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a b s t r a c t

Postabsorptive factors which can affect systemic drug exposure are assumed to be dependent on the
active pharmaceutical ingredient (API), and thus independent of formulation. In contrast, preabsorptive
factors, for example, hypochlorhydria, might affect systemic exposure in both an API and a formulation-
dependent way. The aim of this study was to evaluate whether the oral absorption of 2 poorly soluble,
weakly basic APIs, ketoconazole (KETO) and posaconazole (POSA), would be equally sensitive to changes
in dissolution rate under the following dosing conditionsdcoadministration with water, with food, with
carbonated drinks, and in drug-induced hypochlorhydria. The systems-components of validated ab-
sorption and PBPK models for KETO and POSA were modified to simulate the above-mentioned clinical
scenarios. Virtual bioequivalence studies were then carried out to investigate whether formulation ef-
fects on the plasma profile vary with the dosing conditions. The slow precipitation of KETO upon
reaching the upper part of the small intestine renders its absorption more sensitive to the completeness
of gastric dissolution and thus to the gastric environment than POSA, which is subject to extensive
precipitation in response to a pH shift. The virtual bioequivalence studies showed that hypothetical test
and reference formulations containing KETO would be bioequivalent only if the microenvironment in the
stomach enables complete gastric dissolution. We conclude that physiologically based pharmacokinetic
modeling and simulation has excellent potential to address issues close to bedside such as optimizing
dosing conditions. By studying virtual populations adapted to various clinical situations, clinical strate-
gies to reduce therapeutic failures can be identified.

© 2016 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

Even though the term pharmacokinetics (PK) was coined in
1953, many pivotal articles on this subject had already been
published.1 For instance, the work on kinetics of drugs can be
tracked back to the remarkable Torsten Teorell,2,3 who pioneered
the development of mathematical models to represent the dis-
tribution of xenobiotics administered intravascularly or extrava-
scularly. The model comprised 5 physiologically defined
compartments and it has been recognized as the first

physiologically based pharmacokinetic (PBPK) model.4-6 The
number of scientists interested in studying the time course of drug
concentrations in biological fluids and tissues grew considerably in
the subsequent years; nevertheless, the research mostly centered
around developing empirical compartmental models. Despite be-
ing useful for data description and interpolation, empirical models
are of limited use for extrapolation, because the compartments do
not represent real physical spaces or physiological tissues.4,7 Thus,
it is difficult to anticipate how drug concentrations will change
when the underlying physiology is modified by intrinsic and/or
extrinsic factors. To overcome this difficulty, Bischoff and Dedrick
resumed the development of comprehensive PBPK models,8,9

based on mass conservation principles and contemporary knowl-
edge about anatomy, physiology, and biochemistry of the human
body. Since then, a number of PBPK models have been developed
for various purposes.10,11
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Given that PBPK models can account for differences among
biological systems, they have been extensively used by toxicolo-
gists in the risk assessment of hazardous substances since the early
1980s. In this application, xenobiotic disposition can be extrapo-
lated from animal tissue data to humans, avoiding the need to
directly expose the latter to potentially toxic chemicals.12-14

Utilization of PBPK models by pharmaceutical scientists is by
comparison quite recent, with the bulk of the work appearing in
the literature over the last decade.10 The rapid growth in phar-
maceutical application of PBPK has paralleled the development of
(1) dynamic absorption models, like the mixing-tank model which
was further used to derive the compartmental absorption and
transit model15-18; (2) QSAR models to predict blood-tissue parti-
tion coefficients and drug disposition19-21; (3) in vitro-in vivo
extrapolation methods, whose state-of-the-art was revised else-
where22; and (4) user-friendly modeling and simulation tools.23

Additionally, the acceptance of PBPK models to support regulato-
ry submissions has indisputably been a powerful driving force for
the expanding utilization of PBPK models among pharmaceutical
companies.24 Indeed, in the regulatory environment, through
running “predict-learn-confirm” cycles, one can use PBPK models
not only to mechanistically understand available clinical observa-
tions, but also to predict untested clinical scenarios via simulations,
thus filling in missing information in the clinical dataset. For
example, by means of carrying out in silico investigations on the
effect of various intrinsic and extrinsic factors on drug exposure
following application of a given formulation, sponsors can make
decisions about the need for further clinical pharmacology
studies.25,26

Several intrinsic and extrinsic factors can affect systemic drug
exposure in a postabsorptive fashion, for example, increased
plasma volume and protein binding changes during pregnancy,
or altered drug biotransformation due to liver disease.27,28 The
effects elicited by such factors on extent and peak of drug
exposure are assumed to be dependent on the active pharma-
ceutical ingredient (API). From the perspective of the bioequiv-
alence (BE) testing, systemic fraction is expected to be similarly
affected regardless of whether the API was released from a
generic/test (T) or a reference (R) formulation. Indeed, this is the
scientific principle supporting the extrapolation of BE results
obtained in healthy volunteers to populations for which the
reference drug product is approved. According to the European
Medicines Agency, the healthy adult model “is regarded as
adequate in most instances to detect formulation differences.”29

Nonetheless, this statement foresees that the healthy adults
may not always be an adequate model. Indeed, it has already
been demonstrated that extrapolating BE results from adults to
pediatrics may not be as straightforward when the rate-
determining step for oral drug absorption is different in chil-
dren than in adults.30,31 Likewise, hypochlorhydria (a condition
in which acid secretion in stomach is reduced, leading to elevated
gastric pH) may affect preabsorptive events. Dissolution, which is
the rate-limiting step to the absorption of poorly soluble but
highly permeable APIs, is initiated in the stomach. Especially for
poorly soluble, weakly basic APIs, an elevation of the gastric pH
by means of intrinsic (e.g., disease state, aging, and race) or
extrinsic (e.g., co-medication) factors often leads to significantly
impaired absorption.32-37 Furthermore, the magnitude of the ef-
fect of hypochlorhydria on drug absorption may be formulation-
dependent. Mitra et al. compared the bioavailability of 2 different
formulations containing “compound A,” a poorly soluble-free
base (F1), and its hydrochloride salt (F2) in dogs pretreated
with pentagastrin (i.e., with low gastric pH) or famotidine (i.e.,
drug-induced hypochlorhydria). In pentagastrin-pretreated dogs
the Cmax and AUC0-t ratios (F2/F1) were 1.36 and 0.96, whereas in

famotidine-pretreated dogs the ratios were 14.75 and 9.02,
respectively.38 Therefore, it seems the hypochlorhydric dogs were
a more sensitive model to detect formulation differences than the
dogs which were not pretreated with famotidine.

In this context, the aim of this researchwas to use the previously
developed and validated PBPK models by our group39 to mecha-
nistically investigate whether the oral absorption of ketoconazole
(KETO) (subject to slow intestinal precipitation)40 and pos-
aconazole (POSA) (subject to significant and rapid precipitation
after gastric emptying),37,41 both classical representatives of class 2
of the Developability Classification System (DCS),42 would be sen-
sitive to changes in dissolution rate under hypochlorhydria and
normal gastric pH scenarios.

Experimental

The first step was to establish reliable PBPK models for KETO
and POSA in healthy adults (presumed to have low gastric pH) by
updating previously established models39 to account for (1) the pH
at the dissolving surface (pH0) and (2) known precipitation char-
acteristics. The simulations with the updated models were then
compared with PK data. The next stepwas to create PBPKmodels to
address administration of KETO and POSA under the following
conditions: (1) subjects with hypochlorhydria, (2) subjects who are
administered the antifungal agents with an acidic cola drink and (3)
administration of the drugs in the fed state. Additionally, the
sensitivity of the simulated plasma profiles to parameters such as
particle size of the drug and pH of the stomach was investigated.
Virtual BE studies were then carried out to determine under which
dosing conditions the plasma profile is most sensitive to formula-
tion effects. All substance-related properties, unless otherwise
stated, were taken from the literature and are summarized in
Table 1.

Absorption and PBPK Models for Oral Administration of KETO and
POSA in the Fasted and Fed States to Healthy Subjects

Previously developed absorption and PBPK models for KETO
and POSA in healthy adults39 were used as the starting points for
running subsequent “predict-learn-confirm” cycles in order to
arrive at models which would better reflect the state-of-the-art
scientific knowledge and fit the purposes of this research.
Specifically for POSA, the precipitation rate constant (kprec),
the maximum supersaturation ratio (MSR), and particle size
were updated according to the latest literature data. As input
parameters we therefore used an average kprec of 12 h�1,
an MSR of 10, and particle size of 0.7 mm.41,50,51 Diffusion
coefficients (D) of the free monomers were calculated as
D ¼ 9:9� 10�5 �MW�0:453,52 where MW is molecular weight.
Furthermore, the micelle:buffer partition coefficient (logKm:w)
for the POSA neutral species was manually adjusted to 5.0 to fit
the experimental solubility measured in aspirated fasted state
human intestinal fluid.47

Given that the latest released version of the Simcyp® Simulator
(i.e., v15.1; Simcyp Ltd., Sheffield, UK) does not consider the effect
of pH0 on the dissolution of weak bases, it was necessary to adapt
the simulation to account for this parameter correctly in the model.
First, we estimated the pH0 for KETO and POSA using the equation
derived by Ozturk et al.53 Then, the impact of replacing pHbulk by
pH0 on the model fit was investigated. For example, to investigate a
scenario in which pHbulk z 2.0-2.5, the gastric pH in the simulator
screen was set at 4.2, the equivalent pH0 for dissolving particles
containing KETO.43

To predict plasma profiles after administration in the fed state
conditions, all built-in parameters representing the fed state in
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