effects.??
In the absence of EHC, plasma concen-
trations were modeled as follows:

CH) = Creg O +€® (D

where C. (t) and C (t) are the measured
and predlcted concentratlon for the jth
subject at time t, respectively. The intra-
subject variability in concentration, in-
cluding measurement and assay error ej(t),
was assumed to have a normal distribu-
tion (with mean 0 and variance o2 ). The
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intersubject variability in the pharmacoki-
netic parameters was modeled as a pro-
portionality term. For example, volume of
distribution in the central compartment
(V) for the jth subject was defined as:

V.=V - exp(n;y) @

where V, as a fixed effect, is the popula-
tion estimate and exp(m; ) is the devia-
tion in V for the jth subject The random
effect ",y Was assumed to follow a nor-
mal distribution (with mean O and vari-
ance 02,). The intersubject coefficient of
variation (CV) in V is thus approximated
by the estimate of o, Subject character-
istics, such as age, body weight, and sex,
were not explored since ~80% of the sub-
jects were young, healthy males. The m
values for the different parameters were
assumed to be independent of each other.
Since V and the bioavailability (F) cannot
be estimated independently, F was fixed
at 1 to allow for estimation of the relative
volume V/F.

EHC was incorporated in the PPK model
as a secondary input into the intestinal tract.
The gallbladder emptying was postulated
to be at mealtime, that is, at 4, §, 12, and
24 hours postdose for single-dose admin-
istration and at 0, 4, 8, and 12 hours post-
dose for multiple-dose administration. It is
well known that food stimulates bile se-
cretion?? and the resulting biliary secretion
was assumed to deliver a fraction of the
amount absorbed into the intestinal tract.

With EHC, a fraction 3, is added back
to the systemic circulation at time 7,, where
k=1,2, .., n, and n is the number of such
events. Equation 1 is thus modified as:

Cj(t) = CpredJ(t) +9, - CpredJ(t -7)
+0,r Cgi(t—T)+ -+ 8 -
Cpred‘j(t -T)+ ej(t) 3)
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where Clmd J(t -7 is O for t < 7. Equa-
tion 3 is thus similar to that of a multiple-
dose profile at times T, using the princi-
ple of superpositioning.

Random effects to account for variabil-
ity in 8, and in T, were introduced in the
model as described in equation 2.

The PPK model was first fit to dataset A
and was reevaluated with dataset B as a
model-validation step. Distribution assump-
tions were examined for validity using nor-
mality tests and graphical methods. Model
goodness-of-fit was assessed using analysis
of residuals. PPK modeling was performed
using nonlinear mixed-effects (NLME)
models, a function of the statistical package
S-PLUS®2*; additional details about the
NLME models can be found elsewhere 2527
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RESULTS
Pharmacokinetics

Pharmacokinetic data in dataset A in-
cluded profiles from 54 subjects with 822
plasma samples. Dataset B included 2 pro-
files from each of 36 subjects, 1 profile
after a single-dose administration and an-
other after multiple-dose administration.
There were 492 plasma samples from each
of the single-dose and multiple-dose ad-
ministrations in dataset B. A subset of the
subjects’ profiles from datasets A and B
are illustrated in Figures 1 and 2, respec-
tively. In dataset A, the median maximum
concentration (C__ ) was 85 ng/mL ob-
tained at a median time (T_,,) of 1 hour
after dosing. In dataset B, the values for

Time (h)

Figure 1. Plasma ezetimibe concentration—time profiles after a single-dose administration

of ezetimibe.
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Figure 2. Plasma ezetimibe concentration—time profiles after multiple-dose administra-

tion of ezetimibe.

C,.x and T after multiple-dose admin-
istration were 122 ng/mL and 1 hour. Con-
centration values from pairs of time points
were compared to describe the frequency
and magnitude of EHC. For notational
convenience, we let C, denote the con-
centration at hour u from dosing and the
ratio Ru,v =(C,-C)/C,, u>v. Then, for
example, R, , would represent the change
in concentration at 5 hours compared to
that at 4 hours. R, , was plotted against C,
(the concentration at 4 hours postdose)
for the 54 subjects in dataset A (Figure 3).
The smoothing line through the points
demonstrates that the increase is highest
for subjects with the lowest 4-hour con-
centrations. Subjects with C, values
higher than the median, indicated by the
vertical line at 36 ng/mL, had, on average,
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similar C values, suggesting equilibrium
between input primarily due to EHC and
output due to elimination. A similar ob-
servation was made for R1o,s (Figure 4)
and for R,, ;¢ (not shown), suggesting that
EHC is still present at 24 hours. In con-
trast, the majority of subjects had R, , val-
ues <0, that is, a decline in concentration
at 4 hours (Figure 5), indicating negligi-
ble EHC at this time postdose.

Population Pharmacokinetics

Parameter estimates for the selected
model, a 2-compartment model with first-
order absorption and with elimination
from the central compartment, are shown
in Tables I and II for datasets A and B, re-
spectively. The model fits the data well,
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Figure 3. Fold change in 5-hour relative to 4-hour ezetimibe plasma concentration
plotted against ezetimibe concentration at 4 hours.

as indicated by the observed versus fitted
residuals and random-effect plots. Figure
6 is a plot of the individual plasma eze-
timibe concentrations in dataset A, the ob-
served median concentration, and the
model-estimated median. In Figures 7 and
8, plots of observed versus fitted and resid-
ual versus fitted concentration, respec-
tively, are shown for dataset B. A plot of
observed and fitted concentration ver-
sus time for 2 subjects with low and high
maximum concentrations is shown in
Figure 9. The population absorption half-
life was 0.5 to 0.8 hours. C_, was esti-
mated to occur at 1.3 and 1.4 hours, and
to reach 74 ng/mL and 131 ng/mL after
single-dose and multiple-dose administra-
tion, respectively. The estimated terminal

elimination half-life was 30 hours. There
was high intersubject variability in ab-
sorption rate (Ka, 46%—80%) and in vol-
ume (45%-49%). The terminal slope,
B, and the transfer rate constant from the
peripheral compartment to the central
compartment (K,,) did not vary sig-
nificantly between subjects; therefore,
their variance terms were set to 0. The
amount reabsorbed was found to be simi-
lar at different meal times (ie, 8, = 8, = ...
= 0 ). There were no significant devia-
tions from the postulated meal times 4, 8,
12, and 24 hours after single-dose admin-
istration and 0, 4, 8, and 12 hours after
multiple-dose administration. No signifi-
cant differences were found between sub-
jects; thus a common & (SE) value was
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Figure 4. Fold change in 10-hour relative to 8-hour ezetimibe plasma concentration
plotted against ezetimibe concentration at 8 hours.

estimated—0.2 (0.03) for dataset A and
0.17 (0.03) for dataset B.

DISCUSSION

A previous study'? has shown that eze-
timibe in the animal model is extensively
glucuronidated to a phenolic glucuronide
(SCH 60663) in the intestinal enterocyte
and is delivered back to the lumen of the
intestine via bile. It was also suggested in
the same study that the phenolic glu-
curonide can undergo enzymatic hydroly-
sis in the intestinal lumen, delivering the
parent compound back into the intestinal
lumen where it is reabsorbed, a process
known as enterohepatic recirculation. This
enzymatic hydrolysis of glucuronide to
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the parent drug appears to be complete
since the glucuronide is not absorbed!®
and is not detected in the feces.?8
Clinical studies with ezetimibe have
shown multiple peaks in the plasma con-
centration—-time profiles (within a dosing
interval), which are similarly attributed to
EHC. In this paper, we evaluated the con-
tribution of EHC to plasma concentrations
using pooled data from phase I studies
employing a population pharmacokinetic
model. To obtain a homogeneous popula-
tion, only young, healthy, fasting subjects
receiving 10 or 20 mg ezetimibe as a sin-
gle agent were included in this analysis.
These data were obtained from 5 different
studies meeting this criterion. The phar-
macokinetic model adapted for EHC was
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Figure 5. Fold change in 4-hour relative to 3-hour ezetimibe plasma concentration
plotted against ezetimibe concentration at 3 hours.

Table 1. Ezetimibe parameter estimates from the population pharmacokinetic model (N = 54):
Single-dose administration.

Standard Error Intersubject Coefficient
Parameter Estimate of Estimate of Variation (%)
Ka, hrt 0.82 0.14 80
o, hr! 0.79 0.11 27
B, hr! 0.023 0.006 NS
Ky hr-! 0.087 0.016 NS
V/F, L 107.5 15.3 49
o) 0.20 0.03 NS

o, ng/mL 13.9

Ka = absorption rate; o = micro rate constant of the distribution phase; p = terminal slope; NS = not signifi-
cant; K,, = transfer rate constant from the peripheral to the central compartment; V/F = relative volume;
d = fraction reabsorbed due to enterohepatic recirculation; o, . = intrasubject standard deviation.
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Table II. Ezetimibe parameter estimates from the population pharmacokinetic model (N =
36): Single- and multiple-dose administration.

Standard Error Intersubject Coefficient
Parameter Estimate of Estimate of Variation (%)
Ka, hr-! 1.57 0.25 46
o, hr! 0.67 0.10 ] 27
B, hr-! 0.025 0.003 NS
K,,, hr! 0.095 0.016 NS
V/F, L 105.3 13.3 45
b 0.17 0.03 NS

g,, ng/mL 21.1

Ka = absorption rate; a = micro rate constant of the distribution phase; § = terminal slope; NS = not signifi-
cant; K,, = transfer rate constant from the peripheral to the central compartment; V/F = relative volume;
& = fraction reabsorbed due to enterohepatic recirculation; o = intrasubject standard deviation.
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Figure 6. Individual ezetimibe concentration values (dots), observed median concentra-
tion values (broken line), and model-estimated median concentration values
(solid line) for dataset A.
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Figure 7. Observed versus fitted ezetimibe plasma concentration in dataset B. Left panel,
single dose; right panel, multiple dose.
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Figure 8. Pearson residual versus fitted ezetimibe plasma concentration in dataset B. The
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multiple dose.
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Figure 9. Observed (open circles or solid diamonds) and fitted (solid lines) plasma eze-
timibe concentrations versus time for 2 subjects, 1 with low (open circles) and
1 with high (solid diamonds) maximum concentration values.

a 2-compartment open model. EHC was
modeled as an additional input into the
systemic circulation, amounting to a per-
centage (0) of the absorbed dose. Since
EHC was considered to occur at or near
meal times (eg, 4, 8, and 12 hours after
drug administration), the amount and time
of EHC were initially allowed to vary
within and between subjects. No signifi-
cant improvement in the fit was achieved
with variable times or variable amount
reabsorbed.

Furthermore, no significant differences
were found between single-dose and
multiple-dose administration in § or in
other pharmacokinetic parameters. These
results suggest that the addition of a
single parameter, §, representing a fixed
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amount in all subjects, does in fact ex-
plain most of the multiple peaks. Addi-
tional parameters or random effects were
found to reduce residual errors slightly,
without affecting the structural parame-
ters. Because of the minor gain in model
fit, and for reasons of parsimony, these ef-
fects were dropped from the final model.
After single-dose administration, § was
estimated to be 20% compared with 17%
at steady state. This amount was found
not to correlate with volume of distribu-
tion, demonstrating that subjects with ini-
tial high peaks do not necessarily achieve
similarly high peaks due to EHC. The re-
sults from PPK fittings suggested entero-
hepatic recycling every 4 hours consistent
with physiology, that is, gallbladder vol-
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ume remains almost constant during the
fasting condition and food intake triggers
the emptying of the gallbladder.?> The
amount of drug released with the bile into
the lumen of the intestinal tract as a result
of gallbladder emptying is thus a secondary
input. This amount is absorbed in a man-
ner similar to the administered dose and at
a similar absorption rate. As evident in
Figures 2 and 3, not all subjects had equal
EHC at the same time. This was probably
due to the differences in meal times rela-
tive to the ezetimibe dose across studies
(ie, 2 hours vs 4 hours postdose) as well as
the variability associated with the trigger-
ing of gallbladder emptying. However, in
the majority of subjects, an increase fol-
lowed by a decrease in concentration was
observed approximately every 4 hours, 3
to 4 times postdose (Figures 3-5).

The population estimates suggested that
ezetimibe is rapidly absorbed. Although
the estimate from dataset A was lower
than that from dataset B, this difference
was not attributed to the mode of admin-
istration. Rather, it is more likely due to
intersubject and interstudy variability,
which was verified by further modeling
with subsets of the data. The remaining
rate constant and volume of distribution
were similar in the 2 datasets. The model-
based area under the curve (AUC) derived
from equation 3 (AUC1) gave a median
estimate of 1554 (CV = 43%). Using
& = 0 in this equation, that is, assuming no
EHC, gave a median estimate (AUC2) of
878 (CV = 65%). The ratio AUC2/AUCI1
correlated significantly (declined expo-
nentially) with AUCI1, with the observed
concentration at 24 hours, and with C__,
demonstrating that the percentage contri-
bution of EHC was highest in subjects
with the lowest drug exposure. Because
of enterohepatic recycling and the result-

ing reabsorption, the model-estimated
mean AUC value was increased by about
86% (33% SD) compared to the value in
the absence of EHC. Thus, the phenome-
non of EHC significantly increased the
residence time of ezetimibe at the site of
action, which may result in a beneficial
cholesterol-lowering effect.

The model-estimated median Coaw Cmin
(concentration at 24 hours), and T_, were
74 ng/mL, 16 ng/mL., and 1.3 hours, re-
spectively. These values were comparable
to the corresponding observed values
(74 ng/mL, 19 ng/mL, and 1 hour, re-
spectively). The same parameters esti-
mated by the model at steady state were
131 ng/mL, 44 ng/ml., and 1 hour, indi-
cating that although C___ at steady state
increased only ~2-fold, Cmin increased
~3-fold. The likely explanation for the
larger increase in C_; than in C_ is the
contribution of EHC in the later phases of
the ezetimibe plasma concentration pro-
file. The model-estimated AUC also cor-
related with both observed C , and C_,_
(P < 0.001). The data used in this investi-
gation are obtained from healthy subjects
under strict conditions. However, the main
results regarding the amount of drug re-
cycled are likely to be similar in the tar-
get patient population, since hypercholes-
terolemia and other concomitant disorders
are not expected to significantly alter en-
terohepatic recycling.

CONCLUSIONS

A PPK model for ezetimibe was developed
that included additional input due to en-
terohepatic recycling. The model provided
a reasonable approximation of individual
profiles for most subjects after single-dose
or multiple-dose administration, enabling
a formal description of the pharmacoki-
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netic properties of ezetimibe in the pres-
ence of EHC, including rate parameters

and

intersubject variability.
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