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ABSTRACT
Purpose The objective of this study is to develop a physiologically-
based pharmacokinetic (PBPK) model for each omeprazole enan-
tiomer that accounts for nonlinear PK of the two enantiomers as
well as omeprazole racemic drug.
Methods By integrating in vitro, in silico and human PK data, we
first developed PBPK models for each enantiomer. Simulation of
racemic omeprazole PK was accomplished by combining enan-
tiomer models that allow mutual drug interactions to occur.
Results The established PBPK models for the first time satisfac-
torily predicted the nonlinear PK of esomeprazole, R-omeprazole
and the racemic drug. The modeling exercises revealed that the
strong time-dependent inhibition of CYP2C19 by esomeprazole
greatly altered the R-omeprazole PK following administration of
racemic omeprazole as in contrast to R-omeprazole given alone.
When PBPK models incorporated both autoinhibition of each
enantiomer and mutual interactions, the ratios between predicted
and observed AUC following single and multiple dosing of omep-
razole were 0.97 and 0.94, respectively.
Conclusions PBPK models of omeprazole enantiomers and ra-
cemic drug were developed. These models can be utilized to
assess CYP2C19-mediated drug and genetic interaction potential
for omeprazole and esomeprazole.
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ABBREVIATIONS
ADME Absorption, distribution, metabolism and excretion
ASA Automated sensitivity analysis
CLint Intrinsic clearance
DDI Drug-drug interaction
EM Extensive metabolizers
HLM Human liver microsomes
PBPK Physiologically based pharmacokinetic modeling
PK Pharmacokinetics
PM Poor metabolizers
TDI Time-dependent inhibition
Vss Volume of distribution at steady state
WT Wild type

INTRODUCTION

Omeprazole, a racemic mixture of R-omeprazole and S-
omeprazole (esomeprazole), is a proton pump inhibitor for
the treatment of gastric acid-mediated disorders such as heart
burn, gastric ulcer, and, when used in combination with anti-
biotics, for the eradication of H. pylori. The enantiomer
esomeprazole is also available on the market. For most indica-
tions, the approved dosing regimens for omeprazole and
esomeprazole are 20 mg and/or 40 mg once daily. Clinical
PK studies have shown that individual enantiomers and the
racemate exhibit nonlinear PK characteristics with the nonlin-
earity being less apparent for R-omeprazole as compared to
omeprazole or esomeprazole (1). The area under the plasma
concentration-time curve (AUC) increases more than dose
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proportionally.When the dose is doubled from 20mg to 40mg
following single oral doses of esomeprazole, R-omeprazole and
racemic omeprazole, the AUC ratios (40 mg vs. 20 mg) are
2.55, 2.24 and 2.35, respectively, while the AUC ratios at
steady state (40 mg QD vs. 20 mg QD) increase to 3.28, 2.65
and 3.55, respectively, even though there is no measurable
drug concentration at 24 h postdose (1). In vitro studies indicated
that the differential drug disposition characteristics between
esomeprazole and R-omepraozole can be attributed to their
differences in enzyme kinetics and enzyme inhibition potency
(1–3). Although both enantiomers are metabolized by
CYP2C19 and CYP3A4, the contributions of these two en-
zymes to metabolism of the two enantiomers were reported to
differ with 73% and 27%, respectively for esomeprazole, and
98% and 2%, respectively, for R-omeprazole (4).

Besides being CYP2C19 substrates, both enantiomers are
CYP2C19 inhibitors. While in vitro studies have shown that
esomeprazole is a time-dependent inhibitor (TDI) of
CYP2C19 with weak reversible inhibition potency, R-
omeprazole is mainly a reversible inhibitor of CYP2C19 (3).
Because both enantiomers are substrates and inhibitors of
CYP2C19, the PK profile of each enantiomer is expected to
differ when the racemic mixture is administered as compared
to as a single agent because of mutual inhibition between the
enantiomers. In addition, CYP2C19 is a polymorphic enzyme
(5,6) and the consequences of the CYP2C19 polymorphism
will differ for the two enantiomers. These complex factors
make it difficult to delineate the PK and to predict the drug-
drug interaction (DDI) potential. Using a systems biology
approach such as PBPK models to integrate knowledge on
absorption, distribution, metabolism and excretion (ADME)
and enzyme inhibition mechanisms for the two enantiomers
and subsequently for the racemic drug is necessary to predict
the PK and fully understand the DDI potential.

Population compartmental pharmacokinetic models have
previously been used to describe disposition data of both the
individual enantiomer and racemate for other drugs (7,8).
However, these models usually do not include the drug met-
abolic kinetics or enzyme inhibition mechanism as factors.
To better predict DDI potential, there is a need to incorporate
appropriate mechanisms causing the observed enantioselective
PK properties into the model for the perpetrator drug. To the
best of our knowledge, such a predictive model addressing
metabolic and inhibition kinetics regarding racemic drugs has
not been established. Because key population-related features
are incorporated into the model, PBPK model can be used to
evaluate drug interactions in the context of various intrinsic
factors such as age, race, genetics, and organ impairment
present in patients. These models can help to set up proper
study designs such as dosing regimen and sampling frequency
during drug discovery and drug development. PBPKmodeling
also has been used to support decision making in regulatory
reviews (9,10).

The objective of this study was to establish PBPKmodels of
omeprazole enantiomers by integrating the in vitro enzyme
kinetics and CYP inhibition parameters with specific param-
eters derived from in vivo pharmacokinetic data. The models
described separately the nonlinear PK properties of
esomeprazole and R-omeprazole following i.v. (single dose)
and oral (single dose and multiple doses) administration. The
combined enantiomer models successfully predicted the PK of
racemic omeprazole when taking into account the auto-
inhibition and mutual inhibition of the two enantiomers.
Because CYP2C19 inhibition mechanism is inherent in these
models, they can be utilized to evaluate the drug exposure
changes under different conditions with various extrinsic and
intrinsic factors, including drug interactions and genetic poly-
morphism of CYP2C19.

METHODS

Data Source

Mean plasma PK profile data for esomeprazole, R-omeprazole
and omeprazole following IV and oral administration at
15 mg, 20 mg, 40 mg and/or 60 mg doses were obtained from
literature (1,11,12) and were digitized using GetData Digitizer
(version 2, http://www.getdata-graph-digitizer.com).

Workflow in PBPKModel Construction for Omeprazole
Enantiomers and the Racemate

Our PBPK model building workflow is shown in Fig. 1. We
started with building a model for esomeprazole followed by
another for R-omeprazole, which separately described the
stereoselective disposition of each enantiomer. The models
for enantiomers were then combined to further verify the
individual models and to establish the model for the racemic
omeprazole, which was subsequently applied to predict the
omeprazole PK inCYP2C19 PMs and EMs.Unless otherwise
stated, PBPKmodeling and simulations were conducted using
a population based PBPK software SimCYP (V.12R.2,
SimCYP, Sheffield, UK).

Model Development for Esomeprazole

The schematic representation of the minimal PBPKmodel for
describing the ADME characteristics of esomeprazole is
shown in Fig. 2 (Part A). Because human PK profile exhibited
an apparent one compartment distribution for esomeprazole,
we selected a minimal PBPK model with four compartments,
including gut, portal vein, liver and plasma compartments.
The steady state volume of distribution (Vss) was 0.2 L/kg,
which was estimated based on literature value (11). As an
initial estimate, the hepatic intrinsic clearance (CLuint) at the
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enzyme level was back-calculated from the clearance
value obtained following single i.v. dosing of esomeprazole
20 mg (11) using the retrograde calculator of the software
(13). Specifically, the intrinsic clearance for CYP2C19
(CLuint,CYP2C19) and CYP3A4 (CLuint,CYP3A4), were first
estimated by accounting for the published in vitro findings with
respect to the contribution of individual metabolic pathways
(fm,CYPs). The fm values for CYP2C19 and CYP3A4 are 73%
and 27%, respectively, for esomeprazole, and 98% and 2%,
respectively, for R-omeprazole (4,12). Up to this stage, we
assumed no time- or dose-dependent nonlinear PK. The first
order oral absorption rate constant (ka) describing drug trans-
fer from the gut compartment to the portal vein compartment
was estimated by simultaneously fitting the pharmacokinetic
data following oral administration of 20 mg or 40 mg of
esomeprazole to one compartment model using Phoenix
WinNonlin version 6.2 (Pharsight Co., Mountain View, CA,
USA).

The above initial model for esomeprazole was coded as
Model E1 (Supplementary Method 1). Model E1 was further
developed by incorporating the TDI of CYP2C19 to model

the nonlinear PK of esomeprazole observed in vivo
(Supplementary Table S1). The kinetic parameters describing
the TDI mechanism are the maximal inactivation rate con-
stant (kinact), the inhibitor concentration causing half-maximal
inactivation (KI) and the apparent first-order degradation rate
constant for the enzyme in vivo (kdeg). The software default
values of kdeg,CYP2C19 are 0.0267 and 0.03/h for the liver
and gut, respectively (14). As a result of auto-inhibition of
CYP2C19 (via TDI), CLuint,organ,CYP2C19 value becomes
time-dependent in both the gut and the liver. Note that in
the initial Model E1, CLuint was obtained from retrograde,
which may not be the true CLuint. Sensitivity analyses
were conducted to explore plausible combinations of
CLuint,CYP2C19, KI and kinact of CYP2C19 for esomeprazole
using human PK data from various sources. Specifically, the
CLuint,CYP2C19 at the enzyme level was fixed at three different
levels (represented bymodifiedModels E3-I, E3-II and E3-III,
Supplementary Material) and a sensitivity analysis on KI and
kinact was performed at each fixed level of intrinsic clearance
value. The best parameter values were selected as the final
model for esomeprazole (coded as Model E3-II) by comparing

Fig. 1 Work flow for enantiomers (esomeprazole and R-omeprazole) and racemic drug (omeprazole) PBPK model building. Establishment of PBPK model by
incorporating enzyme kinetics such as CLint and pharmacokinetic parameters such as Vss etc., comparing the simulated concentration-time profile with
esomeprazole or R-omeprazole PK data following (1) single IV dosing (2) single oral dosing (3) multiple oral dosing (4) verification of enantiomer model by
using combined enantiomer PBPKmodel to predict racemic drug (omeprazole) PK. (5) application of omeprazolemodel. CLint, in vitro intrinsic clearance (μL/min/
pmol of isoform); KI, concentration of inhibitor that supports half maximal inhibition (μM); kinact, inactivation rate of enzyme (1/h); ASA, automated sensitivity
analysis, which is a Simcyp software built-in function; fm, the relative contribution (fm) of the various elimination pathways for a drug; Vss, volume of distribution at
steady state (L/kg), fa, fraction available from dosage form; fg, the fraction of drug that escapes first pass metabolism in the gut; ka, absorption rate constant (1/h);
Qgut, a nominal flow in gut model(L/h); fugut, unbound fraction of drug in enterocytes; *, retrograde is a Simcyp software built-in function.
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the simulated PK profiles and parameters to the observed ones
for IV and oral pharmacokinetic data. Details of this model
modification process in determining the final parameter values
for esomeprazole can be found in Supplementary Method 1.
Final drug dependent parameters of esomeprazole are sum-
marized in Table I.

Model Development for R-omeprazole

The schematic representation of the minimal PBPKmodel for
describing the ADME characteristics of R-omeprazole is
shown in Fig. 2 (Part B). The final drug dependent parameters
describing the ADME processes and the inhibition mecha-
nisms are shown in Table I. The approaches for constructing
the initial model assuming no time- or dose-dependent non-
linear PK is similar to that for esomeprazole as described
above, including the estimation of Ka from human plasma
pharmacokinetic studies (1) using Phoenix WinNonlin. A sen-
sitivity analysis was conducted on Vss using PK data from
single oral 20 mg dose of R-omeprazole as basis for model
parameter selection. The CLuint values for CYP2C19 and
CYP3A4 were obtained using retrograde function of
SimCYP software and the in vivo apparent clearance for single
20 mg oral dose of R-omeprazole. In the back calculation, the
value of fa*fg is taken as 1. This is because CYP2C19, the
main metabolic enzyme for R-omeprazole (fm=98%), has a

low abundance in the gut (1,500 pmol vs. 944,000 pmol in the
liver) and, thus, the gut metabolism of R-omeprazole follow-
ing oral administration is expected to be negligible. The initial
model for R-omeprazole (model R1) was further modified by
integrating time-dependent CYP2C19 inhibition mechanism
and a reversible inhibition of CYP2C19. The final model
(Model R2) was selected based on sensitivity analysis of three
parameter sets: CLu,int, CYP2C19, KI and kinact of CYP2C19
(Models R2-I, R2-II and R2-III). Details of this model mod-
ification process in determining the final parameter values for
R-omeprazole can be found in Supplementary Method 2.

Construction of Omeprazole Model and Verification
of R- and S-omeprazole Models

The omeprazole PBPK model was constructed by combining
the models for the R- (Model R2) and S-enantiomers (Model
E3-II) (Fig. 2). Specifically, one enantiomer was treated as a
substrate while the other as an inhibitor in the Simcyp
workspace file with each isomer representing half of the
omeprazole dose. The model setup allows auto inhibition as
well as mutual inhibition of CYP2C19 pathway (Table II,
Model O, condition 2). Omeprazole concentrations at any
specific time points were obtained by adding the simulated
concentrations of two enantiomers together at the correspond-
ing time points to generate the omeprazole PK profiles. The

Fig. 2 The structure of Simcyp minimal PBPKmodel used in basic model building. X: auto- or mutual- inhibition in the gut and liver via time-dependent inhibition
(TDI) and/or reversible inhibition of CYP2C19. Qpv indicates the blood flow between portal vein and systemic compartment and between portal vein and liver.
Qha and Qhv indicate the blood flow between systemic compartment and liver. IV indicates the i.v. dosing to the systemic compartment. Hepatic clearance and
renal clearance indicate the loss of drug from liver and kidney. po indicates oral dosing to the gut. fa indicates the fraction of drug available from dosage form. fg
indicates fraction that escapes gut wall metabolism. ka indicates the absorption rate constant. Cpv and Csys and Cliver are drug concentrations in the portal vein,
systemic circulation and liver, respectively (μM). CLH and CLR are hepatic clearance and renal clearance (L/h), respectively.
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simulated omeprazole PK parameters such as AUC and
Cmax were calculated using Phoenix WinNonlin and com-
pared with the observed values. To demonstrate the contri-
bution of mutual interaction, we also simulated PK profiles of
each enantiomer given at 20 mg p.o. doses individually and
added two PK profiles to generate another PK profile for
40mg racemic omeprazole p.o. 40mg dosing (Table IIModel
O without consideration of mutual inhibition, condition 1).
The simulation was also performed for pharmacokinetic pa-
rameter prediction for p.o. single dosing of 20 mg racemic
omeprazole.

Application of Omeprazole Model in CYP2C19 PM
and EM Populations

Using healthy volunteer population in the SimCYP software,
an EM population was generated by setting CYP2C19 EM
frequency as 1 where the abundance of CYP2C19 in the liver
for the EM population is 14 pmol/mg protein (SimCYP
library). A PM population was created by setting CYP2C19
PM frequency as 1 and the abundance of CYP2C19 in the
liver as 0 pmol/mg protein because *2 and *3 alleles are
usually considered null alleles.

Simulations using the above omeprazole model with the
consideration of mutual interactions (i.e., Model O, condi-
tion2) and esomeprazole model were performed in PM and

EM populations following single oral doses of omeprazole or
esomeprazole 20, 40, 60 mg in PMs and in EMs using pop-
ulation representatives of each phenotype. The area under the
plasma concentration-time curve (AUC) and other PK pa-
rameters (Cmax, Tmax, etc.) were reported from Simcyp
simulations. PM/EMAUC ratio for different dosing regimens
of omeprazole and that for 40 mg esomeprazole were calcu-
lated and compared to the observed data (1,12,15).

RESULTS

Performance of Esomeprazole Models (Models E1, E2
and E3) for both IV and Oral Routes of Administration

Using initial esomeprazole PBPK model (Model E1, without
TDI), the simulated esomeprazole profiles following single IV
administration at the 20 mg and 40 mg dose levels are pre-
sented in Fig. 3a and b (dashed lines). Modified Model E3-II
(final model) incorporating TDI mechanism captured the
observed data reasonably well for the PK profiles following
single IV dosing of esomeprazole 20 mg and 40 mg. Model
E3-II, relative to Model E1, significantly improved the pre-
diction of clearance after i.v. administration of esomeprazole
40 mg (Fig. 3a and b and Supplementary Table S1 with
predicted and observed clearance values).

Table I Drug-Dependent Param-
eters of Esomeprazole and R-
omeprazole for the Construction of
Final PBPK Model Using Simcyp
(V.12R.2)

[a] Assumed same as omeprazole,
obtained from reference 3; [b] Label
of esomeprazole obtained from
Drugs@FDA, http://www.
accessdata.fda.gov/scripts/cder/
drugsatfda/; [c] Retrograde
calculated value based on observed
CLiv (L/h) after 20 mg single dosing
of esomeprazole (11); [d]

Retrograde calculated value based
on observed CLpo after 20 mg
single dosing of R-omeprazole (L/h);
assuming fa*fg=1; [e] sensitivity
analysis and value of omeprazole
(3); [f] Simcyp compound library for
omeprazole and model prediction;
[g] Parameter estimated using
Phoenix WinNonlin by
compartmental analysis of phase I
data (1); It was assumed that 100%
fraction of dose can be absorbed
into enterocytes from solution; [h]

Gut metabolism is considered
negligible

Parameters Esomeprazole Methods/references R-omeprazole Methods/references

Molecular weight 345.4 (3) [a] 345.4 (3) [a]

Log P 2.23 (3) [a] 2.23 (3) [a]

pKa 4.4, 8.7 (3) [a] 4.4, 8.7 (3) [a]

Compound type Ampholyte (3) [a] Ampholyte (3) [a]

B/P 0.59 (3) [a] 0.59 (3) [a]

fu 0.03 [b] 0.04 (3) [a]

Vss (L/kg) 0.2 (11) 0.11 Sensitivity analysis

CLR (L/h) 0.037 (3) [a] 0.037 (3) [a]

CLuint,2C19 (μL/min/pmol
of isoform)

24.3 [c] 29.9 [d]

CLuint,3A4 (μL/min/pmol
of isoform)

0.36 [c] 0.0624 [d]

KI CYP2C19 (μM) 0.3 [e] 1.6 [e]

kinact of CYP2C19 (1/h) 5 [e] 4 [e]

fumic 1 [f] 1 [f]

fm of CYP2C19 (%) 73 (4) 98 (4)

fm of CYP3A4 (%) 27 (4) 2 (4)

ka (1/h) 10 [g] 2 [g]

fg 1 [h] 1 [h]

Qgut (L/h) 6 Predicted by Simcyp 11.4 Predicted by Simcyp

fugut 0.03 Assumed same as fup 0.04 Assumed same as fup

Ki CYP2C19 (μM) 7.5 Assume ki=IC50/2,
IC50 value=15 μM(3)

4.05 Assume ki=IC50/2,
IC50 value=8.1 μM(3)
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Table II Observed vs. Predicted Pharmacokinetic Parameters after Oral Single (s.d., Day 1, 0–12 h) and Multiple (m.d., Day 5, 96–120 h) Doses of 40 mg or
20 mg Omeprazole Racemic Drug and the Predicted PK Parameters of its Two Enantiomers, 20 mg or 10 mg of Esomeprazole or R-omeprazole, Using
Population Representatives of the “Healthy Volunteer” Population in SimCYP

PK parameters Drug (Dose) Observeda Predicted

Model O (condition 1)b without consideration
of mutual interaction between R- and
S-omeprazole while considering auto inhibition

Model O (condition 2)c with the consideration
of auto inhibition and mutual interaction
between R- and S-omeprazole

s.d. (day1) m.d. (day5) s.d. (day1) m.d. (day5) s.d. (day1) m.d. (day5)

AUCd (μM*h) Omeprazole (40 mg) 3.05 7.38 2.44 3.92 2.97 6.92

Esomeprazole (20 mg) – – 1.63 3.02 1.73 3.65

R-omeprazole (20 mg) – – 0.84 0.92 1.25 3.27

AUCd (μM*h) Omeprazole (20 mg) 1.04 1.63 1.13 1.39 1.23 1.81

Esomeprazole (10 mg) – – 0.72 0.97 0.74 1.05

R-omeprazole (10 mg) – – 0.41 0.43 0.50 0.76

aObserved values from Hassen-Alin et al., 2005
bOmeprazole concentration was obtained by adding predicted R- and S-omeprazole concentrations using separate R- and S-omeprazole PBPK models
cOmeprazole concentration was obtained by adding predicted R- and S-omeprazole concentration together using combined R- and S-omeprazole PBPKmodels
(R-omeprazole as a substrate and S-omeprazole as an inhibitor or vise versa)
d Predicted AUC was obtained by NCA assay using Phoenix WinNonlin

Fig. 3 Simulated (lines) and observed (circles) mean plasma concentration-time profile of esomeprazole using initial model without TDI (model E1) and modified
model with TDI (model E3-II) after i.v. infusion (20mg for 0.5 h) (a) and after i.v. infusion (40mg for 0.5 h) (b) in healthy population representative. Simulated (lines)
and observed (circles) pharmacokinetic profile at day 1 and day 5 after multiple oral administration of 20 mg q.d. dosing (c) and 40 mg q.d. dosing (d) in healthy
population representative.
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The performance of Model E3-II in predicting the
esomeprazole PK profile following oral administration was
visually compared with the PK data observed in healthy
subjects. The simulated PK profiles using Model E3-II incor-
porating TDI described the clinical data following single
(day 1) and multiple 20 mg and 40 mg q.d. dosing reasonably
well (day 5) when compared with Model E1 without incorpo-
rating TDI (Fig. 3c and d). A comparison of observed and
predicted PK parameters such as AUC, Cmax and CL after
single and multiple 15, 20 and 40 mg q.d. dosing of
esomeprazole are given in Supplementary Table S2. Model
E1 prediction of exposure vs. dose parallels the linear dose
dependency, whereas Model E3-II is able to capture the
nonlinear pharmacokinetics of esomeprazole with a time- as
well as dose-dependent clearance. To evaluate the impact of
the TDI parameters (KI and kinact) of CYP2C19 pathway on
esomeprazole CL/F (Dose/AUC), sensitivity analysis was
performed using Model E3-II as shown in Supplementary
Table S2. Representative result for the impact of KI and kinact
on the simulated CL/F for esomeprazole after multiple dosing
(40 mg q.d.) for 5 days was shown in Supplementary Results
and Supplementary Figure S1.

Performance of R-omeprazole Model

R-omeprazole concentration-time profiles following single
and multiple oral doses of R-omeprazole 20 mg and 40 mg,
respectively, were simulated using the initial model (Model
R1) and the model incorporating time dependent inhibition
mechanisms (Model R2). The pharmacokinetic parameters of
R-omeprazole as estimated from simulated profiles are given
in Supplementary Table S3, in comparison with those obtain-
ed from observed profiles (1, 12). These results showed that
improvement in model predictions using Model R2 was more
apparent following multiple dosing to address the nonlinearity
characteristics, even thoughModel R1 can predict single dose
PK well.

Verification of S- and R-omeprazole Models
by Predicting Pharmacokinetics of Omeprazole

To verify the developed S- and R-omeprazole models, we
predicted PK profile of omeprazole in healthy subjects follow-
ing oral administration of racemic omeprazole 40 mg. By
allowing both the CYP2C19 mediated auto-inhibition and
mutual interactions (Model O, condition 2), the simulated
AUC values of each enantiomer as well as omeprazole (i.e.,
the sum of esomeprazole and R-omeprazole) were generated
(Table II). The simulated omeprazole AUC values were
2.97 μM∙h and 6.92 μM∙h on day 1 and day 5, respectively,
which are comparable to those observed in healthy subjects
(3.05 and 7.38 μM∙h on day 1 and day 5, respectively) (1).
Additionally, to demonstrate the importance of considering

mutual inhibition between the two isomers, we simulated PK
profiles of individual isomers following oral administration of
racemic omeprazole 40 mg once daily for 5 days by including
in the overall model autoinhibition for each enantiomer but
not the mutual inhibition (condition 1). The calculated AUC
values of omeprazole (2.44 μM∙h and 3.92 μM∙h on day 1 and
day 5, respectively) were underestimated, especially on day 5.
At the 20 mg omeprazole dose, the same trend is observed but
to a lesser degree (Table II).

Exploratory Application of Racemic Omeprazole
and Esomeprazole Models in CYP2C19 PM and EM
Populations

The established esomeprazole and R-omeprazole models
were used to simulate PK profiles following oral administra-
tion of omeprazole and esomeprazole in CYP2C19 PM and
EM populations (See Methods). The predicted AUC ratio
between PMs and EMs after single dosing of omeprazole
40 mg was 16.5 while the observed values ranged from 6.0
to 9.0 (15,16) (Table III). The predicted AUC ratio (PM/EM)
after single dosing of esomeprazole 40 mg was 4.7, and the
observed value was 3.0 (15) (Table III). In addition, the
simulated PM/EM AUC ratios for omeprazole following
single oral dose of omeprazole 20 mg and 60 mg were 19.9
and 13.7, respectively, while those for the esomeprazole com-
ponent were 6.5 and 3.7, respectively.

DISCUSSION

Many chiral drugs are used clinically as a racemic mixture.
Enantiomers of a chiral drug may differ in absorption (8),
disposition (4), drug interaction with enzymes (3,17–19), phar-
macological potency (20), and toxicity (21) because a structure-
activity relationshipmay exist regarding the binding to enzymes,
transporters, plasma proteins and receptors or DNA. For exam-
ple, stereoselectivity in pharmacokinetics observed for albuterol
is mainly due to the enantioselective metabolism of albuterol
with an 8-fold higher intrinsic clearance for the pharmacologi-
cally active (R)-enantiomer than its inactive S-isomer (22,23). A
recent publication demonstrated stereoselective metabolism and
enzyme inhibition potency of tetrahydropalmatine (THP) enan-
tiomers. While the metabolic rate of (+)-THP was 5-fold of (-)-
THP in recombinant human CYP1A2 incubations, (-)-THP,
but not (+)-THP, significantly inhibited the activity of CYP2D6
(17). For racemic drugs with stereoselective metabolism and
inhibition potency, characterizing the pharmacokinetics of each
enantiomer may be necessary to predict the drug interaction
potential and/or pharmacological activity.

Omeprazole exhibits stereoselective metabolism by
CYP2C19 and CYP3A4 as well as stereoselective CYP2C19
inhibition. In vitro studies indicate that esomeprazole has
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higher metabolic stability and more potent time-dependent
CYP2C19 inhibition compared to its R-isomer and the race-
mate (24). When given alone, esomeprazole results in higher
systemic exposure and exhibits more pronounced nonlinear
kinetics compared to R-omeprazole given at the same dose (1).
When omeprazole is administered as a racemic drug, not only
is stereoselectivity in metabolism and CYP2C19 inhibition at
play but also mutual inhibitions of the enantiomers. Thus, the
plasma R- and S-omeprazole concentrations undergo dynam-
ic changes, which differ from those when the enantiomers are
given alone. Simply knowing the changes of exposure to
omeprazole will not be sufficient for predicting drug interac-
tion because the plasma R/S-omeprazole ratio changes with
time and varies with dose. Our study demonstrates the utility
of PBPKmodeling and simulations as a mechanistic approach
to predict the PK of omeprazole enantiomers and the race-
mate. Although the enantiomers and the racemate exhibit
dose- and time-dependent PK, multiple models depending
on dose or time are not necessary. Rather, a universal model
with a unique set of parameters is developed for each enan-
tiomer to predict the dose- and time-dependency in PK.
Further, the model for the racemic omeprazole is analogous
to a model of drug-drug interactions between the enantio-
mers. These models can also be utilized to predict the poten-
tial for drug interaction with other CYP2C19 substrates

because the CYP2C19 inhibition mechanisms are inherent
features of the models.

The PBPK models utilized information on stereoselective
metabolism and interaction potency of the enantiomers, in-
cluding in vitro CYP2C19 and CYP3A4 enzyme kinetics and
CYP2C19 inhibition parameters, as well as in vivo PK data.
The models for enantiomers describe the nonlinear PK prop-
erties and different disposition characteristics of esomeprazole
and R-omeprazole following i.v. and oral dosing. The com-
bined PBPK model predicts nonlinear omeprazole pharma-
cokinetics following oral administration of omeprazole 20 mg
and 40 mg once daily for 5 days by generating the PK profiles
for both enantiomers. Although no observed data are avail-
able, the model (Model O with mutual inhibition) predicts
that, following oral administration of omeprazole 40 mg QD
for 5 days, R-omeprazole AUC ismore than 200%higher due
to greater enzyme inhibition in the presence of esomeprazole
while esomeprazole AUC is only 20.9% higher when com-
pared to the respective enantiomer given alone (i.e., model O
without mutual inhibition) (Table II).

Esomeprazole is a more potent time-dependent inhibitor
than R-omeprazole (3). The TDI effect reduces the CYP2C19
activity leading to dose- and time-dependent nonlinearity. As
shown in Fig. 3 and Supplementary Table S1 to S3, initial
models (Models E1 and R1) without TDI could not capture

Table III Observed vs.Predicted AUC and AUC Ratio (AUCR) in CYP2C19 PMs and EMs Taking Single Oral Dose of Racemic Omeprazole or Esomeprazole
in “Healthy Volunteer” Population Representatives (0% of CYP2C19 Abundance in PMs)

PK parameters Drug (Dose) PMs EMs

Observeda Predictedb Observeda Predictedb

AUC (μM*h) Omeprazole (60 mg) 30.1 (26.3–36.9, n=5) 73.55 – 5.37

Omeprazole (40 mg) 20.7 (20.2–21.3, n=2) 49.04 3.47 (1.74–6.16, n=4) 2.97

Omeprazole (20 mg) – 24.52 1.04 (0.64–1.72, n=11) 1.23

Esomeprazole (60 mg) 22.6 (21.5–24.5,n=5) 30.08 – 8.13

Esomeprazole (40 mg) 17.0 (16.8–17.3, n=2) 20.05 5.59 (3.74–9.60, n=4) 4.23

Esomeprazole (20 mg) – 10.03 1.52 (0.92–2.49, n=11) 1.55

Observed Predicted

AUCR (PM/EM) Omeprazole (60 mg) – 13.7

Omeprazole (40 mg) 6.0c–9.0d 16.5

Omeprazole (20 mg) – 19.9

Esomeprazole (60 mg) – 3.7

Esomeprazole (40 mg) 3.0c 4.7

Esomeprazole (20 mg) – 6.5

aObserved values. PK data after administration of 40 mg omeprazole/esomeprazole solution for CYP2C19 poor metabolizers and extensive metabolizers are
from literature (12,15). While those data after administration of 60 mg omeprazole/esomeprazole in CYP2C19 poor metabolizers are from Andersson et al.,
2001, PK data after administration of 20mg omeprazole/esomeprazole solution in CYP2C19 extensivemetabolizers are fromHassen-Alin et al., 2005. Observed
AUC data are presented as geometric means with 95% confidence intervals
bOmeprazole and esomeprazole PK prediction in PMs and EMs used combined esomeprazole E3-II model and R-omeprazole R-2 model. Simulation used
SimCYP® virtual healthy volunteers with CYP2C19 allele frequency set to 1 for EM and PM, respectively. And the abundance of CYP2C19 in the liver was set to
14 and 0 pmol/mg protein for EM and PM population, respectively
c This range was obtained from literature value (12,15)
d Uno T, Eur J Clin Pharmacol, 2007(16)
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the PK nonlinearity of esomeprazole and R-omeprazole, and
therefore we modified the models by incorporating the TDI
effect, which captured the nonlinearity of both enantiomers
reasonably well (Fig. 3, Supplementary Figure S3 and
Supplementary Table S1 to S3).

KI and kinact are the two inhibition parameters that char-
acterize a TDI effect. Values for these two parameters are
reported in the literature for the racemic omeprazole but not
for the individual enantiomers (3). Because of the lack of
information for specific enantiomers and the uncertainty in
general in the assessment of these parameters when there is a
strong TDI, we carried out sensitivity analyses to obtain
plausible combinations of CLuint,CYP2C19, KI and kinact for
the two enantiomers with the aid of available human PK data
at different doses. Simulations and comparisons to observed
nonlinear PK of each enantiomer allowed the selection of the
best parameter set of CLuint,CYP2C19, KI and kinact for the final
models within SimCYP model framework (Model E3-II for
esomeprazole and Model R2 for R-omeprazole). As proposed
by Vieira et al. (13), this approach can be used during early
drug development to predict enzyme inhibition potential
when the in vitro TDI data is uncertain or unavailable while
dose- and time-dependent PK nonlinearities are significant
such as in the cases of esomeprazole and omeprazole. In
addition, during the model building process, contribution to
esomeprazole metabolism by CYP2C19 and CYP3A4 were
taken as 73% and 27%, respectively, based on the in vitro data
(4). However, since these values could have been influenced by
time-dependent CYP2C19 inhibition under the experimental
conditions, this can contribute to the uncertainties in
CLuint,CYP3A4 derived from retrograde method. Although er-
rors in the estimate of CLuint,CYP3A4 may not have a significant
impact on the PK for EMs, the effect is magnified when the
model is used to predict esomeprazole PK in CYP2C19 PMs.

For omeprazole given as a racemic drug containing 50:50
R- and S-isomers, the mutual interaction between R- and S-
isomer played a very important role in the disposition of
omeprazole enantiomers. Without considering mutual inter-
action, the simulated AUC of omeprazole at the 40 mg dose
level is underpredicted by 46.9% on day 5 (Table II). Because
the contribution of CYP2C19 metabolic pathway is 98% for
the overall metabolism of R-omeprazole, which is strongly
inhibited by esomeprazole, the AUC of R-omeprazole
changed dramatically after consideration of mutual interac-
tion. This is not the case for esomeprazole (Table II). The
model with the consideration of both autoinhibition and mu-
tual inhibition (i.e., Model O with mutual inhibition) demon-
strated that the percentage of R-omeprazole in the total
exposure after the administration of racemic drug increased
from 42.1% on day 1 to 47.3% on day 5. Without consider-
ation of mutual inhibition, the predicted R-omeprazole expo-
sure would only account for 34.4% and 23.5% of the total
AUC on day 1 and day5, respectively. At the 20 mg

omeprazole dose, the same trend is observed but to a lesser
degree. Thus, PBPKmodeling for racemic drugs is important
for predicting the dynamic changes in drug exposure and the
contribution of each enantiomer, when the two enantiomers
have differential pharmacological effect and/or enzyme inhi-
bition potency.

Both R- and S-omeprazole are metabolized to form three
major metabolites. The established PBPK model in this study
did not consider the inhibition effect from these metabolites. A
recently published article reported that some of the metabo-
lites such as desmethyl-omeprazole are also time-dependent
inhibitors of CYP2C19, which can contribute to the overall
DDI potential (25). Because parent:metabolite ratio varies
with dose and changes after multiple dosing, PBPK modeling
would be an appropriate tool to capture these dynamic pro-
cesses. The PBPK models developed here can be further
refined by accounting for the inhibition by metabolites.
Technically, such efforts require substantial input for each
metabolite, including inhibition potency, elimination mecha-
nism, quantitative turnover from the parent drug as well as the
in vivo PK profile of metabolites. On the other hand, for the
purpose of predicting the effect of CYP2C19 inhibition in vivo
(e.g., on a CYP2C19 substrate), our model without incorpo-
rating metabolite inhibitions appears adequate as it satisfac-
torily captures dose- and time-dependent nonlinear PK of
omeprazole. As such, based on current parameterization,
the assumption that enzyme inhibition comes mainly from
the parent drug is reasonable. This is also supported by
literature data which reveal that the parent drug remains the
most potent time-dependent inhibitor when plasma concen-
trations are also taken into consideration (3,25).

The established minimal PBPK models for both R- and S-
omeprazole appear to overpredict the AUC after 15 mg single
oral dosing and multiple dosing for 7 days. It should be noted
that the 15 mg data is from a separate study (12) and therefore,
different study subjects and other study factors can impact the
PK data. This appears to be a universal challenge in using a
single model to predict all observed data, because PK studies
are often small in sample size, and inter-study differences in PK
results can be relatively large depending on the drug of interest.

CYP2C19 is a polymorphic enzyme and poormetabolizers
(PMs) are known to have significantly higher systemic expo-
sure to omeprazole. In fact, many reports indicated better
therapeutic efficacy in CYP2C19 PMs when PPIs, including
omeprazole, was used for eradication of H. pylori (26–28).
In one study, the AUC of omeprazole 20 mg in poor
metabolizers (PMs) were found to be similar to the AUC of
omeprazole 80 mg in extensive metabolizers (EMs) (29).
Additionally, the AUC ratios of omeprazole 40 mg in EMs
and PMs were found to range from 1:6.0 (12,15) to 1:9.0 (16)
following single oral dose of omeprazole 40 mg, while it was
1:4.3 for single i.v. dose of omeprazole 20 mg (16). The
PM/EM AUC ratios of omeprazole following oral dosing
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among the CYP2C19 genotypes was greater than that follow-
ing IV dosing, indicating first pass metabolism, primarily by
the liver, plays an important role in the elimination of omep-
razole. The large differences in metabolism and subsequent
pharmacokinetic properties of drugs in PMs and EMs can
present high inter-individual variability in efficacy and adverse
reactions. As an example to test the utility of the developed
PBPK model for omeprazole, we predicted the AUC ratio
between PMs and EMs, which was 16.5 for single oral dose of
omeprazole 40 mg and 4.7 for single oral dose of
esomeprazole 40 mg (Table III). The predicted PM/EM ratio
for esomeprazole generally agreed with that observed in vivo
(3.0) (12,15) (Table III). However, our models appeared to
over-predict PM/EM ratio for racemic omeprazole (16)
(Table III). Because PMs have null activity of CYP2C19,
elimination of omeprazole is almost exclusively viametabolism
by CYP3A4. As mentioned earlier, the CLuint of CYP3A4 for
esomeprazole and R-omeprazole was obtained from the ret-
rograde method based on in vitro fm values. The use of a fixed
fm,CYP3A4 value assumed linear enzyme kinetics in human liver
microsomes (24) (Table I). When TDI of CYP2C19 is consid-
ered in the modified models, the assumption of linear kinetics
becomes invalid, and fm,CYP3A4 is no longer dose-independent
for each enantiomer. In addition, retrograde method relied on
in vivo clearance, and initial calculation also assumed linear
pharmacokinetics (dose independent), which makes it chal-
lenging to quantify the inherent, true intrinsic clearance of
CYP3A pathway. Further, for R-omeprazole, PK data from
IV administration was not available and, therefore, oral PK
data was used for back-calculation of intrinsic clearance of
CYP enzymes. As such, additional assumptions had to be
made, including the absence of gut metabolism. Ideally,
in vivo clearance from IV administration should be used to
perform retrograde analysis to reduce uncertainties.
Therefore, it is likely that our models underestimated the
CLuint,CYP3A4 values for each enantiomers, causing an over-
prediction of PM/EM AUC ratio. Despite the limitations
described, our PBPK models largely captured PK nonlinear-
ity and inherent mutual drug-drug interactions when racemic
omeprazole is administered. Besides predicting the effect of
genetic polymorphism, the models can be used to predict drug
exposure in other specific populations such as pediatrics and
hepatic impairment patients, and support optimal design of
such studies (30–32). With regard to drug-drug interactions,
the changes of amount of active CYP2C19 after multiple p.o.
dosing of 40 mg (q.d. for 5 Days) esomeprazole and omepra-
zole (shown in Supplementary Figure S2) are valuable in
determining CYP2C19 inhibition for victim drugs that are
substrates of this enzyme.

In addition to the in vivo studies for model building and
verification, we also conducted exploratory simulations for the
reported drug interaction between omeprazole and flucona-
zole in the Korean population (Kang et al., (33)). Because a

virtual Korean population is currently not available, we sim-
ulated this drug interaction using developed omeprazole
models and the fluconazole PBPK model in virtual
Japanese, Chinese, and Caucasian populations, respectively
(fluconazole drug model and populations models are available
in the software’s compound and population libraries).
The results are described in detail in Supplementary
Material. This simulation largely captured the inhibition
effect by fluconazole, a strong CYP2C19 and a moderate
CYP3A4 inhibitor. The predicted omeprazole AUC and
Cmax ratios (with/without fluconazole) in Chinese and
Caucasian population were comparable to the observed
values in Kang’s paper (Supplementary Results and
Supplementary Table S4). This exercise also demonstrated
the utility of the developed omeprazole model in predicting
drug PK in different ethnic populations (Supplementary
Table S4).

CONCLUSION

The established PBPK models predicted the dose- and
time-dependent nonlinear PK of esomeprazole, R-
omeprazole and the racemic drug by incorporating en-
zyme kinetic parameters as well as reversible and time
dependent inhibition parameters. By adopting both
“bottom up” and “top down” approaches, the model
development process fully utilized prior in vitro and
in vivo data. The auto-inhibition effect of enantiomers
and mutual inhibition effect of racemic drug were well
captured by the PBPK model. Because the PBPK
models established here incorporate the enzyme inhibi-
tion mechanisms, the dynamic changes in the CYP2C19
function and the amount of active CYP2C19 can be
predicted. As such, the model can be utilized to predict
PK in specific populations and for assessing drug-drug
interactions.
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