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A B S T R A C T

Ezetimibe (EZE) is an extensively used antihyperlipidemic drug with an important cholesterol lowering activity.
It undergoes extensive first-pass metabolism to form its active glucuronide metabolite (EZEG). Both drugs exhibit
complex pharmacokinetic profiles attributed mainly to repetitive enterohepatic kinetics. The aim of the present
study was the investigation of EZE and EZEG pharmacokinetics (PK), through the development of a joint po-
pulation pharmacokinetic model able to characterize their kinetic processes and enterohepatic recirculation
simultaneously. Concentration-time data derived from a bioequivalence study in 28 healthy subjects were used
for the analysis. Population PK modeling was performed on the obtained data using nonlinear mixed effect
modeling approach, where different methodologies were applied for the description of the complex metabolism
and recirculation processes of the two compounds. EZE and EZEG concentrations were best described by a
population PK model incorporating first-pass metabolism and an enterohepatic recirculation loop, accounting for
the recycling process of the two moieties. This is the first joint population pharmacokinetic model describing the
kinetics of both EZE and EZEG.

1. Introduction

Elevated serum cholesterol is a well-known risk factor for the de-
velopment of coronary heart disease. Hypercholesterolemia has been
strongly associated with heart disease mortality through various animal
and clinical observations, which is further confirmed by epidemiolo-
gical studies showing a strong relationship between serum total cho-
lesterol and certain cardiovascular diseases (Hajar, 2017; Klag et al.,
1993). Elevated serum cholesterol levels may occur through multiple
processes, and apart from the de novo cholesterol synthesis, intestinal
absorption of exogenous (dietary) and endogenous (biliary) cholesterol,
may further lead to a less favorable lipid and atherogenic profile
(Sweeney and Johnson, 2007).

Ezetimibe (EZE) is one of the first representatives of lipid-lowering

drugs which act via inhibition of the absorption of exogenous and en-
dogenous cholesterol, resulting in the reduction of intracellular cho-
lesterol (Sweeney and Johnson, 2007). EZE has been shown to have a
local action at the brush border of the small intestine, where it effec-
tively blocks the uptake of cholesterol by enterocytes, while the ab-
sorption of triglycerides, fat-soluble vitamins or bile acids remains
unaffected (Sweeney and Johnson, 2007; van Heek and Davis, 2002).
This leads to inhibition of cholesterol systemic absorption which is fi-
nally excreted in the feces (Florentin et al., 2008; van Heek and Davis,
2002).

Following oral administration, ezetimibe is readily absorbed and
rapidly metabolized to a great extent in the intestine, via glucur-
onidation of the 4-hydroxy phenyl group, with approximately 90% of
the total drug in plasma being in the form of the equally potent
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ezetimibe-glucuronide metabolite (EZEG) (Ezzet et al., 2001a; Ghosal
et al., 2004; Kosoglou et al., 2005; Lipka, 2003). Ezetimibe undergoes
first-pass metabolism in the intestine and liver to its glucuronide con-
jugate (Jeu and Cheng, 2003; Patrick et al., 2002; van Heek and Davis,
2002), both moieties reaching maximal concentrations in the plasma
within 2 to 3 h (Lipka, 2003). Once glucuronidated, EZEG is excreted
through the gallbladder back in the intestinal lumen, such that EZE is
delivered back to its site of action through hydrolysis of the conjugate
by β-glucuronidase (van Heek and Davis, 2002).

Both EZE and EZEG show multiple peaks in their concentration-time
profiles suggestive of an extensive enterohepatic recirculation (EHC)
(de Waart et al., 2009; Kosoglou et al., 2005). It is noted that this re-
circulation process ensures the repeated delivery of the moieties back to
the intestine, where it can be re-absorbed and exert its pharmacologic
effects. This leads to a prolonged cholesterol lowering activity and a
limited peripheral exposure, contributing to the favorable efficacy and
safety profile of the drug (Lipka, 2003; van Heek and Davis, 2002).

Due to the great influence of the first-pass metabolism and en-
terohepatic recirculation process on the therapeutic profile of ezeti-
mibe, knowledge of its pharmacokinetic (PK) properties is of crucial
importance. In this respect, many PK analyses have been performed for
ezetimibe so far, applied mainly to the total EZE concentrations, de-
fined as the sum of unconjugated ezetimibe and ezetimibe-glucuronide
(Ezzet et al., 2001b; Kosoglou et al., 2004, 2005). In the same vein, two
population pharmacokinetic models have been also developed, de-
scribing again the systemic course of total ezetimibe concentrations
(Ezzet et al., 2001b; Soulele and Karalis, 2018). However, since both
EZE and EZEG are found to be pharmacologically active and undergo an
extensive systemic recycling, a simultaneous analysis of these two
moieties can provide further insight into their pharmacokinetic prop-
erties and more adequately characterize their interrelated metabolism
and elimination processes.

Therefore, the aim of the present analysis was to investigate the
pharmacokinetics of both EZE and EZEG simultaneously, using popu-
lation pharmacokinetic modeling approaches. In this vein, we aimed to
develop a joint population PK model for the description of the ab-
sorption and the complex distribution properties of ezetimibe and its
active glucuronide metabolite. In order to accomplish this task, a series
of structural models were developed and compared for their perfor-
mance based on their predictive ability and the adequate character-
ization of the underlying physiological processes.

2. Materials and methods

2.1. Subjects and study design

The concentration-time data used in this analysis came from an
open-label, single-dose, randomized 2×2 crossover bioequivalence
(BE) study, in healthy adult volunteers comparing a single-dose of
Ezetimibe 10mg Tablets (Rafarm S.A. Athens, Greece) or Ezetrol®
10mg Tablets (Merck Sharp & Dohme S.A.), under fasting conditions.
The study was performed according to the Good Clinical Practice
guidelines issued by the International Conference on Harmonization
and followed the principles of the Declaration of Helsinki. The National
(Anveshhan) Independent Ethics Committee reviewed and approved
the study protocol, while a written informed consent was obtained from
each subject prior to enrolment in the study.

In total 36 subjects were initially enrolled in the BE study. All
subjects underwent the required physical and biochemical examina-
tions, and a thorough medical history was obtained by each participant
to ensure their health status. Subjects were excluded in case of history,
or presence, of significant disease (cardiovascular or other), con-
comitant therapy affecting liver function or any other prescribed
medication during the last 30 days, intolerance or hypersensitivity to
the active substance or any of the formulation excipients, presence or
history of alcohol/drug abuse, smoking, urticaria or any other

significant allergic reaction. Subjects were also omitted from the study,
if they had donated over 450mL of blood during 3months before the
initiation of the study, in cases of significant blood loss or other major
illness, or if they showed positive tests in HIV or hepatitis B/C tests.

In each study period, subjects were fasted overnight for at least 10 h
with access to water only. On treatment days, study participants re-
ceived a single dose of 10mg ezetimibe administered as an oral test
Ezetimibe 10mg tablet (Rafarm S.A. Athens, Greece) or the reference
Ezetrol® 10mg tablet (Merck Sharp & Dohme S.A.), with 240mL of
water. Standardized meals were then provided at 4, 8, 12, and 24 h
after drug administration. In total, 26 blood samples (6.0 mL) were
obtained from each participant, starting before drug administration and
at 0.33, 0.67, 1, 1.33, 1.67, 2, 2.5, 3, 4, 4.5, 5, 5.5, 6, 6.5, 7, 8, 10, 12,
14, 16, 24, 36, 48, 72, and 96 h post-dose. All blood samples were
centrifuged immediately after collection and stored frozen at −80 °C
until analysis. After a two-week washout, subjects received the alter-
nate formulation during the second study period and the same proce-
dures were followed. EZE and EZEG were quantified in the collected
samples using a validated liquid chromatography/tandem mass spec-
trometry (HPLC-MS/MS) method. Details describing the analytical
assay are provided in our previous study (Soulele and Karalis, 2018).

2.2. Non-compartmental pharmacokinetic analysis

Ezetimibe (both EZE and EZEG) C-t data were analyzed using non-
compartmental analysis which led to the estimation of the following PK
parameters: the maximum observed plasma concentration (Cmax), the
area under the C-t curve up to the last measured concentration (AUCt),
and the area under the C-t curve extrapolated to infinity (AUCinf).
Estimation of the two AUC areas was made by applying the linear
trapezoidal rule. The entire analysis was made in WinNonlin® v.5.0.1
(Pharsight).

2.3. Population pharmacokinetic analysis

For the purposes of this analysis, ezetimibe dose as well as plasma
EZE and EZEG concentrations were converted into their molar
equivalents (nmol/L) by dividing with their molecular weight (EZE:
409.4 g/mol; EZEG: 585.5 g/mol). The data of both drugs were ana-
lyzed in Monolix® (version 2016R1, Lixoft). The SAEM (i.e., Stochastic
Approximation Expectation Maximization) algorithm was used with the
following settings; the maximal numbers of stochastic (k1) and cooling
(k2) iterations were fixed at 500 and 200, respectively, using the au-
tomatic stopping rules and one Markov chain. Data below the limit of
quantification were considered as ‘missing’ and were omitted from the
analysis, while the option for treating them as ‘cens’ values was also
tested. Besides, since the majority (over 95%) of the concentration
values at the 96 h time-point was below the lower limit of quantitation,
the dataset was further truncated at the nearest earlier time point i.e., at
72 h. Moreover, since the obtained data derived from a crossover BE
study, the C-t data of the two compounds obtained from the different
drug products (test and reference) and the two treatment periods were
combined setting “treatment” and “period” effects as potential covari-
ates in the final dataset. Following data treatment, 1501 and 1490 data
points for EZE and EZEG, respectively, were available for the popula-
tion PK analysis.

Population pharmacokinetic modeling was performed simulta-
neously both for EZE and EZEG. Since both undergo enterohepatic re-
circulation, this attribute was incorporated in the developed models by
presuming a hypothetical gallbladder compartment accounting for the
re-distribution process. All these models were written in the form of
ordinary differential equations in the MLXTRAN language of Monolix®.

In this context, different PK models were developed, like one-, two-,
and three-compartment distribution models, for EZE and EZEG. In
conjunction with models encompassing aspects like first-pass metabo-
lism in the gastrointestinal (GI) tract, we also tested the presence of
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hypothetical gallbladder compartments (one or two), different bile re-
lease kinetics (first-order or bolus), variant times and durations of
gallbladder emptying, consideration of both renal and fecal elimina-
tion, etc. In addition, the existence of a dose apportionment parameter
for first-pass metabolism or accordingly a parameter accounting for the
fraction of drug undergoing enterohepatic recirculation were evaluated
for potential improvements in the final model.

In principle, in most PK models, following oral administration the
drug is presented in the gastrointestinal compartment, where a fraction
(F) of dose enters the EZE central compartment and the remaining
fraction (1-F) goes to the EZEG central compartment. Thereafter, the
two moieties are transferred into their peripheral compartments, un-
dergo enterohepatic recirculation or are permanently eliminated from
the system.

For the purposes of this study, all PK models were parameterized in
terms of micro-constants where the symbols ‘m’ and ‘p’, next to each PK
parameter, refer to EZEG and EZE, respectively. The choice of using
micro-constants allowed us to examine several different linkages among
the compartments. Indeed, absorption kinetics was expressed in the
form of absorption rate constants (kap, kam), apparent volumes of
distribution for the central (Vcp, Vcm) and peripheral (Vpp, Vpm)
compartments, intercompartmental clearances (Qp, Qm) and elimina-
tion rate constants (kelp, kelm). Since bioavailability fraction (F) could
not be quantified, volumes of distribution and intercompartmental
clearances reflected their apparent values namely, Vcp/F, Vpm/F, Qp/F
etc. For the EHC component of the model, the additional parameters
tested for their performance, were the first-order constants for re-dis-
tribution of drugs (kpm, kpb), the gallbladder release rate constants
(kg1 and kg2), the fraction of drug following EHC, and the fecal elim-
ination rate constant. Gallbladder first-order release rate constants were
either allowed to be freely estimated, or fixed to a relatively high value
(e.g., 20 h−1) in order to mimic the bolus impulse of gallbladder
emptying. Bile release was further controlled by different switch func-
tions to account for the intermittent nature of the gallbladder emptying
process. Different hypotheses were tested in respect to the time and
duration of gallbladder emptying. These scenarios were based on the
study protocol information regarding the standardized meal intake (at
4, 8, 12, and 24 h post-dose), the obtained C-t profile, and physiological
considerations regarding gallbladder function.

Most PK model parameters followed log-normal distribution,
whereas logit-transformation was also used for certain parameters as-
sumed to be constrained on the 0–1 scale (e.g. fraction of drug fol-
lowing EHC, fraction of drug undergoing first-pass metabolism). The
stochastic model accounted for the between-subject, inter-occasion, and
residual unexplained variability, while the covariate model described
the potential correlations between certain covariates and model PK
parameters. Different residual error models were evaluated in this re-
spect, consisting of additive, proportional, exponential and combined
(additive & proportional) error models among others, whereas covar-
iance between the model parameters was ascertained by investigating
the unstructured Ω matrix; however, it was only incorporated in the
model parameters if the correlations had an absolute value greater than
0.5 (Ette and Williams, 2007).

Even though, the C-t data of this analysis come from a BE study,
which implies a relatively homogeneous population, the role of po-
tential covariates was investigated. In this context, several covariates
were tested as presented in our previous work (Soulele and Karalis,
2018). In regard to the continuous covariates both linear and allometric
relationships were tested, using 70 kg as the standard body weight and
fixed exponents: 1 for the volume of distribution and 0.75 for clearance.
Correlation between a covariate and EZE (or EZEG) PK parameters were
investigated using a backward elimination process. Covariates identi-
fied as influential were further assessed for their significance using
several methodologies like: stepwise addition, the likelihood ratio test
(at α=0.05), the obtained parameter precision, reductions in their
percent between-subject variability (BSV%) value, and finally the

physiological soundness of its effect on each PK parameter.
The developed PK models were evaluated and compared based on

numerical and graphical criteria in addition to the physiological re-
levance of the estimated PK parameters. The −2 log likelihood, Akaike
and Bayesian information criteria were used as numerical selection
criteria for the final model selection. Model performance was assessed
using the following goodness-of-fit plots: observed versus individual
predicted values, individual weighted residuals or normalized predic-
tion distribution errors versus the predicted concentrations, and visual
predictive check plots. The latter were used as a diagnostic tool to as-
sess the predictive ability of each model, using the 95% confidence
intervals around the 10th, 50th and 90th prediction percentiles from
500 simulated datasets.

3. Results

In total 28 subjects, in the two study periods, were included in the
population PK analysis, providing 56 C-t profiles for each drug. It
should be clarified that from the initial pool of 36 subjects participating
in the BE study, 5 subjects were considered as drop outs from the BE
study according to the predefined exclusion criteria and thus no drug C-
t data were available for them. In addition, 3 subjects were excluded
from this population PK analysis for the following reasons: One of them
exhibited rather strange C-t profile where the second concentration
peak was much more pronounced than the initial peak. Two other
subjects appeared with very high concentration values which led to
Cmax estimates three times higher than the average performance. A
sensitivity analysis was performed to investigate the influential char-
acter of these three subjects on the population PK results. Indeed, when
the final model (the one developed without these 3 subjects) was ap-
plied to the total dataset, large differences (more than 20%) were ob-
served in many parameters which were as high as 57%. Accordingly,
similar high discrepancies were also observed in the % BSV values.
Also, when these 3 subjects were included in the dataset, parameter
identifiability problems appeared which were reflected on the high
conditional number (i.e., 426). In addition, an outlier detection analysis
on the individual Cmax, AUCt, and AUCinf values was performed in two
ways: a) using a univariate approach based on the inter-quartile range
of the data and b) identifying the observations outside the 99th per-
centile of the normalized Z and t scores of the data. Indeed, both
methods recognized the two subjects with very high concentration
values as outliers. Therefore, these three subjects were excluded from
the population PK analysis in order to get reliable estimates.

The spaghetti plots for EZE and EZEG, displayed in Fig. 1A and B,
respectively, reveal the increased complexity and variability of the
analyzed datasets. As can be also seen in the average concentration-
time profiles of each drug (Fig. 2A and B), the presence of secondary
peaks at approximately 5, 12, and 22 h post-dose is consistent with the
known enterohepatic recirculation of the EZE and EZEG. As this char-
acteristic was evident in all subjects, an EHC component was in-
corporated a priori during model construction.

Following a thorough model investigation, and testing of different
assumptions regarding the EHC processes, the final model structure for
EZE and its active glucuronide, EZEG, is depicted in Fig. 3. The latter is
expressed by a model incorporating a pre-systemic transformation of
the parent drug into its metabolite which is further coupled with an
EHC redistribution loop mimicking the gallbladder physiological ac-
tion. Key features of this joint population model are the following: a)
pre-systemic metabolism of ezetimibe and conversion to its glucuronide
metabolite, b) two-compartmental disposition for both EZE and EZEG,
and c) inclusion of an EHC component which accounted for the sec-
ondary peaks present in both compounds.

In other words, an amount of drug can enter EZE's central com-
partment with absorption rate ‘kap’ and at the same time can also arrive
at EZEG's central compartment with rate ‘kam’. Then, the EZE can ei-
ther be eliminated from the system with a clearance rate constant ‘kelp’,
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distributed to the peripheral compartment, or be transformed into EZEG
by a first-order process. Accordingly, EZEG can either be cleared from
the system via a first order process with constant ‘kelm’, distributed to
its peripheral compartment or transferred to the gallbladder compart-
ment. The latter empties at certain time points into the central com-
partments of both EZE and EZEG. Biliary secretion is modeled by a first-
order process and further controlled by a switch on/off function able to
mimic intermittent GB emptying. Based on mass balance principle, the
corresponding set of ordinary differential equations describes the final
best PK model (Fig. 3):

= − −dA /dt kap·A kam·AGI GI GI (1)

= − + + + +dA /dt kap·A (k kpm kelp)·A k ·A GBE·kg ·ACP GI 25 CP 52 PP 1 GB

(2)

= − + + + +

+

dA /dt kam·A (k kmb kelm)·A k ·A kpm·A

GBE·kg ·A
CM GI 36 CM 63 PM CP

2 GB (3)

= − +dA /dt kmb·A GBE·A ·(kg kg )GB CM GB 1 2 (4)

= −dA /dt k ·A k ·APP 25 CP 52 PP (5)

= −dA /dt k ·ACM k ·APM 36 63 PM (6)

=k Qp/Vcp25 (7)

=k Qp/Vpp52 (8)

=k Qm/Vcm36 (9)

=k Qm/Vpm63 (10)

where, Az accounts for the amount of drug in the z compartment: (GI)
the gastrointestinal tract compartment; (CP) the central compartment
of EZE; (CM) the central compartment of EZEG; (GB) the gallbladder
compartment; (PP) the peripheral compartment of EZE; (PM) the per-
ipheral compartment of EZEG. The term kij refers to the transfer rate
constants among the i and j compartments, as well as the absorption
and elimination constants. The term GBE is a binary factor taking the 0
or 1 values, where GBE equal to 0 simulates the absence of GB emptying
and GBE equal to 1 when GB emptying occurs (GBE=1). Initial con-
ditions for all the compartments were set to zero with the exception of
gastrointestinal compartment (AGI), where the entire EZE dose becomes
available at zero time.

Three bile release periods (at 4, 11, and 21 h post-dose) were con-
sidered for EZEG, whereas the low plasma levels of EZE after 20 h post-
dose allowed for the inclusion of only the first two cycles (e.g., 4 and
11 h post-dose). The duration of bile release in each enterohepatic cycle
was assumed to be 0.75 h, which approximates the mean duration of
gallbladder emptying time in healthy subjects (Berg et al., 2013). Fi-
nally, a single PK parameter was used to describe the elimination of
each compound, which took place in their central compartments and
accounted for both renal and fecal excretion processes. The population
PK estimates of the joint PK model of EZE and EZEG, along with their
BSV% and percent relative standard errors (RSE%) values are sum-
marized in Table 1.

Between-subject variability for the majority of estimated parameters
exhibited moderate values whereas, the relatively low RSE% values
obtained for all estimates, indicated that PK parameters could be pre-
cisely estimated, suggesting a satisfactory model fitting. A substantial
correlation of the random effects between kam-Vcm/F (corr= 0.36)

Fig. 1. Spaghetti plots of ezetimibe (A) and ezetimibe-glucuronide (B).
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Fig. 2. Mean and individual C-t profiles of ezetimibe (A) and ezetimibe-glucuronide (B) in plasma following a 10mg single-dose oral administration. Error bars refer
to the half of standard deviation.

Fig. 3. Schematic representation of the final joint population PK model for ezetimibe (EZE) and ezetimibe-glucuronide (EZEG). Compartments: GI, gastrointestinal
tract (1); EZE central compartment (2); EZEG central compartment (3); GB, gallbladder (4); EZE peripheral compartment (5); EZEG peripheral compartment (6).
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and Vpm/F-Qm/F (corr= 0.89) was observed and also included in the
final model, providing a significant improvement of the goodness-of-fit
criteria.

Residual error for both EZE and EZEG was best described by a
proportional error model with a multiplicative coefficient b, according
to Eq. (11):

= +C f b f ε· ·ij ij ij ij (11)

where Cij refers to the observed concentration of EZE of EZEG for the ith
individual, b is the parameter of the proportional error model, fij is the
jth model predicted value for ith subject, and εij is the random error,
assumed to be normally distributed with mean 0 and variance 1. The
values of residual error parameters for EZE and EZEG are shown in
Table 1. Finally, no covariate effect including demographic character-
istics and biochemical values or the treatment and period effects tested,
was found to significantly affect the estimated PK parameters, which is
in accordance with previous findings on EZE pharmacokinetics (Lipka,
2003).

The main goodness-of-fit plots of the final model for the two agents
are presented in Figs. 4–7. Fig. 4 depicts the individual predicted EZE
and EZEG concentrations vs. their observed concentration values for the
final population PK model. For both EZE and EZEG, an adequate degree
of linearity can be observed between the model predicted and observed
concentrations.

The balanced distribution around the zero line observed in the in-
dividual weighted residuals and normalized prediction distribution er-
rors vs. the individual predicted concentration plots presented in Figs. 5
and 6, respectively, also suggests that the proportional error model
chosen in the final model provided an adequate description of the re-
sidual unexplained variability of both drugs. Both the individual
weighted residuals and normalized prediction distribution errors ap-
pear to be randomly distributed around 0 and to be within the required
boundaries.

Finally, Fig. 7 displays the visual predictive check plots obtained
from the final model for each compound. The predicted values, from the
final PK model, were found to describe adequately the observed median
and higher concentration values of the two active agents. However, the
model was shown to be slightly inferior in regards to the lower con-
centration values, with a slight underprediction of the second en-
terohepatic cycle at around 10–13 h post-dose for both drugs, which

may be partly attributed to some atypical individual profiles, driving
the lower observed percentile estimates.

4. Discussion

Ezetimibe exhibits a complex PK profile greatly influenced by its
extensive enterohepatic recirculation. EZE is converted to EZEG, which
can be back-transformed to EZE through a repeated re-distribution and
de-conjugation process (Kosoglou et al., 2005). Conventional PK com-
partmental models fail to describe this complex behavior and for such
compounds, more sophisticated PK models are required in order to
incorporate the complicated metabolism and elimination processes and
describe the underlying enterohepatic recirculation process. Other po-
pulation PK models for EZE found in the literature describe only the PKs
of EZE using total ezetimibe concentrations (Ezzet et al., 2001b; Soulele
and Karalis, 2018). This study extends our previous work by introdu-
cing a joint population PK model for EZE and EZEG. The structure of the
current model is quite different from the one developed for total eze-
timibe since it takes into consideration the kinetics of both moieties,
includes pre-systemic metabolism of EZE and conversion to EZEG, and
to the best of our knowledge, this is one of the few joint population PK
models for drugs undergoing enterohepatic recirculation. In this re-
spect, a series of structural models were constructed, implementing
diverse approaches regarding the metabolism and disposition processes
of EZE and EZEG. The first type of models evaluated, did not include
first-pass metabolism in the gut and failed to describe the PKs of both
drugs (data not shown). The inclusion of a first-pass effect within the
gut aid in the description of the early concentration peak observed in
EZEG's PK profile. A similar methodology has been previously applied
by Bertrand et al. (2011), where they also added first-pass effect in their
model allowing to fit adequately the EZEG concentrations. For this
reason, first-pass metabolism was intrinsically incorporated in our
structural model and the further development focused mainly on the
different approaches describing the EHC of the two drugs.

At first, a loop of four compartments was incorporated in the model
for the description of EHC, which included the GI tract, the two central
compartments, and a theoretical gallbladder compartment, which was
designed to deliver drug to the GI tract (from where the two compounds
were then re-absorbed back to their central compartments). However,
even though pharmacokinetics of EZEG could be adequately described,
these types of models were unable to capture the steep concentration
fluctuations of EZE. Thus, other approaches were utilized, including
one or more theoretical GB compartments, different bile release ki-
netics, and back-transformation processes. Finally, an adequate de-
scription of the EHC process of both drugs was accomplished through
the incorporation of one theoretical GB compartment, which was as-
sumed to release both drugs directly to their central compartments by
first-order kinetics (Fig. 3). Therefore, a model with first-pass metabo-
lism and an EHC component mimicking the intermittent bile emptying
through the gallbladder was developed.

The inclusion of additional compartments such as a theoretical liver
compartment, or more PK parameters in the model, e.g. rate constants
accounting for fecal elimination, or parameters accounting for the
fraction of drug undergoing first-pass metabolism, or enterohepatic
recirculation, were also tested for their inclusion in the model, but did
not improved model fitting and in many cases led to model over-
parameterization and poor algorithm convergence.

It is well recognized that such joint multi-compartmental models
can have increased complexity and may present parameter identifia-
bility issues and estimation difficulties (Evans et al., 2001; Saccomani
and Thomaseth, 2018). In our analysis, to prevent from this possibility
certain assumptions were made: i) first-pass effect in the GI tract and
subsequent liver metabolism led to the formation of EZEG, ii) all other
minor metabolic pathways were disregarded, since the major metabolic
pathway of EZE is the phenyl-glucuronidation to EZEG, iii) liver was
assumed to be part of the central compartment of EZE, contributing also

Table 1
Pharmacokinetic parameters for the joint population PK model of EZE and
EZEG. Key: b1 and b2=residual error parameters for the proportional error
model (Eq. (11)).

Mean (RSE%) BSV% (RSE%)

PK parameter
kap (h−1) 0.19 (12) 66.88 (14)
kam (h−1) 0.49 (8) 43.13 (15)
Vcp/F (L) 223 (5) 22.06 (19)
Vpp/F (L) 698 (8) 42.22 (15)
Qp/F (L/h) 957 (14) 80.09 (15)
kpm (h−1) 0.19 (6) 15.69 (31)
kelp (h−1) 0.033 (18) 39.64 (44)
kg1 (h−1) 1.44 (10) 53.66 (15)
Vcm/F (L) 43.4 (8) 35.99 (16)
Vpm/F (L) 118 (15) 84.79 (15)
Qm/F (L/h) 19.4 (19) 118.76 (15)
kmb (h−1) 0.24 (10) 44.95 (19)
kg2 (h−1) 0.49 (7) 16.31 (41)
kelm (h−1) 0.27 (9) 40.76 (17)

PK random effects correlation
kam - Vcm/F 0.36 (52) –
Vpm/F - Qm/F 0.89 (6) –

Residual error model
b1 0.37 (2) –
b2 0.30 (2) –
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to the direct transformation of EZE into EZEG, iv) gallbladder emptying
time and duration were fixed to certain values, based on information
regarding gallbladder physiology and the study protocol, v) three en-
terohepatic cycles were considered for EZEG (i.e., at 4, 11, and 21 h),
whereas in the case of EZE the very low plasma levels of the drug al-
lowed the inclusion of only the first two cycles (i.e., at 4 and 11 h), vi)
drugs excreted from the GB were hypothesized to be delivered directly
back to the central compartments of the drugs, accounting also for the
glucuronide conjugate hydrolysis and finally vii) a universal rate con-
stant was considered to describe both fecal and renal elimination which
followed first-order kinetics and took place in the central compartment
of each drug. It should be mentioned that setting fixed the gallbladder
emptying times is an already established technique in population PK
modeling (Jiao et al., 2008; Sam et al., 2009; Sherwin et al., 2012). The
appropriately selected final model, along with the abovementioned
assumptions, led to a model where PK parameters could be identified
nicely. Indeed, the conditional number was 12 (the minimum and

maximum eigenvalue of the Fisher information matrix were 0.16 and
1.9, respectively), the % relative standard error values were relatively
low (Table 1), and the convergence assessment led to favorable findings
where the % coefficient of variation for all parameters after 5 runs, with
randomly generated initial values for all parameters and different seeds,
ranged from 7% to 18%.

The final model was able to adequately fit to the observed C-t data
of both EZE and EZEG and provided rational PK estimates. Population
mean estimates obtained for the final model for EZE and EZEG (Table 1)
were found to be physiologically relevant and approximated previously
published values (Ezzet et al., 2001b; Jeu and Cheng, 2003; Soulele and
Karalis, 2018). The relatively high apparent volumes of distribution and
low clearance values were consistent with the extensive enterohepatic
recycling (Colburn, 1982; Roberts et al., 2002; Smith et al., 2015).

No significant covariate effect was found on any of the estimated PK
parameters. The inclusion of a relatively small number of subjects,
derived from a relatively homogenous healthy population (which is

Fig. 4. Observed plasma concentrations versus the individual predicted concentration values of EZE (A) and EZEG (B). The diagonal line represents the line of unity,
i.e., the optimal fitting.

Fig. 5. Plot of the individual weighted residuals (IWRES) versus the individual
predicted concentrations of EZE (A) and EZEG (B) for the final model. The
horizontal line represents the zero line, namely, the ideal situation.

Fig. 6. Normalized prediction distribution errors (NPDE) versus the individual
predicted concentrations of EZE (A) and EZEG (B) for the final model. The
horizontal line represents the ideal situation, i.e. the zero line.
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typically enrolled in BE studies), as well as the increased model com-
plexity, may also account for the absence of a significant covariate ef-
fect in this analysis. In any case, EZE pharmacokinetics has been shown
not to be significantly influenced by age, gender, race or the presence of
renal or hepatic abnormalities in previous studies (Jeu and Cheng,
2003; Kosoglou et al., 2005).

Overall, the most striking aspect of this analysis was the develop-
ment of a joint population PK model for ezetimibe that could suffi-
ciently describe the complex pharmacokinetics of EZE and EZEG si-
multaneously. This model, although considering the physiological
complexity of enterohepatic recirculation, is parsimonious because it
incorporates the underlying processes of conjugate hydrolysis and re-
absorption in one step, facilitating model fitting and PK parameters
estimation. Extension of this EHC model to other population groups,
including patients with hypercholesterolemia, those of different age or
ethnicity or patients receiving concomitant medication, would provide
further insight on ezetimibe kinetics.

5. Conclusions

In the present study, a joint population PK model was developed for
ezetimibe and ezetimibe-glucuronide, which could adequately describe
the complex pharmacokinetics of both moieties in healthy individuals.

The inclusion of first-pass effect within the gut allowed to capture the
early concentration peak seen in EZEG's concentration-time profile.
Enterohepatic recirculation was modeled through the incorporation of a
theoretical gallbladder compartment which allowed the description of
subsequent concentration peaks. Population estimates obtained for the
final model for EZE and EZEG were physiologically relevant, while the
relatively high apparent volumes of distribution and low clearance
values were consistent with the extensive enterohepatic recycling. No
significant covariate effect was found on any of the estimated PK
parameters in line with previously published studies.
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