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ABSTRACT

Drug-drug interactions (DDIs) pose a high risk for adverse drug reactions.
Therefore, safe drug therapy requires a thorough understanding of a drug’s
DDI potential. This is achieved by assessing enzyme metabolism, inhibition,
and induction of a drug in vitro and in clinical trials. However, concentration-
and time-dependent enzyme inactivation or induction, characterized by
slow effect onset and prolonged duration, pose challenges in predicting DDI
outcomes. In addition, the effect of food components on drug metabolism
remains underinvestigated. Here, the wide natural variability complicates
conducting reliable studies and understanding food-drug interactions (FDIs).
DDIs and FDIs involving CYP3A4 are highly clinically relevant, as CYP3A4
metabolizes 50 — 60% of marketed drugs and its high intestinal expression
can impact drug bioavailability.

In this thesis, whole-body physiologically based pharmacokinetic (PBPK)
models of the CYP3A4 substrate felodipine, the inducer carbamazepine, and
the mechanism-based inhibitor grapefruit were established. In a compre-
hensive interaction network, the models were applied to describe complex
CYP3A4-mediated time-dependent DDIs and FDIs and the contribution
of intestinal CYP3A4 modulation to the overall DDI outcome. The models
can be applied to support investigations in drug development. The pre-
sented grapefruit PBPK model showcases the potential of PBPK modeling
to describe FDIs and may serve as a blueprint for further FDI modeling
approaches.



ZUSAMMENFASSUNG

Arzneimittelinteraktionen erhdhen das Risiko unerwiinschter Arzneimittel-
wirkungen. Eine sichere Therapie erfordert daher ein tiefgreifendes Verstand-
nis des Interaktionsrisikos eines Arzneistoffs, das in In-vitro-Experimenten
und klinischen Studien untersucht wird. Hierbei stellen die Enzyminaktivie-
rung und -induktion - gekennzeichnet durch einen langsam eintretenden,
aber langanhaltenden Effekt - eine Herausforderung bei der Abschédtzung
des Interaktionspotenzials dar. Aufierdem sind Nahrungsmittelinteraktionen
nicht ausreichend erforscht. Die natiirliche Variabilitit der Nahrungsmittel
erschwert die Planung von Studien und das Abschitzen des Effekts.
CYP3A4-vermittelte Interaktionen sind klinisch sehr relevant, da CYP3A4 50
— 60% der Arzneimittel metabolisiert und aufgrund der hohen intestinalen
Expression ihre Bioverfiigbarkeit beeinflussen kann.

In dieser Arbeit wurden Physiologie-basierte Pharmakokinetik (PBPK) Mo-
delle fiir das CYP3A4-Substrat Felodipin, den Induktor Carbamazepin und
den Mechanismus-basierten Inhibitor Grapefruit erstellt. In einem umfas-
senden Interaktionsnetzwerk wurden die Modelle verwendet, um CYP3A4-
vermittelte zeitabhdngige Arzneimittel- und Nahrungsmittelinteraktionen
vorherzusagen und die Auswirkungen der intestinalen CYP3A4-Modulation
zu beschreiben. Die Modelle kénnen zukiinftig in der Arzneimittelentwick-
lung eingesetzt werden. Das Grapefruit PBPK Modell kann als Grundlage fiir
Modellierungsansétze zur Beschreibung von Nahrungsmittelinteraktionen
dienen.

Vi
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INTRODUCTION

1.1 MOTIVATION

The concomitant administration of multiple drugs poses a major challenge
to pharmacotherapy as it increases the risk of drug-drug interactions (DDIs).
Understanding and mitigating these interactions is important to ensure
patient safety as DDIs are a major cause of adverse drug reactions (ADRs) [5].
For new drug applications (NDAs) it is therefore required to investigate their
DDI potential, which usually involves in vitro tests and clinical trials with
index substrates or perpetrators to investigate specific metabolic pathways [6,
7]. However, not only co-administered drugs but also foods, beverages, and
dietary supplements can affect metabolic pathways, resulting in clinically
relevant food-drug interactions (FDIs) [8] and an increased risk for ADRs.
To understand FDIs, characterizing causative ingredients and underlying
mechanisms of the interaction is crucial [9]. However, foods, beverages, and
supplements are often complex mixtures of ingredients and vary in their
ingredient composition and concentration. This can result in variable FDI
effects [8] and complicates conducting robust FDI studies in vivo which adds
complexity to understanding FDIs [9].

Pharmacokinetic drug interactions are commonly mediated by inhibition
or induction of cytochrome P450 (CYP) enzymes [10]. CYP3A4 as the most
prevalent CYP isoform contributes to the metabolism of approximately 50 —
60% of approved drugs [11]. Therefore, drug interactions involving CYP3A4
have high clinical importance. This is underlined by a recent analysis of
submissions to the US Food and Drug Administration (FDA) revealing that
a significant proportion of DDIs are linked to CYP3A4 [12]. The detailed
mechanisms underlying drug interactions involving CYP3A4 can be highly
complex. These include (1) the time-dependency associated with mechanism-
based inhibition or induction of CYP3A4; (2) the presence of multiple DDI
effects; (3) differential effects on intestinal and hepatic CYP3A4 as well as
(4) FDIs, where the variability in ingredient composition and concentration
adds further complexity.

In recent years, physiologically based pharmacokinetic (PBPK) modeling
has become an established method in drug research and development to
support the investigation of DDIs [13]. This powerful modeling technique
allows for quantitative description and prediction of drug pharmacokinetics
(PK), including DDIs, and can be used for in vitro to in vivo extrapolation
as well as the prediction of untested DDIs, facilitating informed decision-
making throughout drug development [6, 7, 14]. This thesis describes the
application of PBPK modeling for the investigation of complex and time-
dependent DDIs and FDIs involving CYP3A4 taking into account the distinct
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characteristics of time-dependent interactions as well as differential DDI and
FDI effects on intestinal and hepatic CYP3A4.

1.2 CYTOCHROME P450 3A4

Among the CYP enzyme superfamily, the CYP3A subfamily is responsible
for the metabolism of approximately 50% — 60% of therapeutic drugs [11].
Respective substrates exhibit highly heterogenous characteristics and belong
to various therapeutic classes, reflecting the broad substrate specificity of
CYP3A [15]. In addition to its extensive involvement in the metabolism of
exogenous compounds, the CYP3A subfamily also metabolizes endogenous
substrates, such as steroid hormones or bile acids [16].

The CYP3A subfamily includes four major isoforms: (1) CYP3A4, the most
abundant enzyme within the CYP superfamily in general; (2) CYP3As5, a
highly polymorphic enzyme, with functional CYP3A5 being expressed in
more than 70% of Africans but only 10 — 20% of Caucasians [16, 17]; (3)
CYP3Ay, the fetal isoform of the CYP3A family [16], which is rarely found
in adults; and (4) CYP3A43, an isoform mainly expressed in the prostate
and testes, which plays a minor role in adult drug metabolism [11]. The
proportion of the different isoforms in the total amount of CYP3A protein is
on average 85% for CYP3A4, 5% for CYP3A5, 3% for CYP3A7, and 6% for
CYP3A43 [16, 18]. CYP3A is predominantly expressed in the liver and the
intestine, where it accounts for approximately 40% and up to 80% of total
organ CYP content, respectively (Figure 1.1) [19]. Both intestinal and hepatic
metabolism are determinants of oral drug bioavailability (F), which can be
expressed according to Equation 1.1:

F=F F-F (1.1)

with F, = fraction of administered drug amount absorbed from the intestine,
Fg = intestinal availability, describing the fraction of absorbed drug escaping
intestinal metabolism, and F;, = hepatic availability, describing the fraction
of administered drug escaping hepatic metabolism [20, 21].

Due to the high intestinal expression of CYP3A4, the intestinal metabolism
can significantly contribute to the bioavailability of orally administered
sensitive CYP3A4 substrates. Such drugs exhibit a low oral bioavailability as
a result of sequential intestinal followed by hepatic first-pass metabolism
mediated by CYP3A4 [20-22].

Overall, CYP3A4 shows high interindividual variability in protein expres-
sion and activity [18], which is impacted by physiological, genetic, and
exogenous factors [25]. Physiological factors include biological sex, whereas
women show higher CYP3A4 levels compared to men along with increased
clearance of CYP3A4 substrates [26, 27], and inflammation, where differ-
ent pro-inflammatory mediators lead to downregulation of CYP3A4 [28].
Furthermore, heritability is assumed to contribute to the observed interindi-
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Figure 1.1: Hepatic and intestinal distribution of CYP enzymes and contribution
of CYP3A4 to oral bioavailability of its substrates through sequential
first-pass metabolism. After oral ingestion, the substrate is absorbed and
undergoes intestinal metabolism. The non-metabolized drug moiety is
transported to the liver via the portal vein where it undergoes hepatic
metabolism. [llustration of sequential metabolism reproduced from [23];
Hepatic and intestinal distribution of CYP enzymes reproduced from
[19]; Ilustrations of capsules and organs were taken from Servier [24]
CYP: cytochrome P450.

vidual differences. However, known polymorphisms in the CYP3A4 gene
can explain only a minor extent of interindividual variability due to low
frequencies of respective polymorphisms in the general population or minor
phenotypic impact [25]. In addition, CYP3A4 expression and activity can be
modulated by exogenous compounds. Those include drugs but also food
ingredients, that increase CYP3A4 expression or inhibit enzyme activity,
posing a risk for DDIs or FDISs, respectively. The FDA lists examples of > 40
CYP3A4 inhibitors and >20 inducers of CYP3A4 [8]. Those examples not
only include drugs but also St. John's wort, dietary supplements (curcumin
and diosmin), tobacco, and grapefruit juice [8]. Given the important role
of CYP3A4 in drug metabolism, it is important to assess the interaction
potential of an NDA as a CYP3A4 victim or perpetrator.

1.2.1  Case example: The CYP3A4 substrate felodipine

The antihypertensive drug felodipine undergoes extensive metabolism by
CYP3A4 to dehydrofelodipine [29] and is classified by the FDA as a sen-
sitive CYP3A4 substrate [8]. Although it is nearly completely absorbed
after oral administration, felodipine exhibits a low oral bioavailability of
approximately 15% [21]. This can be attributed to sequential intestinal and
hepatic first-pass metabolism of the drug [23], whereby more than 50% of
the absorbed dose undergoes presystemic metabolism by intestinal CYP3A4,
resulting in an Fg of 45% [21]. Here, felodipine exemplifies the impact of
intestinal CYP3A4 on overall drug PK. As CYP3A4 significantly determines
felodipine bioavailability and clearance, its PK are prone to DDIs with

3
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CYP3A4 perpetrators like itraconazole, erythromycin, or carbamazepine
[30-32]. In the 1990s, a coincidental observation revealed that intake of
felodipine together with grapefruit juice increased its bioavailability, leading
to a pronounced increase in felodipine plasma concentrations [33]. This
finding marked the first instance of grapefruit-mediated FDIs via the inacti-
vation of intestinal CYP3A4, as further described in Section 1.3.4. Upon this
discovery, the effect of grapefruit was extensively studied with felodipine as
a suitable probe substrate, exploring diverse scenarios and settings to gain a
comprehensive understanding of the "grapefruit effect" [23].

As felodipine plasma concentrations directly correlate to its pharmacody-
namic effect, DDIs affecting it PK also directly affect its pharmacodynamics
(PD) [34, 35]. Felodipine blocks calcium channels in vascular smooth mus-
cles. This leads to a decrease in vascular resistance and blood pressure.
Additionally, a baroreflex-mediated increase in heart rate can be observed

[36].
1.3 TIME-DEPENDENT CYP3A4-MEDIATED INTERACTIONS

The CYP enzyme system, particularly CYP3A4, plays a major role in drug
metabolism, and the modulation of CYP3A4 by drugs or foods can result
in clinically significant DDIs or FDIs. Here, CYP inducers enhance enzy-
matic activity primarily by increasing enzyme expression, whereas CYP
inhibitors reduce enzymatic activity, mainly through direct interactions with
the enzyme, either reversibly (e.g., competitive, noncompetitive, and mixed
inhibition) or (quasi-)irreversibly [10].

The basic mechanisms of (quasi-)Irreversible inhibition and induction are
illustrated in Figure 1.2 and will be described in more detail in the following.
Both are concentration- and time-dependent processes [10, 37], exhibiting
the following characteristics: (1) slow onset; (2) prolonged effect duration,
persisting after the drug has been cleared from the body, as recovery requires
either resynthesis of degraded CYP3A4 (mechanism-based inhibition) or
degradation of overexpressed CYP3A4 (induction); as well as (3) cumulative
but saturable effects [10]. Consequently, the magnitude of the effect depends
on the administered dose of the perpetrator, the overall treatment duration
and frequency as well as the time of intake in relation to the administration
of the victim drug. In both cases, the interactions may not directly coincide
with the intake of the perpetrator drug but can also occur if the victim drug is
administered several hours after the perpetrator. Consequently, the outcome
of time-dependent interactions is difficult to predict, which may complicate
decision-making in chronic drug therapy. Therefore, mathematical models
are helpful tools to improve the understanding of time-dependent DDIs and
FDIs.



1.3 TIME-DEPENDENT CYP3A4-MEDIATED INTERACTIONS

Induction Mechanism-based inhibition

Inhibitor

\

Metabolism
&
activation

—
irreversible
binding

J
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1.3.1 Induction

Enzyme induction is mainly accomplished via activation of nuclear receptors
inducing gene expression of the affected enzymes. This, in turn, increases
the clearance of victim drugs which may potentially result in reduced drug
efficacy or increased exposure to potentially toxic or pharmacologically ac-
tive metabolites [39]. The baseline activity of the enzyme is not immediately
regained after the inducer is eliminated from the body but requires degrada-
tion of the overexpressed enzyme. Consequently, enzyme induction is a time-
and concentration-dependent process [10, 39]. The mechanism of CYP induc-
tion is illustrated in Figure 1.2. Here, the human pregnane X receptor (PXR)
or the constitutive androstane receptor (CAR) are relevant nuclear receptors
that mediate the transcription of CYP enzymes. These nuclear receptors in-
teract with deoxyribonucleic acid (DNA) response elements and can thereby
induce the transcription of CYP genes, among other proteins [39]. Hereby, a
strong overlap in the target genes as well as the ligand spectrum has been
observed. Both nuclear receptors can induce the transcription of CYP2C,
CYP2B and CYP3A genes, and co-induction of multiple CYP enzymes can
be observed [39]. To date, it is assumed that the induction of CYP3A4 for
most known inducers, such as rifampicin, is mediated via activation of PXR
[10]. However, CAR also binds to the CYP3A4 promotor region and activates
the transcription of CYP3A4, although a more pronounced activation of
CYP2B6 compared to CYP3A4 was observed for CAR-activating compounds
[40]. Generally, compounds can activate different transcription pathways to
varying degrees, resulting in unique patterns of CYP enzyme induction.

In vitro experiments studying the kinetics of CYP induction are usually
performed with fresh or cryopreserved hepatocytes [10], incubated with
different concentrations of the inducer. Different endpoints can be employed
to evaluate the extent of CYP induction: measuring enzyme activity or
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quantifying either enzyme content or messenger ribonucleic acid (mRNA)
levels. Although measuring enzyme activity may be more clinically relevant
[39], it may be confounded by concurrent enzyme inhibition [10]. Therefore,
quantification of mRNA might provide a more intrinsic measurement of
enzyme induction [10]. The relationship between CYP induction, measured
by described endpoints, and the inducer concentration is illustrated in Figure
1.3 and can be described by a maximum effect (Enax) model according
to Equation 1.2 [10, 41]. The parameters Enax, describing the maximum
induction effect, and ECs,, describing the concentration necessary to reach
50% of maximal induction, can be determined from this relation and are
used to support the interpretation of the inductive effects.

. (h)
ECsy + [Ind]™
with E = induction effect, E;;;, = maximum induction effect, ECsy = concen-

tration necessary to achieve half of Ep,x and [Ind] = inducer concentration,
h = Hill coefficient.
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Figure 1.3: In vitro concentration-response relationship between inducer concentra-
tion (here: Rifampicin) and observed response, as measured by assessing
CYP activity or quantifying mRNA expression. Adapted from [41]. CYP:
cytochrome P 450, mRNA: messenger ribonucleic acid.
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1.3.2 Case example: Carbamazepine

The anticonvulsive carbamazepine is indicated for the treatment of epilepsy
and trigeminal neuralgia [42]. It undergoes extensive metabolism, with
CYP3A4 as the major metabolizing enzyme. Additionally, CYP2C8, CYP2B6,
and uridine 5’-diphosphate-glucuronosyltransferase (UGT) 2By contribute to
the metabolism of carbamazepine [43—45]. At the same time, carbamazepine
is an inducer of CYP3A4 and CYP2B6 [8, 46] and increases its own clearance
during long-term treatment. It is assumed that this co-induction of respective
enzymes is preferentially mediated via activation of CAR, as only minor
effects on PXR could be observed [40]. The magnitude of CYP2B6 induction
is greater compared to CYP3A4, which may be related to CAR activation [40].
Additionally, auto-induction has also been observed for other activators of
CAR, for example, efavirenz, nevirapine, artemisinin, or cyclophosphamide
[40].

DDIs with carbamazepine can be particularly complex as the drug (1) in-
duces its own CYP3A4 and CYP2B6 mediated metabolism during long-term
treatment, (2) induces the metabolism of CYP3A4 and CYP2B6 substrates
during co-administration and at the same time (3) the metabolism of car-
bamazepine, mainly the major CYP3A4 pathway, can be affected by co-
administered perpetrators. One illustrative example of such a complex DDI
is the interaction of carbamazepine and efavirenz [47]. Both compounds are
substrates of CYP3A4 and CYP2B6 [43, 44, 48]. Since each compound also
induces the activity of respective enzymes [46, 419], they mutually induce
not only their own but also each other’s metabolism [1].

The effect of CYP3A4 inducers on victim drugs is regularly investigated
in clinical DDI studies. Presently, rifampicin is frequently applied as an
inducer in these studies. However, concerns have arisen due to potentially
genotoxic N-nitrosamine impurities found in rifampicin products [51, 52].
As carbamazepine is listed as a strong CYP3A4 inducer by the FDA [50], it
gained increasing interest as a substitute for rifampicin in clinical studies

[51, 52].
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1.3.3 Mechanism-based inhibition

Contrary to the time-dependent increase in CYP activity mediated by in-
ducers, drugs can also mediate a time-dependent loss of enzyme activity
[53]. Mechanism-based inhibition refers to a type of time-dependent in-
hibition where the inhibitor must undergo metabolic transformation into
a reactive intermediate to interact with the enzyme [11, 53]. Therefore,
mechanism-based inhibitors often exhibit reactive functional groups like
furans, alkylamines, thiophenes, or methylenedioxy aromatic groups [37,
53]. The reactive intermediate interacts with nucleophile moieties of the CYP
[53], for example, present at the apoprotein or the haem [37, 53]. Here, the
intermediate can bind to the nucleophile irreversibly by forming covalent
bonds or quasi-irreversibly, by forming an enzyme-inhibitor complex with
very slow dissociation kinetics, resulting in the apparent inactivation of the
enzyme (Figure 1.2) [54]. As the inhibition involves an activation step and
restoration of enzyme activity requires de novo synthesis, mechanism-based
inhibition is concentration- and time-dependent [10]. The concentration of
the inhibitor and the inactivation rate show a hyperbolic relationship as
the inactivation rate increases with increasing inhibitor concentration to a
maximum [54].

Inhibition kinetics of MBISs in vitro are typically characterized by parame-
ters Ky (concentration necessary for half-maximal inactivation) and kinact
(maximum inactivation rate constant). These parameters can be determined
from two-step incubation experiments [54], usually performed with liver
microsomes or recombinant CYP enzymes [53]. Here, the enzyme is incu-
bated with multiple concentrations of the inactivator in the first step. In
a second step, aliquots of this first mixture are incubated with a sensitive
CYP substrate [53, 54] to assess the remaining CYP activity at different time
points. For each investigated inhibitor concentration, the observed inactiva-
tion rate constant (k) is calculated from the slope of the logarithm of the
remaining CYP activity versus preincubation time as illustrated in Figure
1.4. K1 and Kinact are then determined from the hyperbolic plot of k¢ versus
corresponding inhibitor concentration (Figure 1.4) according to Equation 1.3

[54]-

kinuct : [Ii’lh]

kops = W (1.3)

with k,,s = observed inactivation rate constant, kj,;;.;; = maximum inacti-
vation rate constant, K; = concentration required to achieve half-maximal
inactivation, and [Inh] = inhibitor concentration.
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Figure 1.4: Relationship between mechanism-based inhibitor concentration and the
observed effect on CYP activity in vitro. Left: Plot of remaining CYP
activity versus time for all inhibitor concentrations tested with the two-
step dilution method. Here, k¢ is determined from the log-linear phase
of the decline. Right: Plot of ks versus inhibitor concentration. Non-
linear regression can be applied to determine kjn,ct and Kj. Adapted
from [10]. kgps: Observed inactivation rate constant

1.3.4 Case example: Grapefruit

Grapefruit juice-drug interactions (GF]JDIs) are the most extensively exam-
ined and characterized FDIs [9]. Grapefruit (Citrus x paradisi, Rutaceae) — a
hybrid of pomelo (Citrus maxima) and sweet orange (Citrus sinensis) [55] —
is classified as an inhibitor of CYP3A4 by the FDA [8]. The fruit contains
furanocoumarins such as bergamottin and 6,7-dihydroxybergamottin as
causative agents [56]. As mechanism-based inhibitors, these compounds
covalently bind to the CYP3A4 apoprotein [53]. Here, covalent binding is
mediated via the furan moiety of both furanocoumarins [11, 53]. As shown
in Figure 1.5, the compounds undergo enzymatic metabolism, converting
the furan moiety into reactive intermediates that covalently interact with
CYP3A4 [57].

As the inhibition is irreversible and requires de novo synthesis of CYP3A4,
an interaction does not only occur if CYP3A4 substrates are taken concomi-
tantly with grapefruit (juice) but also if the drug is consumed several hours
after the fruit [58]. GFJDI studies involving felodipine, simvastatin, and
midazolam reported that an effect of grapefruit could be observed more
than 24 h after drinking grapefruit juice [58-60], and that CYP3A4 activity
was fully restored approximately three days after juice consumption [59,
60]. Interestingly, the inhibition predominantly affects intestinal CYP3A4
after a single consumption of grapefruit (juice), while hepatic CYP3A4 is
affected only after regular consumption [21, 61]. Consequently, grapefruit
mainly impacts the bioavailability of drugs, which makes CYP3A4 substrates
such as felodipine — characterized by low oral bioavailability and high in-
testinal first-pass metabolism — particularly susceptible to interactions with
grapefruit.



10 INTRODUCTION

Furanoepoxide Intermediate P450 Protein Adducts
Protein
o 0 0 | ° o o
—» [HiN§ Q]
/ J = =
(o) HO o
. R/ R/
Furanocoumarin
o 0 0 lGSH

[OS1H;N]

/ P
| R

\ o © ° © Protein

H = %
OH ) \ Protem\
-
A R N © o o
OH I
6,7-dihydroxybergamottin
l GSH H = 7
/Y\/\(
. (¢]
bergamottin =R R/

Figure 1.5: Bioactivation pathways of bergamottin and 6,7-dihydroxybergamottin
to form protein adducts with CYP3A4. Adapted from [57].

1.4 PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING
1.4.1 Concept

According to the definition of the European Medicines Agency (EMA), PBPK
modeling is a mathematical method aiming to mechanistically describe and
predict drug concentrations in tissues and blood over time, taking into
account the interplay between physiology and physico- and biochemical
properties of the drug [62]. As a multi-compartmental modeling approach,
whole-body PBPK modeling describes the human organism as a set of com-
partments, representing organs of the body, usually those relevant for the
absorption, distribution, metabolism, and excretion (ADME) of drugs. In
addition, each compartment can be further divided into subcompartments
representing for instance blood plasma, red blood cells, intracellular and
interstitial space. Compartments are interconnected by arterial and venous
blood flow and ordinary differential equations are used to describe drug
transfer between (sub-)compartments [63].

Thereby, this mechanistic modeling technique relies on an extensive num-
ber of parameters as it combines anatomical and physiological proper-
ties (system-dependent parameters) and characteristics of the drug (drug-
dependent parameters). System-dependent parameters, usually provided in
databases of available modeling software [64], characterize the physiological
properties of the organism, for instance, tissue volume and blood flow. Drug-
dependent parameters, usually derived from in vitro or in vivo measurements
or in silico calculations, characterize physicochemical properties as well as
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ADME-relevant processes, including metabolism or active transport. Addi-
tionally, measurements derived from clinical studies, such as drug plasma
concentrations, are used to support model development and evaluation [65].
To establish virtual replicates of these clinical studies, information on study
design, including dosing regimen and patient characteristics, is incorporated
in the model simulations (study-dependent parameters).

Figure 1.6 illustrates the concept of PBPK modeling, relevant input parame-
ters, model development, and model application.

1.4.2 CYP-mediated drug-drug interaction modeling

The main concept of CYP-mediated DDI modeling is illustrated in Figure
1.7. As relevant metabolic processes can be explicitly considered in a PBPK
model, DDIs can be modeled by combining two or more PBPK models of
verified perpetrator and victim drugs developed within the same model-
ing framework into one simulation and integrating all relevant inhibiting
or inducing effects of the perpetrator drug on metabolizing enzymes [7].
This mechanistic implementation of DDIs in PBPK modeling relies on ex-
tensive knowledge of the mechanisms underlying the DDI and sufficient
parametrization of the involved processes. Respective information and pa-
rameters are usually derived from in vitro experiments.

Mechanism-based inhibition and induction both affect enzyme abundances,
and the recovery requires resynthesis of the inactivated enzyme or degrada-
tion of the overexpressed enzyme, respectively. In both cases, mechanistic
modeling has to take enzyme turnover into account, which requires knowl-
edge of the initial enzyme concentration as well as the enzyme half-life (for
liver and intestine) [66]. These parameters can be derived from the literature
or the protein expression databases of modeling software like PK-Sim®
[66]. Respective parameters enable the calculation of enzyme turnover and
changes in enzyme concentrations during the administration of a perpetrator
as well as restoration of the "steady-state" concentration after the elimination
of the perpetrator.

DDIs are dynamic processes in vivo, as plasma and tissue concentrations
of the perpetrator vary over time [67]. For the time-dependent mechanism-
based inhibition and induction, the variation in CYP concentration over
time adds another layer of complexity. Due to their mechanistic nature,
PBPK models are capable of quantitatively describing changes in perpetrator
and victim concentrations over time in plasma and tissues expressing the
enzyme. At the same time, PBPK modeling takes changes in CYP levels
into account. Therefore, PBPK modeling emerges as a powerful technique
to quantitatively predict the effect magnitude of pharmacokinetic interac-
tions [7] and to predict the outcome of various DDI scenarios involving for
instance different administration regimens of the perpetrator and the victim
drug.

Therefore, mechanistic modeling facilitates (1) an enhanced understanding
of DDIs by examining the contribution of each pathway to the overall effect;

11
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Figure 1.6: Concept of PBPK modeling. The model requires input of system-, drug-
and clinical study-dependent parameters. In this multi-compartmental
modeling approach, compartments represent organs of the body and
are connected via arterial and venous blood flow. Each compartment is
further divided into sub-compartments. The model is developed and
evaluated in an iterative predict-learn-confirm cycle and upon successful
evaluation it can be coupled with other PBPK models for DDI modeling.

(2) prediction of untested DDIs; and (3) hypothesis generation when the
observed effect cannot be explained solely by the assumed mechanisms of
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Figure 1.7: Concept of DDI modeling. Evaluated victim drug and perpetrator drug
PBPK models are linked by implementing relevant parameters describ-
ing the mechanism-based inhibition or induction. CLcyp: cytochrome
P450 mediated enzymatic clearance, C,.¢: enzyme reference concentra-
tion, EC5: concentration necessary to reach 50% of the maximal induc-
tion, Emax: maximum induction effect, K;: dissociation constant of the
enzyme-inhibitor complex, keat: catalytic rate constant, Kj: concentration
necessary for half-maximal inactivation, kin,ct: maximum inactivation
rate constant, Ki,: Michaelis-Menten constant, t, /,: enzyme half-life in
liver and intestine.

interaction. This was for example accomplished within a PBPK DDI analysis
of the CYP3A4 and P-glycoprotein (P-gp) perpetrator ketoconazole which
led to the conclusion that the prolonged DDI effect is likely not only caused
by ketoconazole but also by its metabolites [68]. DDI modeling is also an
important means of model verification. The accurate prediction of DDIs
from available clinical studies indicates that drug concentrations at the site(s)
of interaction as well as the contribution of specific enzymes to overall drug
metabolism and disposition are adequately described by the PBPK model

[1].
1.4.3 PBPK modeling in drug research and development

Model-informed drug discovery and development (MID3) involves the ap-
plication of computational models to support decision-making throughout
drug development and regulatory review [69]. Over the last two decades,
PBPK modeling has gained interest, which is underlined by the increasing
number of available publications [64] as well as submissions to regulatory
agencies [13, 70, 71], as illustrated in Figure 1.8. This increasing interest can
be explained by the increasing computational power, necessary to compute
these highly complex mathematical models, as well as the availability of user-
friendly and open-source software tools such as PK-Sim® [64]. Moreover,
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regulatory agencies have recognized and valued the potential of PBPK mod-
eling and describe its potential application for MID3 in several guidelines [6,
7, 14, 62]. According to the corresponding guidelines, PBPK modeling can
be applied to guide in vitro to in vivo extrapolation or predict DDIs that were
previously not investigated in clinical studies. By incorporating information
from various in vitro and in vivo experiments, the modeling technique can
also be applied to predict complex DDIs involving multiple mechanisms
[6]. Commonly, in regulatory decision-making, PBPK models are used to
investigate and evaluate enzyme-mediated DDIs [13, 70, 71], with a signifi-
cant focus on DDIs involving CYP3A4 [12]. Here, PBPK models support the
planning of further clinical trials or are used to replace dedicated clinical
trials to guide drug labeling [12, 72].

FDA submissions including PBPK modeling Areas of PBPK model applications (2018 - 2019)

Other
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Figure 1.8: The role of PBPK modeling in FDA submissions. Number of submissions
including PBPK modeling analyses (left) and areas of PBPK model
applications (right). Adapted from [13]. DDI: drug-drug interaction,
PBPK: physiologically based pharmacokinetic, PGx: pharmacogenetics,
phys-chem: physico-chemical.

Overall, PBPK models hold great potential to support pharmaceutical re-
search and to be applied in clinical practice. The modular and mechanistic
quantitative modeling approach allows the investigation of a broad spectrum
of scenarios in various research areas.
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The overall objective of the presented thesis was the application of PBPK
modeling to comprehensively investigate complex and time-dependent DDIs
and FDIs involving CYP3A4. This work was performed within the scope of
the project OSMOSES (Open-Source MOdellierungs- und Simulationsplat-
tform mit automatisierter Qualitdtskontrolle fiir die Entwicklung komplexer
Systemmodelle in den Lebenswissenschaften), funded by the Federal Min-
istry of Education and Research [73]. One major objective of this project was
the development of whole-body PBPK models that serve as templates for the
users of the PBPK modeling software PK-Sim®. The models were developed
and evaluated to be applied for DDI and FDI modeling, for instance within
the context of MID3. This was accomplished by a careful selection of com-
pounds, guided by the FDA’s table of substrates, inhibitors, and inducers
[8, 50], including (I) carbamazepine as a clinical index inducer of CYP3A4
[50]; (II) felodipine as a sensitive CYP3A4 substrate [8] and (III) grapefruit
(juice) as a moderate to strong mechanism-based CYP3A4 inhibitor [8]. Each
compound possesses distinct properties that enable the investigation of
unique DDI and FDI scenarios. PBPK modeling of respective compounds
and investigation of DDI and FDI scenarios were realized within projects
[-111:

2.1 PROJECTI - PHYSIOLOGICALLY BASED PHARMACOKINETIC MOD-
ELING OF CARBAMAZEPINE

Carbamazepine was selected for PBPK modeling as the FDA classifies the
drug as a clinical index inducer of CYP3A4 [50]. In addition, carbamazepine
is a substrate of CYP3A4 as well as a substrate and inducer of CYP2B6 [,
43, 44]. This complexity makes it susceptible to DDIs as both perpetrator
and victim drug across different enzymatic pathways. In Project I, a parent-
metabolite PBPK model of carbamazepine and carbamazepine-10,11-epoxide
as main metabolite was developed. The overall objectives of this PBPK mod-
eling analysis were (i) to sufficiently describe carbamazepine autoinduction
and (ii) to investigate the DDI potential of carbamazepine as CYP3A4 and
CYP2B6 inducer and substrate within a PBPK DDI network.

2.2 PROJECT II - PHYSIOLOGICALLY BASED PHARMACOKINETIC AND
PHARMACODYNAMIC MODELING OF FELODIPINE

Felodipine was selected for PBPK modeling as the FDA classifies the drug

as a sensitive substrate of CYP3A4 [8] and it has been extensively applied
as a victim drug for the investigation of GFJDIs [23]. In Project II, a parent-
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metabolite PBPK/PD model of felodipine and dehydrofelodipine has been
developed. The overall objectives of this PBPK modeling analysis were (i) to
describe the PK of both compounds, taking into account the contribution
of intestinal and hepatic CYP3A4, (ii) to describe the concentration-effect
relationship of felodipine plasma concentration and diastolic blood pressure
and heart rate and (iii) to sufficiently describe and predict DDIs with felodip-
ine as CYP3A4 victim drug to subsequently apply the model to support the
development of a GFJDI PBPK model in Project III.

2.3 PROJECT III - PHYSIOLOGICALLY BASED PHARMACOKINETIC MOD-
ELING OF GRAPEFRUIT JUICE AND ITS INTERACTION POTENTIAL

Grapefruit was selected for PBPK modeling as grapefruit juice is classified
by the FDA as a moderate to strong inhibitor of CYP3A4 [8]. FDIs with
grapefruit juice have been investigated in various GFJDI studies [9, 23]. How-
ever, the variable concentration of its ingredients and the time-dependent
nature of its inhibition complicate the assessment of its impact on drug PK.
In Project III, a GFJDI PBPK model has been established to investigate the
potential of PBPK modeling to describe FDIs. The overall objectives of the
PBPK modeling analysis were (i) to develop PBPK models of the causative
ingredients bergamottin and 6,7-dihydroxybergamottin (ii) to describe and
predict GFJDIs with various CYP3A4 substrates as well as (iii) to investigate
different GFJDI scenarios.



METHODS

3.1 SOFTWARE

Concentration-time and effect-time profiles collected from the literature
were digitalized using Engauge Digitizer Version 12.1 (M. Mitchell [74],
2020) or Get Data Graph Digitizer Version 2.26.0.20 (S. Fedorov, http:
//www.getdata-graphdigitizer.com). All models were developed using
PK-Sim® and MoBi® (Open Systems Pharmacology, version 9.1 or higher, re-
leased under the GNU General Public License version 2 (GPLv2) by the Open
Systems Pharmacology community, www.open-systems-pharmacology.org).
Parameter optimizations (Monte Carlo and Levenberg-Marquardt algo-
rithms) as well as sensitivity analyses were conducted within PK-Sim®. R
(version 3.6.2 or higher, the R Foundation for Statistical Computing, Vienna,
Austria) was used for performance evaluations, calculation of pharmacoki-
netic parameters, and generation of plots.

3.2 PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING

All PBPK models that were developed within Projects I - III were established
as described in the following section.

3.2.1 PBPK model development

LITERATURE SEARCH: PBPK modeling starts by collecting information
on the drug of interest covering its relevant drug-dependent parameters.
Clinical studies, sourced from the literature, provide concentration-time
profiles of the drug (and its metabolite) in plasma and other matrices, as
well as data on drug excretion to urine and feces. Additionally, information
on drug dosing regimens and the demographic characteristics of study
participants were extracted from the respective studies (study-dependent
parameters).

CLINICAL STUDY DATA: Data from clinical studies are digitized, analyzed,
and assigned to a training and a test dataset for model building and evalu-
ation, respectively. Here, the selection of the training dataset should be in
accordance with the following criteria whenever possible: (1) intravenous
and oral administration routes are considered, (2) studies cover a broad
dosing range, (3) parent and metabolite data are available, and (4) studies
were performed with healthy participants not taking any co-medication.
SIMULATIONS AND METABOLIC PROCESSES: Subsequently, simulations
representing virtual replicates of each clinical study are set up. Here, a
typical individual representing the study population is created based on
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the mean or mode of reported demographics (e.g., age, height, weight,
sex, ethnicity). System-dependent parameters are calculated based on the
demographics according to the PK-Sim® population databases [66]. In
addition, organ expressions of relevant metabolizing enzymes are defined
according to the PK-Sim® expression database [75].

Metabolism by relevant enzymes is described according to current literature
with first order (Equation 3.1) or Michaelis-Menten kinetics (Equation 3.2).

0 = CLgpec - [E] - [S] (3.1)

with v = reaction velocity, CLs,ec = specific enzymatic clearance, [S] =
substrate concentration and [E] = enzyme concentration.

_ Omax * [S] _ kcat . [E] i} [S]
K + [8] K + [S]

v (3.2)
with v = reaction velocity, vimax = maximum reaction velocity, K, = Michaelis-
Menten constant, [S] = substrate concentration, ket = catalytic rate constant
and [E] = enzyme concentration.

PARAMETER OPTIMIZATION AND REFINEMENT: An initial model is es-
tablished and parametrized based on the physicochemical information and
clearance pathways identified in the literature. The parameter identification
tool implemented in PK-Sim® is used to identify appropriate quantitative
structure-activity relationship methods for the mathematical description of
partition coefficients and cellular permeabilities as well as to estimate model
input parameter values that cannot be informed from the literature. Here,
the model is fitted to the observed data of the training dataset. Model pre-
dictions are subsequently compared to observed data from clinical studies,
and in iterative predict-learn-confirm cycles, the model is further refined.

3.2.2  Implementation of PD effects

The concentration-effect relationship of felodipine plasma concentration and
diastolic blood pressure and heart rate was described by an En.x model
according to Equation 3.3.

Enax - C(£)"

B0 = Ecn, iy

(3:3)
with Enax = maximum effect of felodipine on heart rate or diastolic blood
pressure, EC5, = concentration necessary to achieve 50% of Enax, h = Hill co-
efficient, C = felodipine plasma concentration, t = time, E = felodipine-effect.

In addition, blood pressure and heart rate encompass natural diurnal varia-
tion, which was implemented using published models by Chae et al. [76] and
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Lott et al. [77], respectively. Subsequently, changes in PD were described tak-
ing into account felodipine-mediated effects and diurnal variation according
to Equation 3.4.

PD(t) = PDyean - (1 + circpp(t)) — E(t) (3-4)

with PD = pharmacodynamic measurement (heart rate or diastolic blood
pressure), PDpean = mean heart rate or diastolic blood pressure over 24
h, t = time, circpp = circadian rhythm of blood pressure at t and E(t) =
felodipine-effect at t.

The implementation of PD effects is described in more detail by Fuhr et al.

[2].
3.2.3 Mathematical implementation of drug-drug and food-drug interactions

As described in Section 1.4.2, DDIs can be modeled by coupling two distinct
PBPK models and implementing all relevant enzyme inhibition or induction
processes. The following sections describe the implementation of CYP induc-
tion by carbamazepine and mechanism-based CYP inhibition by grapefruit
ingredients bergamottin and 6,7-dihydroxybergamottin.

3.2.3.1  Induction by carbamazepine

Due to interactions with transcription factors, carbamazepine increases
the apparent enzyme synthesis rate (Rsyn, app, Equation 3.5). Accordingly,
the enzyme turnover during the administration of carbamazepine can be
described by Equation 3.6, and the reaction velocity can be described by
Equation 3.2 [66]:

o Emux * [Ii’ld]
Rymapp = Reyn (1 1 ECo 1 [Ind] (55
dE(t)
dt = Rsyn,upp - kdeg : E(t) (3~6)

with Rsyn app = enzyme synthesis rate in the presence of inducer, Rgyn = en-
zyme synthesis rate, Enax = maximum induction effect, [Ind] = free inducer
concentration, EC5, = concentration necessary to reach 50% of the maximal
induction, E(t) = enzyme concentration and kqey = enzyme degradation rate
constant.

3.2.3.2 Mechanism-based inactivation by grapefruit

PBPK MODELING OF GRAPEFRUIT: To mechanistically implement GFJDIs,
bergamottin and 6,7-dihydroxybergamottin were identified as the main
causative ingredients based on their inhibitory activity assessed in vitro as
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well as their concentration in grapefruit juice. Consequently, PBPK models of
respective ingredients were established according to the methods described
in Section 3.2.1, taking their physicochemical properties and ADME-relevant
processes into account. The consumption of GFJ was then simulated as in-
gestion of bergamottin and 6,7-dihydroxybergamottin. Hereby, the ingested
amount of bergamottin and 6,7-dihydroxybergamottin was calculated based
on the ingested volume and the concentration of each compound in the juice.
If concentrations were not determined in the simulated clinical study, mean
concentrations had to be assumed. Therefore, concentration measurements
were gathered from the literature, and mean concentrations of bergamottin
and 6,7-dihydroxybergamottin were calculated stratified by juice preparation
(canned juice or juice prepared from frozen concentrate) [3].

IMPLEMENTATION OF THE MECHANISM-BASED INACTIVATION: By ir-
reversibly binding to CYP3A4, the grapefruit ingredients bergamottin and
6,7-dihydroxybergamottin increase the enzyme degradation rate constant
(Kdeg), which can be described according to Equation 3.7. Accordingly, the
enzyme turnover during the administration of grapefruit juice can be de-
scribed by Equation 3.8. Mechanism-based inhibitors also competitively
inhibit the enzyme. This is reflected in the PBPK model by substituting the
Michaelis-Menten constant (Ky,) in Equation 3.2 by K app (Equation 3.9).
[66].

_ Kinact - [Inh]
kdeg,app - kdeg + ( K + [Ii’lh] (37)
dE(t)
7 = Rsyn - kdeg,app : E(t) (3-8)

with Kgegapp = enzyme degradation rate constant in the presence of the
mechanism-based inactivator, kge; = enzyme degradation rate constant,
Kinact = maximum inactivation rate constant, [Inh] = free inhibitor concen-
tration, Kj = concentration necessary for half-maximal inactivation, E(t) =
enzyme concentration and Rgyn = enzyme synthesis rate.

[Inh]

1

Kinapp = K - (1+ ) (3.9)
with K app = Michaelis-Menten constant in the presence of the mechanism-
based inactivator, K, = Michaelis-Menten constant, [Inh] = free inhibitor
concentration, and K; = dissociation constant of the enzyme-inhibitor com-
plex.

3.2.4 Model evaluation

The performance of the PBPK models is evaluated graphically according to
the following methods:
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1. Simulated (plasma) concentration-time profiles are compared graphi-
cally to respective observed profiles.

2. Predicted concentration values are compared to corresponding ob-
served measurements in goodness-of-fit plots.

3. Predicted and observed area under the (plasma) concentration-time
curve calculated from the time of drug administration to the time of
the last concentration measurement (AUCj,5) and maximum (plasma)
concentration (Cpnax) values are compared in goodness-of-fit plots.

Furthermore, the following quantitative measures are assessed to evaluate
model performance:

1. Mean relative deviations (MRD) of predicted concentration values are
calculated according to Equation 3.10.

2. Geometric mean fold error (GMFE) of predicted AUC),st and Cpax
values are calculated according to Equation 3.11.

. 1 &
MRD = 10*, with x = \/m Z(log10 Cpred,i — 10810 Covs,i)? (3.10)
i=1

with cpreq,i = predicted plasma concentration, cps; = corresponding observed
plasma concentration, and m = number of observed values.

1& PK red,i
GMFE = 10*, withx ==Y |1 pred,
w1 n 1:21 ’ Oglo( PKobs,i )’

(3.11)

with PKpreqi = predicted AUCus or Ciax value, PKgps; = corresponding
observed AUC ¢ or Cmax value and n = number of studies.

3.2.4.1 Drug-drug interaction model evaluation

Modeled DDIs are evaluated by the following graphical and quantitative
methods:

1. Predicted and observed plasma concentration-time profiles of the
victim drug before and during perpetrator co-administration are com-
pared graphically.

2. Predicted and observed DDI AUC}, and Cpnax ratios are calculated
according to Equation 3.12 and compared in goodness-of-fit plots.

3. GMEE of the predicted DDI AUC),s; and Cpax ratios are calculated
according to Equation 3.11

21



22 METHODS

PKpamm,victim during DDI
PKpamm,victim control

DDI PKParam,victim ratio = (3'12)

with PKparam,victim = AUC]ast OF Ciax value of the victim drug



RESULTS

4.1 PROJECT I - PHYSIOLOGICALLY BASED PHARMACOKINETIC MOD-
ELING OF CARBAMAZEPINE

PUBLICATION

Fuhr, L.M.; Marok, F.Z.; Hanke, N.; Selzer, D.; Lehr, T. Pharmacokinetics of
the CYP3A4 and CYP2B6 Inducer Carbamazepine and Its Drug-Drug Inter-
action Potential: A Physiologically Based Pharmacokinetic Modeling Ap-
proach. Pharmaceutics. 2021. 13(2):270, doi: 10.3390/pharmaceutics13020270.

SUPPLEMENTARY MATERIALS

The supplementary materials to this publication are provided on the accom-
panying USB storage device and are available online via: https://www.mdpi.
com/1999-4923/13/2/270/s1

COPYRIGHT

This article is an open access article distributed under the terms and
conditions of the Creative Commons Attribution (CC BY) license (http:
//creativecommons.org/licenses/by/4.0/), permitting unrestricted use,
distribution, and reproduction in any medium, provided the original work

is properly cited.

© 2021 by the authors. Licensee MDPI, Basel, Switzerland.

23


https://doi.org/10.3390/pharmaceutics13020270
https://www.mdpi.com/1999-4923/13/2/270/s1
https://www.mdpi.com/1999-4923/13/2/270/s1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

24 RESULTS

AUTHOR CONTRIBUTIONS

Laura Fuhr Conceptualization, Investigation,
Visualization, Writing-Original Draft,
Writing—Review & Editing

Fatima Marok Conceptualization, Investigation,
Writing—Review & Editing

Nina Hanke Conceptualization, Investigation,
Writing-Review & Editing

Dominik Selzer Conceptualization, Investigation,
Writing—-Review & Editing

Thorsten Lehr ~ Conceptualization, Funding Acquisition,

Investigation, Writing-Review & Editing



<

pharmaceutics

4.1 PROJECT I - PBPK MODELING OF CARBAMAZEPINE 25

Article

Pharmacokinetics of the CYP3A4 and CYP2B6 Inducer
Carbamazepine and Its Drug-Drug Interaction Potential:
A Physiologically Based Pharmacokinetic Modeling Approach

Laura Maria Fuhr, Fatima Zahra Marok, Nina Hanke

check for

updates
Citation: Fuhr, L.M.; Marok, EZ.;
Hanke, N.; Selzer, D.; Lehr, T.
Pharmacokinetics of the CYP3A4 and
CYP2B6 Inducer Carbamazepine and
Its Drug-Drug Interaction Potential:
A Physiologically Based
Pharmacokinetic Modeling Approach.
Pharmaceutics 2021, 13, 270. https://
doi.org/10.3390/ pharmaceutics130
20270

Academic Editor: Beom Soo Shin

Received: 22 December 2020
Accepted: 11 February 2021
Published: 17 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Dominik Selzer and Thorsten Lehr *

Clinical Pharmacy, Saarland University, 66123 Saarbriicken, Germany; laura.fuhr@uni-saarland.de (L.M.E);
fatima.marok@uni-saarland.de (F.Z.M.); n.hanke@mx.uni-saarland.de (N.H.);
dominik.selzer@uni-saarland.de (D.S.)

* Correspondence: thorsten.lehr@mx.uni-saarland.de; Tel.: +49-681-302-70255

Abstract: The anticonvulsant carbamazepine is frequently used in the long-term therapy of epilepsy
and is a known substrate and inducer of cytochrome P450 (CYP) 3A4 and CYP2B6. Carbamazepine
induces the metabolism of various drugs (including its own); on the other hand, its metabolism can
be affected by various CYP inhibitors and inducers. The aim of this work was to develop a physiolog-
ically based pharmacokinetic (PBPK) parent—metabolite model of carbamazepine and its metabolite
carbamazepine-10,11-epoxide, including carbamazepine autoinduction, to be applied for drug—drug
interaction (DDI) prediction. The model was developed in PK-Sim, using a total of 92 plasma
concentration—time profiles (dosing range 50-800 mg), as well as fractions excreted unchanged in
urine measurements. The carbamazepine model applies metabolism by CYP3A4 and CYP2C8 to
produce carbamazepine-10,11-epoxide, metabolism by CYP2B6 and UDP-glucuronosyltransferase
(UGT) 2B7 and glomerular filtration. The carbamazepine-10,11-epoxide model applies metabolism by
epoxide hydroxylase 1 (EPHX1) and glomerular filtration. Good DDI performance was demonstrated
by the prediction of carbamazepine DDIs with alprazolam, bupropion, erythromycin, efavirenz and
simvastatin, where 14/15 DDI AUC,; ratios and 11/15 DDI Cpay ratios were within the prediction
success limits proposed by Guest et al. The thoroughly evaluated model will be freely available in
the Open Systems Pharmacology model repository.

Keywords: physiologically based pharmacokinetic (PBPK) modeling; carbamazepine; carbamazepine-
10,11-epoxide; drug-drug interactions (DDIs); cytochrome P450 3A4 (CYP3A4); cytochrome P450
2B6 (CYP2B6); induction

1. Introduction

The anticonvulsant drug carbamazepine is known to induce multiple metabolizing
enzymes. It is classified by the U.S. Food and Drug Administration (FDA) as a strong
inducer (area under the plasma concentration—time curve (AUC) decrease of victim drug
> 80%) of cytochromes P450 (CYP) 3A4 and CYP2B6 [1]. Furthermore, carbamazepine
itself is also metabolized by the respective enzymes [2], with metabolism via CYP3A4
to the pharmacologically active metabolite carbamazepine-10,11-epoxide as one of the
main routes of elimination [3]. As a result, carbamazepine induces its own—as well
as other drugs’—metabolism during multiple dose administration. Additionally, carba-
mazepine plasma levels can also be affected by enzyme inhibitors and inducers. There-
fore, the coadministration of carbamazepine with other drugs, i.e., sensitive CYP3A4 or
CYP2B6 substrates or perpetrators, can result in complex interaction patterns. Elevated
carbamazepine plasma concentrations, caused by CYP3A4 inhibition, as well as elevated
carbamazepine-10,11-epoxide plasma concentrations, caused by CYP3A4 induction, are
associated with carbamazepine-related adverse events, including nausea, vomiting, drowsi-
ness or mental confusion [4-6]. Additionally, as a strong enzyme inducer, carbamazepine
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significantly reduces plasma concentrations of coadministered victim drugs. For the CYP3A4
substrate simvastatin and the CYP2B6 substrate bupropion, AUC decreases of 82% and
90% were observed if coadministered with carbamazepine [7,8], risking loss of efficacy of
those compounds.

As CYP3A4 is highly expressed in liver and intestine and metabolizes up to 50% of
all marketed drugs independent of the drug class [9], interactions with a broad spectrum
of substances are possible, for example with antiviral drugs (efavirenz) or antibiotics
(erythromycin). The drug-drug interaction (DDI) with efavirenz illustrates the complexity
of carbamazepine DDIs, as both compounds are CYP3A4 and CYP2B6 substrates as well as
inducers and therefore, mutually induce each other’s metabolism [10].

As carbamazepine plays a crucial role in the treatment of epilepsy (recommended as
first line treatment option by Cochrane [11] and included in the World Health Organization
(WHO) Model List of Essential Medicines [12]), surveillance and examination of its DDI
potential is important to ensure a safe drug therapy. The FDA recommends the use of
carbamazepine as CYP3A4 and CYP2B6 inducer in clinical drug—-drug interaction studies
and it was applied in recent clinical trials, for example, with etonorgestrel, basimglurant or
bitopertin [13]. In this case, the physiologically based pharmacokinetic (PBPK) modeling
technique can come in as a helpful tool. With PBPK modeling, the pharmacokinetics
(PK) of carbamazepine can be quantitatively described and the model can be coupled
with other PBPK models to dynamically describe and predict DDIs. This modeling tech-
nique is recognized and recommended by the regulatory agencies FDA and the European
Medicines Agency (EMA) [14,15]. More than 60% of PBPK models submitted to the FDA
investigate DDIs. Several published studies investigate the DDI potential of carbamazepine
using a PBPK modeling approach [13,16-19]. While carbamazepine is typically used as an
inducer to investigate the interaction with a substrate, our study aims to provide a compre-
hensive overview on the pharmacokinetics of carbamazepine and its DDIs, investigating
carbamazepine not only as inducer but also as victim drug.

Hence, the aims of the current study were (1) to develop a parent—metabolite PBPK
model of carbamazepine and its main metabolite carbamazepine-10,11-epoxide, with
implementation of carbamazepine autoinduction and (2) to apply the developed model for
DDI predictions with carbamazepine as a perpetrator and victim drug.

The thoroughly evaluated model will be publicly available in the Open Systems
Pharmacology (OSP) repository and can be applied to investigate and predict CYP3A4 and
CYP2B6 DDIs. The Supplementary Materials to this paper will serve as a reference manual
with detailed documentation of the model development and performance.

2. Materials and Methods
2.1. Software

The PBPK model was developed with PK-Sim and MoBi (Open Systems Pharmacology
Suite 9.1, released under the GNU General Public License version 2 (GPLv2) license
by the Open Systems Pharmacology community, www.open-systems-pharmacology.org,
2020). Parameter optimization (Monte-Carlo and Levenberg-Marquardt algorithms) and
sensitivity analysis were performed with PK-Sim. Clinical study data from literature
were digitized with Engauge Digitizer Version 10.12 (M. Mitchell [20], 2019) according
to guidelines by Wojtyniak et al. [21]. Pharmacokinetic parameters were calculated and
plots were created with R 3.6.2 (The R Foundation for Statistical Computing, Vienna,
Austria, 2019).

2.2. Clinical Data

Plasma and saliva concentration—time profiles and fraction excreted (fe) unchanged
in urine measurements of carbamazepine and carbamazepine-10,11-epoxide were collected
and digitized from published clinical studies. Studies were selected to cover the adminis-
tration of carbamazepine (1) over a broad dosing range, (2) in single- and multiple-dosing
regimens and (3) for different carbamazepine formulations. Clinical studies investigating
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the oral administration of the metabolite carbamazepine-10,11-epoxide were also included.
Studies were preferred if they were conducted with healthy participants without comedica-
tion and if frequent as well as late sampling data was provided.

The digitized clinical studies were split into a model building (training) dataset and
a model evaluation (test) dataset. The studies for the training dataset were selected to
inform the implemented pharmacokinetic processes by covering a broad dosing range,
single- and multiple-dose studies, the application of different carbamazepine formulations,
and information on saliva concentrations and urinary excretion of carbamazepine as well
as plasma concentrations and urinary excretion of the metabolite carbamazepine-10,11-
epoxide. An overview of all utilized clinical studies and their assignment to training or test
dataset is documented in Table S1 of the Supplementary Materials.

2.3. Model Building

The modeling process was initiated with a literature search for physicochemical pa-
rameters and information on absorption, distribution, metabolism and excretion (ADME)
processes. During model development, different reported parameter values and the im-
pact of different ADME processes were tested. An overview of the ADME processes of
carbamazepine is provided in the Supplementary Materials and corresponding literature
parameters are listed in Table 1.

For simulations, virtual mean individuals were generated based on age, sex, ethnicity,
body weight, and height as reported in the respective study protocols. If no information
was provided, a 30-year-old, male, European individual with mean body weight and height
characteristics from the PK-Sim population database was created. The PK-Sim expression
database [22] was used to define the relative expression of relevant metabolizing enzymes
in the different organs of the body. Model parameters that could not be described using
information from literature were estimated by fitting the model to the observed data of the
whole training dataset.

An overview of essential parameters needed to build a PBPK model, the whole-body
PBPK model structure and implemented elimination processes are illustrated in Figure 1.

Elimination processes for carbamazepine include (1) metabolism by CYP3A4 and
CYP2C8 to carbamazepine-10,11-epoxide, (2) metabolism by CYP3A4, CYP2B6 and UGT2B7
as well as hepatic clearance to cover further metabolic processes, (3) autoinduction of
CYP3A4 and CYP2B6 and (4) passive glomerular filtration with tubular reabsorption [23].
The carbamazepine-10,11-epoxide metabolite model includes (1) metabolism by epoxide
hydroxylase 1 (EPHX1) [24,25] and (2) renal elimination via passive glomerular filtration
with tubular reabsorption.

Development of the parent—metabolite PBPK model was accomplished in a stepwise
procedure. First, a model for the metabolite carbamazepine-10,11-epoxide was developed,
based on three clinical studies that administered carbamazepine-10,11-epoxide. Metabolism
by EPHX1 was implemented as a first-order clearance process according to Equation (1):

v = [E]*CLspec*S 1)

where [E] = enzyme concentration, CLspec = specific enzymatic clearance and S = substrate
amount.

Passive glomerular filtration with reabsorption was described using a glomerular
filtration rate (GFR) fraction < 1. The metabolite carbamazepine-10,11-epoxide model
was subsequently combined with the parent carbamazepine model and the implemented
parameter values were refined during development of the parent—metabolite model using
the whole training dataset.

Metabolic pathways of carbamazepine were implemented using Michaelis—Menten
kinetics, according to Equation (2):

_ [E]#Kcat * [S]

Kon + 9] @
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where [E] = enzyme concentration, kst = catalytic rate constant, [S] = substrate concentra-
tion and K, = Michaelis—Menten constant.

Induction of CYP3A4, CYP2B6 and EPHX1 was implemented using a maximum effect
(Emax) model, as described in the Supplementary Materials Section 1.5. To inform the
optimization of CYP3A4 induction, the carbamazepine-alprazolam DDI study was added
to the training dataset. Renal clearance of carbamazepine, consisting of passive glomerular
filtration with tubular reabsorption, was modeled using an estimated GFR fraction < 1.

Oral dosage forms of carbamazepine in the modeled clinical studies include solu-
tions, suspensions, immediate release tablets and extended release tablets or capsules. To
simulate solutions and suspensions, carbamazepine was modeled as a dissolved drug.
The dissolution kinetics of the other formulations were described using Weibull functions.
Different parameters were estimated for fasted or fed state, as Levy et al. and McLean et al.
observed an increased carbamazepine absorption for ingestion of different carbamazepine
formulations with food [26,27].

2.4. PBPK Model Evaluation

Model performance was evaluated (1) by comparing the predicted plasma
concentration—time profiles to observed profiles and (2) by comparing predicted plasma
concentration values to the corresponding observed values in goodness-of-fit plots, as well
as (3) by comparing predicted with observed area under the plasma concentration—time
curve (AUC) and maximum plasma concentration (Cmax) values. AUC values were calcu-
lated from the time of drug administration to the time of the last concentration measurement
(AUC;,t). Predictions were considered successful if they did not deviate more than 2-fold
from observed values.

For a quantitative description of the model performance, the mean relative deviation
(MRD) of predicted plasma concentrations and the geometric mean fold error (GMFE) of
predicted AUC,¢ and Cmax values were calculated as described in the Supplementary Ma-
terials. We considered MRD and GMEFE values < 2 as adequate model performance metrics.

2.5. DDI Modeling

In addition to the previously described methods for PBPK model evaluation, the
carbamazepine model was challenged by prediction of DDIs, with carbamazepine as
CYP3A4 and CYP2B6 victim or perpetrator drug.

Clinical DDI studies with erythromycin, alprazolam, simvastatin, bupropion and
efavirenz were available and used for DDI modeling. The previously developed PBPK
models of erythromycin, alprazolam and efavirenz were downloaded from the OSP reposi-
tory on GitHub (https:/ /github.com/Open-Systems-Pharmacology [28-30]). The bupro-
pion [31] and simvastatin [32] models were developed in our working group.

The parameters describing the induction of CYP3A4 and CYP2B6 by carbamazepine
were already introduced during carbamazepine model building, as the compound induces
its own metabolism. The mathematical implementation of the induction processes is de-
scribed in Section 1.5 in the Supplementary Materials. The carbamazepine-alprazolam DDI
study was used in the training dataset to inform the parametrization of the carbamazepine
CYP3A4 induction. All other DDIs were purely predictive.

The DDI performance of all models except the efavirenz model (CYP2B6) was eval-
uated previously [28-32]. Therefore, all relevant interaction parameters were already
implemented in the models and adopted in this project. The mathematical implementa-
tion of (1) the mechanism-based CYP3A4 inhibition by erythromycin, (2) the induction of
CYP3A4 by efavirenz, (3) the induction of CYP2B6 by efavirenz and (4) the competitive
inhibition of CYP3A4 by simvastatin are described in the Supplementary Materials. The
drug-dependent parameters and interaction parameters of the previously developed mod-
els applied for carbamazepine DDI predictions are reproduced in Tables S6, S12, S15, S18
and S21 in the Supplementary Materials.
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The performance of the efavirenz model as a CYP2B6 substrate and inducer was
evaluated prior to DDI modeling with carbamazepine, using bupropion and rifampicin as
CYP2B6 substrate and inducer, respectively. Based on this evaluation, the efavirenz model
parameters were readjusted, which is further described in the Supplementary Materials.

2.6. DDI Model Evaluation

The DDI performance was assessed by comparison of predicted to observed victim
drug plasma concentration—time profiles without and with coadministration of the perpe-
trator drug. Additionally, predicted DDI AUC,g; ratios (Equation (3)) and DDI Cpax ratios
(Equation (4)) were compared to the respective observed ratios.

AUClast victim drug during coadministration

DDI AUC,; ratio =

®G)

AUCast victim drug alone

DDI Cppy ratio — Cmax victim drug during coadministration @

Cmax victim drug alone

As stated by Guest et al. [33], allowing up to 2-fold deviation of predicted to observed
DDI ratios is not appropriate to assess the success of DDI predictions. For observed
DDI ratios of 1 (no interaction), the 2-fold deviation would allow predicted DDI ratios
between 0.5 (induction) and 2 (weak to moderate inhibition), which could overstate the
DDI performance for weak interactions. Therefore, the prediction success limits proposed
by Guest et al. [33] were used to evaluate the DDI predictions, accepting 20% deviation for
observed DDI ratios approaching 1.

For each DDI, GMFEs of the predicted DDI AUCj,g; ratios and DDI Cpax ratios were
calculated, as described in the Supplementary Materials.

(b) (c)
e
0 \
CYP3A4 CYP2B6
I Erythromycin || Alprazolam |I Simvastatin II Bupropion

Figure 1. Schematic representation of the PBPK modeling workflow. (a) PBPK modeling requires system- and drug-

dependent parameters, describing the anatomical and physiological characteristics of the individual and the properties of

the simulated compound, respectively. Information on the study protocol of the described clinical study is relevant as well,

e.g., formulation and administration of the simulated compound. (b) The PBPK model consists of multiple compartments,

representing organs of the body, which are connected via the arterial and venous blood flows. (c) The final structure of the

carbamazepine parent—metabolite PBPK model. (d) Overview of the modeled DDIs. Drawings by Servier, licensed under
CC BY 3.0 [34]. CYP: cytochrome P450, EPHX1: epoxide hydroxylase 1, K4: dissociation constant, Ky: Michaelis—Menten
constant, pK,: acid dissociation constant, UGT: UDP-glucuronosyltransferase, Vmax: maximum velocity.
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3. Results
3.1. PBPK Model Building

The parent—metabolite PBPK model of carbamazepine and carbamazepine-10,11-
epoxide was built and evaluated using 40 clinical studies of oral administration, covering a
broad dosing range (50-800 mg), different formulations as well as single- and multiple-dose
regimens. In three of the included studies, the metabolite carbamazepine-10,11-epoxide
was administered. In total, 58 and 34 plasma concentration—time profiles, and 4 and
5 fraction excreted unchanged in urine profiles, of carbamazepine and carbamazepine-
10,11-epoxide were used, respectively. Additionally, 3 saliva concentration—time profiles
were available for carbamazepine. All utilized clinical studies are listed in Table S1 of the
Supplementary Materials.

Metabolism of carbamazepine by CYP2C8, CYP2B6 and UGT2B7 was described using
Km and keat values from literature. Two metabolic processes by CYP3A4 were implemented,
as carbamazepine is metabolized by CYP3A4 to carbamazepine-10,11-epoxide as well as to
hydroxylated metabolites [35]. For both reactions, Ky, values were taken from literature,
while keat values were optimized.

A half-maximal effective concentration ECs5y = 20.0 uM (mean value calculated from
literature values) was applied to describe the CYP3A4 induction. Although literature values
for CYP2B6 EC5p were reported, the same ECsy = 20.0 uM was applied to describe the
CYP2B6 induction, assuming that induction of both enzymes by carbamazepine is mediated
via activation of the same nuclear receptor (constitutive androstane receptor [CAR]) [36].
The associated Emax values were optimized. Induction of EPHX1 was implemented as
well, based on reports of an increase in carbamazepine-10,11-epoxide clearance during
chronic carbamazepine treatment [37]. As no information on ECsy or Emax for EPHX1 was
available, ECsp = 20.0 uM was used, assuming induction via activation of CAR as well, and
Emax was optimized.

All implemented metabolic processes are summarized in Figure 1c. Drug-dependent
parameters of carbamazepine and carbamazepine-10,11-epoxide are listed in Table 1, details
on the distribution and localization of the implemented enzymes are provided in Table 545
of the Supplementary Materials.

Table 1. Drug-dependent parameters of carbamazepine and carbamazepine-10,11-epoxide.

Parameter Unit Model Literature Reference
Carbamazepine
Molecular weight g/mol 236.27 (Lit) 236.27 [38]
Lipophilicity Log Units 2.00 (Fit) 1.45;2.1;2.45;2.77 [38—40]
Solubility (FaHIF) ug/mL 336 (Lit) 170; 283; 306; 336 [41-44]
Fraction unbound % 25 (Lit) 21; 24; 25 [45-48]
Km (CYP3A4) — CBZ-E uM 248 (Lit) 119; 248; 442; 630 [2,49-51]
keat (CYP3A4) — CBZ-E 1/min 0.75 (Fit) 1.17;1.7;4.87;5.3b [2,49-51]
Km (CYP2C8) — CBZ-E uM 757 (Lit) 757 [50]
Keat (CYP2C8) — CBZ-E 1/min 0.67 (Lit) 0.67° [50]
Km (CYP3A4) uM 282 (Lit) 282 [35]
Keat (CYP3A4) 1/min 0.20 (Fit) 0.16° [35]
Km (CYP2B6) uM 420 (Lit) 420 [35]
keat (CYP2B6) 1/min 0.43 (Lit) 043" [35]
Km (UGT2B7?) uM 214 (Lit) 214 [52]
Keat (UGT2B7) 1/min 9.53 x 1073 (Lit) 953 x 1073 ¢ [52]
CLhep 1/min 0.02 (Fit) - -
GER fraction - 0.03 (Fit)

ECs; (CYP3A4) uM 20.00 @ (Lit) 4.3-137 [53-60]
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Table 1. Cont.
Parameter Unit Model Literature Reference
Carbamazepine
Emax (CYP3A4) - 6.00 (Fit) 1.9-23 [53-60]
ECso (CYP2B6) uM 20.00 @ (Asm) 22-145 [60-62]
Emax (CYP2B6) - 17.00 (Fit) 3.1-21.5 [60-62]
ECsp (EPHX1) uM 20.00 @ (Asm) - -
Emax (EPHX1) - 3.25 (Fit) - -
Intestinal permeability cm/s 4.3 x 107* (Lit) 43 x 1074 [63]
Partition coefficients - Rodgers and Rowlands [64,65]
Cellular permeabilities cm/s PK-Sim Standard [66]
Carbamazepine-10,11-epoxide
Molecular weight g/mol 252.27 (Lit) 252.27 [67]
Lipophilicity Log Units 1.00 (Fit) 1.58;1.97 [67]
Solubility pg/mL 1340 (Lit) 1340 [67]
Fraction unbound % 51.8 (Lit) 46.8;49.0; 47.0; 51.8; 50.0 [68]
CLspec (EPHX1) 1/min 0.01 (Fit) - -
GEFR fraction - 0.21 (Fit) - -
Intestinal permeability cm/s 5.0 x 1073 (Fit) - -
Partition coefficients - Rodgers and Rowland: [64,65]
Cellular permeabilities cm/s PK-Sim Standard [66]

Asm: assumption, CBZ-E: carbamazepine-10,11-epoxide, CLhep: hepatic clearance, CLgpec: specific clearance, CYP: cytochrome P450, GFR:
glomerular filtration rate, EC5o: half maximal effective concentration, Emax: maximum effect, EPHX1: epoxide hydroxylase 1, FaHIF: fasted
human intestinal fluid, Fit: fitted in parameter optimization, Ki,: Michaelis—Menten constant, kea: catalytic rate constant, Lit: literature,
UGT: UDP-glucuronosyltransferase, Vimax: maximum reaction velocity. ® mean of literature values of EC5y (CYP3A4), assumed for all ECs
values. P ket values calculated within PK-Sim from Vmayx/recombinant enzyme. ket value calculated within PK-Sim from Viax = 0.79
pmol/min/microsomal protein, derived from in vitro assays in microsomes, assuming a microsomal UGT2B7 content of 82.9 pmol/mg
microsomal protein [69]; kcat = Vimax/UGT2B7 content microsomes.

Figure 2 shows exemplary predictions of plasma concentration—time profiles com-
pared to observed clinical data. Predicted compared to observed plasma concentration—time
profiles of all studies are shown in the Supplementary Materials on a linear and semi-
logarithmic scale.

Plasma concentration goodness-of-fit plots along with MRD values for all analyzed
studies are provided in the Supplementary Materials. In total, 94% and 69% of all carba-
mazepine and carbamazepine-10,11-epoxide plasma concentrations lie within the 2-fold
acceptance limits, with overall MRD values of 1.38 and 1.76, respectively. Figure 3 shows
predicted compared to observed AUC,q and Cax values. Low overall GMFEs of 1.20 and
1.57 for carbamazepine and carbamazepine-10,11-epoxide AUC,q values, as well as 1.24
and 1.65 for carbamazepine and carbamazepine-10,11-epoxide Cmax values, respectively,
demonstrate a good model performance. Table 54 lists all AUC},¢; and Cax values with
the corresponding GMFEs.
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Figure 2. Model predictions of carbamazepine (dark blue: plasma, light blue: saliva) and carbamazepine-10,11-epoxide
(green) concentration—time profiles of exemplary studies after (a—e) single- and (f-i) multiple-dose administration of
different carbamazepine formulations [70-78] in comparison to observed data. Observed data are shown as dots £ SD (if
available), simulations are shown as solid lines. Detailed information about the study protocols and model simulations of
all clinical studies used to evaluate the carbamazepine model performance are provided in the Supplementary Materials.
bid: twice daily, cap: capsule, D: day, n: number of subjects, qd: once daily, sd: single dose, sol: solution, susp: suspension,
tab: tablet, tab*: tablet with concomitant food intake, te: test dataset, tr: training dataset, XR: extended release.

Sensitivity analysis of a simulation of 400 mg three times daily orally administered
carbamazepine with a parameter perturbation of 1000% and a sensitivity threshold of 0.5
revealed that the carbamazepine AUC is mainly sensitive to the carbamazepine fraction
unbound in plasma (literature), while the carbamazepine-10,11-epoxide AUC is sensitive
to carbamazepine-10,11-epoxide fraction unbound in plasma (literature), EPHX1 clearance
of carbamazepine-10,11-epoxide (optimized), Ky, and ke, of carbamazepine CYP3A4
metabolism to carbamazepine-10,11-epoxide (literature and optimized, respectively) and
carbamazepine EPHX1 Enax (optimized). The full quantitative results of the sensitivity
analysis of all tested parameters are documented in the Supplementary Materials.
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Figure 3. Performance of the carbamazepine parent—metabolite PBPK model. Predicted compared to observed (a) AUC|,q

values and (b) Cmax values of carbamazepine and carbamazepine-10,11-epoxide of all analyzed studies. The line of identity
is shown as solid line; 1.25-fold deviation is shown as dotted lines; 2-fold deviation is shown as dashed lines. AUC,q;: area
under the plasma concentration—time curve from dosing to the last concentration measurement, Cpax: maximum plasma

concentration, te: test dataset, tr: training dataset.

3.2. DDI Modeling

A total number of seven DDI studies, providing eight victim drug plasma
concentration—time profiles and seven metabolite plasma concentration—time profiles,
were used to evaluate the DDI performance of the carbamazepine parent—metabolite PBPK
model. Those include studies with CYP3A4 victim drugs (alprazolam and simvastatin), a
CYP3A4 inhibitor (erythromycin), a CYP2B6 victim drug (bupropion) as well as a CYP3A4
and CYP2B6 victim and perpetrator drug (efavirenz). The carbamazepine DDI network is
illustrated in Figure 1d.

The DDI potential of carbamazepine as CYP3A4 substrate was assessed using three
DDI studies with erythromycin as mechanism-based CYP3A4 inhibitor and substrate. In
two studies a single dose of carbamazepine was applied after pretreatment with multiple
doses of erythromycin [4,79]. In the third study, patients were pretreated with multiple
doses of carbamazepine before coadministration of multiple doses of erythromycin [80],
resulting in significant induction of CYP3A4 before the administration of the CYP3A4
inhibitor erythromycin.

The DDI potential of carbamazepine as CYP3A4 and CYP2B6 inducer was assessed
using DDI studies with alprazolam and simvastatin as CYP3A4 and bupropion as CYP2B6
victim drugs. In those studies, pretreatment with multiple doses of carbamazepine was
initiated to ensure significant enzyme induction before a single oral dose of the respective
victim drugs was administered [7,8,81]. In the utilized efavirenz—carbamazepine DDI
study, both compounds were administered in multiple oral dose regimens. The effect
of drug coadministration was examined for each drug. Information on all utilized DDI
studies along with detailed study protocols, demographics and references is provided in
Tables 513, S16, S19, S22 and S24 in the Supplementary Materials.

The DDI performance of the carbamazepine model with carbamazepine as victim
or perpetrator drug is shown in Figures 4 and 5, respectively. Plots show predicted
victim drug plasma concentration—time profiles, with and without coadministration of the



34  RESULTS

Pharmaceutics 2021, 13, 270 100f 19

perpetrator drug, compared to observed data. Predicted compared to observed plasma
concentration—time profiles of all DDI studies are also depicted in the Supplementary
Materials on a semi-logarithmic and linear scale.

Predicted compared to observed DDI AUC),s; and DDI Cpax ratios are visualized
in Figure 6 and are listed along with the corresponding GMFE values in Section 5 of the
Supplementary Materials. 14/15 DDI AUC),q ratios and 11/15 DDI Cpayx ratios were
within the prediction success limits proposed by Guest et al., with low overall GMFEs of
1.26 and 1.30 for all predicted DDI AUC,qt and Cax ratios, respectively.
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Figure 4. Victim drug plasma concentration—time profiles of the modeled drug—drug interactions with carbamazepine
as victim drug (first row: carbamazepine, second row: metabolite carbamazepine-10,11-epoxide). Predictions of the
victim drug plasma concentrations during the erythromycin—carbamazepine DDI (a) without and (b) with carbamazepine
pretreatment [79,80] and (c) the efavirenz—carbamazepine DDI [8] are shown in comparison to observed data. Observed
data are shown as dots & SD (if available); predictions are shown as solid lines. Details on the study protocols and model
simulations of all investigated DDI studies are provided in the Supplementary Materials. md: multiple dose, n: number of
individuals, sd: single dose, tab: tablet, tab*: tablet with concomitant food intake.



Pharmaceutics 2021, 13, 270

4.1 PROJECT I - PBPK MODELING OF CARBAMAZEPINE

35

11 of 19

(a)

Plasma Concentration [ug/ml]

(c)

Plasma Concentration [ug/ml]

0.005 0.010 0.015

0.000

0.04 0.08 0.12

0.00

(b)

Alprazolam - 0.8 mg, sd, tab (tr)

—e— Alprazolam, Furukori 1998
—e— with Carbamazepine, Furukori 1998

168

L n=7 ?
>
2
c
5
©
=
Q
[§]
[
(e}
o
(1]
£
(7]
o
o
174 180 186 192 198
Time [h]

(d)

Bupropion - 150 mg, sd, tab

—e— Bupropion, Ketter 1995
—e— with Carbamazepine, Ketter 1995
n=17/12

Plasma Concentration [ug/ml]

516 528

Time [h]

504 540

0.005 0.010 0.015 0.020

0.000

Simvastatin - 80 mg, sd, tab

—e— Simvastatin, Ucar 2004
—e— with Carbamazepine, Ucar 2004
n=12

348 360

Time [h]

Efavirenz - 600 mg, qd, tab

—e— Efavirenz, Ji 2008
with Carbamazepine, Ji 2008
n=36

816

828 834 840

Time [h]

822

Figure 5. Victim drug plasma concentration—time profiles of the modeled drug-drug interactions with carbamazepine as
perpetrator drug. Predictions of the victim drug plasma concentrations during the (a) carbamazepine—alprazolam DDI [81],
(b) carbamazepine—simvastatin DDI [7] (c) carbamazepine—bupropion DDI [8] and (d) carbamazepine—efavirenz DDI [10]
are shown in comparison to observed data. Observed data are shown as dots & SD (if available); predictions are shown
as solid lines. Details on the study protocols and model simulations of all investigated DDI studies are provided in the
Supplementary Materials. md: multiple dose, n: number of individuals, sd: single dose, tab: tablet.
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Figure 6. DDI performance of the carbamazepine parent—metabolite PBPK model. Predicted compared to observed (a) DDI
AUC] 44 ratios and (b) DDI Cpax ratios of all analyzed DDI studies. Dots represent the victim drug; triangles, diamonds and
squares of the same color represent respective metabolites. The line of identity is shown as a straight solid line; the curved
solid lines mark the prediction success limits proposed by Guest et al. [33]. A 1.25-fold deviation is shown as dotted lines;
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to the last concentration measurement, Cpax: maximum plasma concentration, DDI: drug—drug interaction, m: number

of studies.

4. Discussion

In the presented study, a whole-body parent—metabolite PBPK model of car-
bamazepine and its main metabolite carbamazepine-10,11-epoxide was successfully
established. The model adequately describes and predicts the plasma (and saliva)
concentration—time profiles and the urinary excretion of carbamazepine and its main
metabolite over a broad carbamazepine dosing range (50-800 mg) for oral administration
of different formulations in single- and multiple-dose regimens, with and without concomi-
tant food intake. The good model performance has been shown by a thorough evaluation
of the PBPK model. Furthermore, the model was successfully applied for DDI simulations
and predictions with erythromycin, alprazolam, simvastatin, bupropion and efavirenz.

The developed PBPK model includes a detailed description of carbamazepine
metabolism via CYP3A4, CYP2C8, CYP2B6 and UGT2B7 and of carbamazepine-10,11-
epoxide metabolism via EPHX1, including carbamazepine (auto-)induction of CYP3A4,
CYP2B6 and EPHX1. Relevant ADME processes were predominantly parametrized using
literature values. Only very few parameters were optimized, including lipophilicity, GFR
fraction of parent and metabolite, CYP3A4 k., values, EPHX1 clearance as well as Emax
values of the induction processes. The lipophilicity of a compound is used to calculate
the organ permeabilities in PK-Sim. As logP is used as a surrogate input parameter for
lipophilicity and might not fully describe the permeability properties of a compound, the
lipophilicity value was optimized. GFR fraction was optimized to a value < 1, as passive
reabsorption of carbamazepine along the renal tubule after glomerular filtration due to its
high permeability is described in literature [23]. The CYP3A4 k. values were optimized, to
correctly describe the plasma concentrations of the metabolite, while the EPHX1 clearance
had to be optimized, as no information was available in the literature.
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Predicted plasma concentration—time profiles of carbamazepine-10,11-epoxide showed
discrepancies in comparison to observed data for some studies (Figure 2 and Figures S2-55).
The model tends to overpredict the data, while the observed plasma concentration—time
profiles exhibit high variability of unknown origin. We reviewed the implemented for-
mation, distribution and degradation processes of carbamazepine-10,11-epoxide, to
understand the deviation between observations and model predictions. The formation
of carbamazepine-10,11-epoxide is mediated by carbamazepine CYP3A4 and CYP2C8
metabolism, evaluated during DDI predictions. The good DDI performance of the
parent—metabolite model indicates a reasonable implementation of the formation of
carbamazepine-10,11-epoxide. As carbamazepine-10,11-epoxide is almost completely me-
tabolized via EPHX1 [24,82], and high interindividual variability of EPHX1 activity was
presumed [83], the variability observed in clinical study data might be caused by variability
in EPHX1 metabolism. As no information on EPHX1 activity is provided in the reviewed
studies, EPHX1 variability could not be reasonably reflected in the model. Furthermore,
P-glycoprotein (P-gp) is discussed as carbamazepine-10,11-epoxide transporter [84]. Due
to lack of conclusive evidence and studies parametrizing this transport, P-gp transport was
not implemented. Overall, the carbamazepine-10,11-epoxide PBPK model was carefully
developed, including studies of direct oral administration of carbamazepine-10,11-epoxide,
and the model evaluation, including overall GMFE values of 1.57 and 1.65 for AUC},¢t and
Chmax, for carbamazepine-10,11-epoxide yet indicates an adequate model performance.

The observed concentrations of carbamazepine in saliva are also well captured, demon-
strating the good description of carbamazepine distribution. Correct description of saliva
concentrations can be useful for further model applications, as saliva is used as a surrogate
for plasma sampling in clinical practice (ratio saliva:plasma = 1:4, reflecting the free fraction
of carbamazepine [48]).

With regard to drug transporters, P-gp is also discussed as a carbamazepine trans-
porter, but without conclusive evidence in the literature [84-88]. P-gp would impact the
carbamazepine pharmacokinetics by limiting the absorption from the gastrointestinal tract,
hindering the penetration into the central nervous system and increasing the urinary excre-
tion [89]. How strong this impact would be, with a drug as lipophilic as carbamazepine
(logP of 1.45-2.77 [38-40]), is not clear. As there is conflicting information, and in the
absence of in vitro studies of carbamazepine transport by P-gp in the literature, transport
via P-gp was not implemented into the model. However, the model successfully describes
the absorption of low (50 mg) and high (800 mg) carbamazepine doses as well as the urinary
excretion of the unchanged drug.

As carbamazepine induces its own metabolism by activation of nuclear receptors
resulting in an increased CYP3A4 and CYP2B6 expression, the pharmacokinetics of carba-
mazepine are quite complex. CYP enzyme induction is highly variable, with reported ECsj
and Epax values ranging between 4.3-108 uM and 1.9-24.7 for CYP3A4 and 22-145 uM
and 3.1-29.1 for CYP2B6 induction, respectively. The mean ECsy = 20 uM of all included
CYP3A4 induction studies was selected for all implemented induction processes, assuming
that induction of those enzymes is the result of carbamazepine activation of the CAR
receptor [36]. The incorporated CYP3A4 induction was evaluated by prediction of mul-
tiple dose carbamazepine studies from the test dataset, as well as by prediction of the
carbamazepine—simvastatin DDI, showing a good DDI performance with a predicted DDI
AUC] 4t ratio of 0.20 compared to the observed ratio of 0.26.

The implementation of CYP3A4 metabolism of carbamazepine was further evaluated
via the prediction of three erythromycin—carbamazepine DDI studies. For single dose
carbamazepine administration (negligible CYP3A4 induction) the effect on carbamazepine
is very well described with predicted compared to observed DDI AUC],; ratios of 1.22 and
1.14, respectively (study by Barzaghi et al. [79]) and 1.17 and 1.18, respectively (study by
Wong et al. [4]). For multiple dose carbamazepine administration (considerable CYP3A4
induction) the effect on carbamazepine is also well described, with predicted compared to
observed DDI AUC),; ratios of 1.18 and 1.03, respectively (study by Miles et al. [80]). In all
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cases, the effect of erythromycin on carbamazepine-10,11-epoxide plasma concentrations is
well captured, with predicted compared to observed DDI AUC), ratios of 0.60 and 0.61,
respectively (study by Barzaghi et al. [79]) and 0.71 and 0.76, respectively (study by Miles
et al. [80]). As carbamazepine-10,11-epoxide is mainly formed by CYP3A4 metabolism, it
can be assumed that the fraction of carbamazepine metabolized via CYP3A4, and the effect
of erythromycin on carbamazepine CYP3A4 metabolism, are accurately implemented in
the applied models.

The Emax for CYP2B6 induction was identified during the carbamazepine model pa-
rameter identification and the description of CYP2B6 induction in the model was evaluated
by prediction of the carbamazepine-bupropion and the efavirenz—carbamazepine DDIs.
The simulated effect of carbamazepine on bupropion is underpredicted, showing predicted
compared to observed DDI AUC,; ratios of 0.13 and 0.07, respectively. In this study,
bupropion was administered to 12 patients with major affective disorders, who previously
had chronic carbamazepine monotherapy and to 17 healthy individuals as control group.
Carbamazepine doses for each patient as well as duration of their carbamazepine therapy
were not provided in the study report. Furthermore, in the respective study, the phar-
macokinetics of bupropion with and without carbamazepine coadministration were not
investigated in a cross-over fashion, and therefore the results might be significantly influ-
enced by the CYP2B6 genotypes of the two different study populations, because CYP2B6
polymorphism is a major determinant of bupropion pharmacokinetics.

The efavirenz—carbamazepine DDI was well described, with predicted compared
to observed DDI AUC,; ratios of 0.84 and 0.75 for carbamazepine, and 1.16 and 1.06 for
carbamazepine-10,11-epoxide, respectively, for the effect of efavirenz on carbamazepine.
The interaction between efavirenz and carbamazepine is quite complex, as both compounds
are substrates and well as inducers of CYP3A4 and CYP2B6, while CYP3A4 metabolism
plays only a minor role for efavirenz [90]. Regarding the effect of carbamazepine on
efavirenz, the effect is also well described with predicted compared to observed DDI
AUC), ratios of 0.46 and 0.66, respectively. The correct prediction of the impact of a
perpetrator drug on the pharmacokinetics of a victim drug indicates that the perpetrator
model adequately describes the drug concentrations at the sites of interaction and that the
victim drug model simulates the right amount of drug eliminated via the affected pathway.
The presented efavirenz—carbamazepine DDI example illustrates the value and power of
PBPK DDI modeling, which allows us to dynamically compute the changes of perpetrator
and victim drug plasma and tissue concentrations, as well as drug concentration-dependent
induction of enzyme expression over time.

Several published studies investigate the pharmacokinetics of carbamazepine using
PBPK modeling, (1) to predict the pharmacokinetics of carbamazepine in the pediatric
population [91], (2) to describe gastrointestinal absorption of different carbamazepine
formulations [92], (3) to investigate the DDI with levonorgestrel [93] and (4) to investigate
the DDI performance of victim drug models with carbamazepine as enzyme inducer [15-18]
using the default Simcyp parent—metabolite PBPK template model of carbamazepine and
carbamazepine-10,11-epoxide [19].

In contrast to the previously published models, we used a large set of clinical data for
model development (58 and 34 plasma profiles, as well as 4 and 5 fraction excreted in urine
profiles, of carbamazepine and carbamazepine-10,11-epoxide, respectively). Additionally,
our model provides an extensive overview on carbamazepine pharmacokinetics, including
(1) the description of the metabolite carbamazepine-10,11-epoxide, (2) a detailed and mech-
anistic implementation of carbamazepine metabolism and autoinduction using in vitro
literature parameter values, (3) the ability to describe different formulations applied in
fasted or fed state and (4) thorough evaluation of metabolic and inductive processes in
DDI simulations with CYP3A4 and CYP2B6 victim and perpetrator drugs. Carbamazepine
is typically investigated as enzyme inducer. The presented study also investigated car-
bamazepine as a victim drug-a scenario which should not be neglected as illustrated
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in the complex interaction with efavirenz, where both compounds mutually influence
their pharmacokinetics.

The presented carbamazepine parent—metabolite PBPK model can be applied to
investigate and predict DDI scenarios with carbamazepine as CYP3A4 and CYP2B6 inducer
and substrate. Such predictions can be used to support the design of clinical DDI studies
of new drugs. As carbamazepine is prescribed as a long-term treatment of epilepsy, at
times it might be coadministered with interacting drugs in clinical practice. In this case,
the presented model could be applied to guide dose recommendations. As carbamazepine
is a known inducer of further enzymes and transporters, e.g., CYP2C9 [1] or P-gp [94],
future applications of the model could include the implementation of those inductions, as
soon as PBPK models of sensitive substrates and the corresponding clinical DDI studies
become available.

5. Conclusions

A comprehensive whole-body parent—metabolite PBPK model of carbamazepine and
its main metabolite carbamazepine-10,11-epoxide was successfully established. The model
includes metabolism of carbamazepine by CYP3A4, CYP2C8, CYP2B6 and UGT2B7; all
Michaelis—Menten constants and most of the metabolic rate constants for these reactions
were implemented using published in vitro values. In addition, it incorporates the (auto-
)induction of CYP3A4, CYP2B6 and the carbamazepine-10,11-epoxide hydroxylase EPHX1
by carbamazepine. The model can be applied to predict plasma concentration—time
profiles of carbamazepine and carbamazepine-10,11-epoxide administered in single- and
multiple-dose regimens or different formulations. Furthermore, the presented model
was thoroughly challenged and evaluated by prediction of DDIs in an extensive DDI
network with five perpetrator and victim drugs and different study protocols. Noteworthy
is the good prediction of the complex efavirenz—carbamazepine DDI with its mutual
induction of CYP3A4 and CYP2B6. The good DDI performance is fully documented in the
Supplementary Materials and the model is considered qualified for CYP3A4 and CYP2B6
DDI prediction. The modeling files will be shared with the scientific community in the
Open Systems Pharmacology model repository (www.open-systems-pharmacology.org).

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
923/13/2/270/s1: Comprehensive reference manual, providing documentation of the complete
model performance assessment. Section 1: Physiologically based pharmacokinetic (PBPK) modeling.
Section 2: Carbamazepine, Section 3: Efavirenz. Section 4: Efavirenz drug-gene interactions (DGI).
Section 5: Carbamazepine drug-drug interactions (DDI). Section 6: Efavirenz drug-drug interactions
(DDI). Section 7: System-dependent parameters.
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Abstract: The antihypertensive felodipine is a calcium channel blocker of the dihydropyridine type,
and its pharmacodynamic effect directly correlates with its plasma concentration. As a sensitive
substrate of cytochrome P450 (CYP) 3A4 with high first-pass metabolism, felodipine shows low oral
bioavailability and is susceptible to drug—drug interactions (DDIs) with CYP3A4 perpetrators. This
study aimed to develop a physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD)
parent-metabolite model of felodipine and its metabolite dehydrofelodipine for DDI predictions. The
model was developed in PK-Sim® and MoBi® using 49 clinical studies (94 plasma concentration—time
profiles in total) that investigated different doses (140 mg) of the intravenous and oral adminis-
tration of felodipine. The final model describes the metabolism of felodipine to dehydrofelodipine
by CYP3AA4, sufficiently capturing the first-pass metabolism and the subsequent metabolism of
dehydrofelodipine by CYP3A4. Diastolic blood pressure and heart rate PD models were included,
using an E;;y function to describe the felodipine concentration—effect relationship. The model was
tested in DDI predictions with itraconazole, erythromycin, carbamazepine, and phenytoin as CYP3A4
perpetrators, with all predicted DDI AUC),; and Cpax ratios within two-fold of the observed values.
The model will be freely available in the Open Systems Pharmacology model repository and can be
applied in DDI predictions as a CYP3A4 victim drug.

Keywords: physiologically based pharmacokinetic (PBPK) modeling; pharmacodynamics; felodipine;
drug—drug interactions (DDIs); cytochrome P450 3A4 (CYP3A4)

1. Introduction

The dihydropyridine felodipine is used for the treatment of hypertension [1-3]. By
blocking calcium channels, mainly in vascular smooth muscles, felodipine causes a reduc-
tion in vascular resistance, which subsequently results in blood pressure lowering. This
effect has been demonstrated to be dose-dependent and directly correlated with felodipine
plasma concentrations [4,5]. Moreover, an increase in the heart rate was observed directly
after felodipine administration, which is likely caused by baroreflex-activated sympathetic
mechanisms [5].

Felodipine is a BCS class II compound of high lipophilicity and low solubility [6]. De-
spite a nearly complete absorption of the drug, the oral bioavailability is only 15-20% due
to the high first-pass metabolism [1,7]. Felodipine is listed by the FDA as a sensitive
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CYP3A4 substrate [8], and it is primarily metabolized by cytochrome P450 (CYP) 3A4 [9],
with dehydrofelodipine as its main but pharmacologically inactive metabolite. As CYP3A4
is one of the major enzymes expressed in the gastrointestinal tract, intestinal metabolism
after drug absorption strongly contributes to presystemic drug elimination, as observed for
many other sensitive CYP3A4 substrates [10]. For felodipine, it is reported that more than
50% of the absorbed dose is metabolized in the gut wall [11]. Hence, the bioavailability
and clearance of felodipine can be strongly affected by CYP3A4 perpetrators, resulting
in significant changes in plasma concentrations and leading to an increased risk of ad-
verse drug reactions, such as flush, headache, hypotension, tachycardia, or peripheral
edema [1,12]. For example, a six-fold or two-fold increase in the felodipine area under the
plasma concentration—time curve (AUC) could be observed after co-administration with
the CYP3A4 inhibitors itraconazole or erythromycin [13,14]. Furthermore, the oral intake of
felodipine with grapefruit juice, which acts as an intestinal CYP3A4 inactivator, increases its
bioavailability from 15% to about 25%, resulting in a mean increase in the felodipine AUC
of 72% [11]. In contrast, a 15-fold decrease in the AUC could be observed if felodipine was
administered to patients treated with carbamazepine and phenytoin, inducers of CYP3A4,
resulting in felodipine plasma concentrations below the therapeutic range [15]. Thus, the
impact of CYP3A4-mediated drug—drug interactions (DDIs) on the pharmacokinetics and
pharmacodynamics (PD) of felodipine should be throrougly investigated. For this purpose,
physiologically based pharmacokinetic (PBPK) modeling is recognized as a valuable tool
by the regulatory agencies FDA and EMA [16-19].

Therefore, this study aimed to develop a parent-metabolite PBPK/PD model of
felodipine and its metabolite dehydrofelodipine that comprehensively describes (1) the
pharmacokinetics of felodipine and its metabolite and (2) the effect of felodipine on the
diastolic blood pressure and heart rate, and (3) to apply the model in DDI simulations with
felodipine as a CYP3A4 victim drug and erythromycin, itraconazole, carbamazepine, and
phenytoin as CYP3A4 perpetrators. The thoroughly evaluated model is publicly available
in the Open Systems Pharmacology (OSP) repository on GitHub and can be applied to
investigate and predict the effect of CYP3A4 perpetrators.

2. Materials and Methods
2.1. Software

Concentration—time profiles from published clinical studies were digitized with En-
gauge Digitizer Version 12.1 (M. Mitchell [20], 2020) according to the best practices pro-
posed by Wojtyniak et al. [21]. The PBPK/PD model was developed with PK-Sim® and
MoBi® (Open Systems Pharmacology Suite 9.1, released under the GNU General Pub-
lic License version 2 (GPLv2) by the Open Systems Pharmacology community, www.
open-systems-pharmacology.org, 2020). Parameter optimization (via Monte Carlo and
Levenberg-Marquardt algorithms) and sensitivity analyses were performed within PK-
Sim®. R3.6.3 (The R Foundation for Statistical Computing, Vienna, Austria, 2019) was used
for performance evaluations, non-compartmental analyses, and generation of plots.

2.2. Clinical Data

Plasma concentration—time profiles of felodipine and dehydrofelodipine as well as
effect-time profiles of diastolic blood pressure and heart rate were gathered and digitized
from published clinical studies. The collected studies provided plasma concentration—
time and effect-time profiles (1) after intravenous and oral administration of felodipine
in (2) single- and multiple-dosing regimens (3) over a broad dose range. Studies were
split into a training dataset for model building and a test dataset for model evaluation.
Concentration-time profiles for the training dataset were selected according to the following
criteria: (1) coverage of intravenous and oral administration routes, (2) broad dosing range,
(3) availability of both felodipine and dehydrofelodipine data, and (4) measurements in
healthy participants without co-medication. Effect-time profiles for the PD model training
dataset were selected from studies (1) covering a broad dosing range and (2) providing
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diastolic blood pressure and heart rate placebo measurements to analyze diurnal variations
in baseline blood pressure and heart rate.

2.3. PBPK Model Building

To perform mathematical simulations of the collected clinical studies, virtual individu-
als were generated based on the mean and mode demographics reported in the respective
study protocols. If no information was provided, a 30-year-old, male, European individ-
ual with body weight and height calculated based on the PK-Sim® population database
was used [22-25]. The relative expression of CYP3A4 in the different organs of the body
was defined using the PK-Sim® expression database [26]. Information on the selected
expression profile and CYP3A4 reference concentration is provided in Table S18 of the
Supplementary Materials.

Information on physicochemical parameters and absorption, distribution, metabolism,
and excretion (ADME) processes were collected from the literature. Model input param-
eter values that could not be informed from the literature were estimated by mathema-
tical optimization.

The felodipine parent-metabolite PBPK model was built in a stepwise procedure. First,
an initial parent felodipine PBPK model was developed. Second, the initial model was
complemented by the dehydrofelodipine metabolite model. Parameter values optimized
for the initial parent PBPK model were then refined together with the parameter values of
the metabolite PBPK model. As it can be assumed that small molecules like felodipine and
its metabolite undergo passive glomerular filtration in the kidney, a glomerular filtration
rate (GFR) fraction of 1 was used in the model. This parameter describes the fraction of drug
that is passively filtered into the urine. Saturable metabolic processes were implemented
via Michaelis-Menten kinetics. Otherwise, first-order clearance processes were used. The
contribution of intestinal CYP3A4 metabolism after oral felodipine administration was
predicted by calculating the intestinal fraction metabolized (fr, int) as the amount of felodip-
ine metabolized in all intestinal compartments expressing CYP3A4 relative to the total
amount of felodipine. The dissolution of tablet formulations with different felodipine re-
lease kinetics was described using Weibull dissolution functions implemented in PK-Sim®.
The mathematical implementation of the Weibull dissolution is described in more detail
in Section 1.1 of the Supplementary Materials. To evaluate the implemented dissolution
parameters for the description of the extended-release formulation, the model was applied
to predict in vivo dissolution profiles measured by Weitschies et al. [27] as an external
model evaluation step.

2.4. PD Model Building

The PBPK model of felodipine was extended by a diastolic blood pressure and a heart
rate PD model. As blood pressure and heart rate undergo fluctuations throughout the
day, diurnal variation in the baseline diastolic blood pressure and heart rate was included
based on models developed by Chae et al. [28] and Lott et al. [29]. The effect of felodipine
on diastolic blood pressure and heart rate was described using a direct-effect E;; model
without lag time according to Equation (1).

_ Epmax X ch

- 1
ECl, +Ch M

where E 4y is the maximum effect of felodipine on diastolic blood pressure or heart rate,
ECsp is the concentration necessary to achieve half of E ., 1 is the hill coefficient, and C is
the felodipine plasma concentration.

Enax and ECsg values were optimized using the diastolic blood pressure and heart
rate training dataset. A detailed description of the PD model building is provided in the
Supplementary Materials Section 1.6.
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2.5. Model Evaluation

The performance of the felodipine model was evaluated graphically by comparing
(1) simulated plasma concentration—time profiles, as well as diastolic blood pressure and
heart rate profiles, to the respective observed measurements; (2) all predicted plasma con-
centration, diastolic blood pressure, and heart rate values to their corresponding observed
values in goodness-of-fit plots; and (3) predicted and observed AUC (calculated from the
time of drug administration to the time of the last concentration measurement (AUC],g))
and maximum plasma concentration (Cmax) values in goodness-of-fit plots. Additionally,
the mean relative deviation (MRD) of predicted plasma concentrations, diastolic blood
pressure, and heart rate values, as well as the geometric mean fold error (GMFE) of pre-
dicted AUC gt and Cpax values, were calculated as quantitative measures, as described in
Equations (S3) and (S4) in the Supplementary Materials.

2.6. DDI Modeling

The felodipine PBPK model was applied as a CYP3A4 victim drug model to pre-
dict DDIs with the CYP3A4 inhibitors erythromycin and itraconazole and the CYP3A4
inducers carbamazepine and phenytoin. For erythromycin [30], itraconazole [31], carba-
mazepine [32], and phenytoin (unpublished, in-house), we used available PBPK models
that have been previously evaluated for DDI predictions as CYP3A4 perpetrator models.

To establish DDI simulations, virtual individuals were generated and administration
protocols of felodipine and the perpetrator drugs were established according to the infor-
mation provided in the study protocols, which is summarized in Tables 510, S13 and S16 of
the Supplementary Materials. In the itraconazole—felodipine study, an extended-release
formulation of felodipine was administered that was not reflected in the felodipine PBPK
model. To describe the dissolution kinetics of this formulation, the Weibull parameters
were optimized based on felodipine control plasma concentration—time profiles. In the
carbamazepine-phenytoin—felodipine DDI study, felodipine was administered to healthy
individuals as a control and to epileptic patients receiving carbamazepine or phenytoin as
a long-term anticonvulsant treatment. Based on information provided in the study protocol
and dosing recommendations from the drug labels, a typical administration protocol was es-
tablished to simulate carbamazepine and phenytoin administration. In the DDI simulation,
felodipine administration began after reaching carbamazepine and phenytoin steady-state
levels. The pharmacokinetics of the perpetrators were implemented using the published
drug-dependent parameters of the PBPK models without any further adjustments.

The PBPK perpetrator models were coupled with the felodipine model using the
CYP3A4 interaction parameters that were implemented and evaluated in these models.
The mathematical implementation of (1) the mechanism-based CYP3A4 inhibition by
erythromycin, (2) the competitive inhibition of CYP3A4 by itraconazole and its metabo-
lites, and (3) CYP3A4 induction by carbamazepine and phenytoin is described in the
Supplementary Materials Section 4. Furthermore, drug-dependent parameters of the per-
petrator models are provided in the Supplementary Materials in the respective section.

The DDI performance of felodipine as a CYP3A4 victim drug was assessed by compar-
ing predicted versus observed (1) felodipine and dehydrofelodipine plasma concentration—
time profiles, as well as diastolic blood pressure and heart-rate effect-time profiles, with
and without co-administration of the perpetrators and (2) DDI AUC,; ratios and DDI
Crnax ratios of felodipine and dehydrofelodipine in goodness-of-fit plots. Here, the limits
proposed by Guest et al. [33] were used to evaluate the prediction success. Additionally,
GMEEs of the predicted DDI AUC,¢ and Cpax ratios were calculated.

3. Results
3.1. Pharmacokinetic Model

The parent—metabolite PBPK model of felodipine and dehydrofelodipine was built
and evaluated using 49 clinical studies. Overall, these clinical studies provided 82 concentra-
tion—time profiles of felodipine for intravenous and oral administration, as summarized in
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Table 1. Additionally, 12 concentration—time profiles of the metabolite dehydrofelodipine
were reported. A detailed overview of all clinical studies involved, including administration
protocols, the demographics of the participants, and the assignment to the test or training
dataset is provided in the Supplementary Materials Table S1.

Table 1. Clinical studies used for the development of the felodipine PBPK/PD model.

Route Dose (mg) n (PK) (DI];P) n (HR) Reference
Healthy Individuals
iv 1-3 9 1 1 [5,11,34-38]
sol, sd 5-40 15 8 8 [5,7,34-36,39-44]
sol, md 10 1 0 0 [45]
tab, sd 5-10 4 1 2 [7,46-50]
tab, md 5-10 4 0 0 [45,51,52]
tabER, sd 5-40 24 7 6 [7,11,13,14,53-69]
tabER, md 5-10 6 1 1 [45,57,68,70]
Profiles (healthy) 63 18 18
Hypertensive Individuals
iv 1-2.25 2 1 1 [71,72]
sol, sd 0.83-10 3 2 0 [34,72]
tab, sd 10 2 2 0 [73]
tab, md 5-10 5 5 1 [51,73-75]
tabER, sd 20 3 1 1 [71,76]
tabER, md 20 4 1 1 [71,75,76]
Profiles (hypertensive) 19 12 4
Profiles (total) 82 30 22

DBP: diastolic blood pressure, HR: heart rate, iv: intravenous, md: multiple dose, n: number of profiles, PK:
pharmacokinetics, sd: single dose, sol: solution, tab: tablet, tabER: extended-release tablet.

The compartmental structure of a whole-body PBPK model and the implemented
metabolic pathways for felodipine and dehydrofelodipine are illustrated in Figure 1a,b,
respectively. The final felodipine model accounts for (1) CYP3A4 metabolism to dehy-
drofelodipine and (2) passive glomerular filtration, and the dehydrofelodipine model ac-
counts for (3) CYP3A4-mediated clearance, (4) unspecific hepatic clearance, and (5) passive
glomerular filtration. To describe the biotransformation of felodipine to dehydrofelodipine
via CYP3A4, the Michaelis-Menten constant (Ky,) was acquired from the literature, while
the catalytic rate constant (kat) was estimated. To adequately describe the plasma concentra-
tions after the administration of the extended-release formulation, the formulation-specific
felodipine solubility was estimated in addition to the Weibull parameters, which was
approximately eight-fold lower compared to the felodipine solubility gathered from the
literature and used in the model otherwise. Only sparse information on the metabolism
of dehydrofelodipine was found in the literature; therefore, the implemented clearance
processes had to be estimated. The final drug-dependent input parameters in comparison
to the parameters available in the literature are listed in Table 2.
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Figure 1. (a) Structure of a whole-body PBPK model. In this multi-compartmental modeling approach,
compartments represent ADME-relevant organs of the body. The compartments are interconnected
with arterial (red arrows) and venous (blue arrows) blood flows. (b) Metabolic pathways of felodipine
and dehydrofelodipine and DDI network. Felodipine is metabolized by CYP3A4 to dehydrofelodip-
ine, which is also metabolized by CYP3A4 (black arrows). Itraconazole and erythromycin are
competitive (dotted red arrow) and mechanism-based (red arrow) inhibitors of CYP3A4, respectively,
and inhibit the metabolism of felodipine and its metabolite, while carbamazepine and phenytoin
induce CYP3A4. (c) Structure of the PBPK/PD model extension. Blood pressure and heart rate
undergo diurnal variations (yellow). Alterations in diastolic blood pressure and heart rate are di-
rectly correlated to felodipine plasma concentrations (blue). Drawings by Servier, licensed under
CC BY 3.0 [77]. CYP: cytochrome P450, DDI: drug—drug interaction, PBPK: physiologically based
pharmacokinetic, PD: pharmacodynamics.

Table 2. Drug-dependent parameters of the felodipine PBPK model.

Parameter Unit Model Literature Reference Description
Felodipine
MW g/mol 384.25 384.25 [78] Molecular weight
fu, plasma % 0.36 0.36 [79] fraction unbound
in plasma
1.2(7)
. 7.15 (6.5) .
Solubility (pH) ~ mg/L 7.15 (6.5) 143 (7.1) [80-82] Solubility at reference pH
19.7 (7)
. Solubility at reference pH
SOlubl(htIYI;tabER mg/L 0.89 (7) - - used for
p extended-release tablets
3.44
3.80
logP - 4.36 4.36 [78,81-83] Lipophilicity
4.46
4.64
. 442 x 1074 . .
Intestm'a'l cm/min 2.76 x 104 3.06 x 104 [81,84] Transcellular 1'n'test1nal
permeability permeability

2.64 x 1074
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Table 2. Cont.

Parameter Unit Model Literature Reference Description
Felodipine
GFR fraction ) 1 : ) Fracthn of flltgred drug
in the urine
0.94 CYP3A4
Km-CYP3A4 umol/L 2.81 2.81 [9,81,85] Michaelis—-Menten
264 constant
. CYP3A4 catalytic
keat-CYP3A4 1/min 250.44 - - rate conatant
Weibull time-tab ~ min 54.86 - - Tablet dissolution
profile shape
Weibull B 132 B B Tablet dissolution time
shape-tab : (50% dissolved)
Weibull min 173.04 B B Extended-release tablet
time-tabER : dissolution profile shape
Weibull Exter}ded-rgleasg tablet
shape-tabER B 130 - - dissolution time
(50% dissolved)
Partition . Cell to plasma
coefficient ) Diverse RR partition coefficients
Cellulz'arA cm/min 042 PK-Sim Permeability into the
permeability cellular space
Dehydrofelodipine
MW g/mol 382.24 382.24 [86] Molecular weight
Acid dissociation
pKa (base) - 4.06 4.06 [86] constant
fu, plasma % 0.68 B B frac'glon unbound
in plasma
Solubility (pH) mg/L 2.93 2.93 [86] Solubility at reference pH
logP - 3.32 424 [86] Lipophilicity
Intestm.a'l cm/min 1.38 x 10~* estimated via PK-Sim® Transcellular 1.n'test1nal
permeability permeability
GFR fraction B 1 B B Fracthn of flltgred drug
in the urine
CL-CYP3A4  1/min 35.74 - - CYP3Ad-mediated
clearance
ClL-hepatic  1/min 276 - - Unspecific hepatic
clearance
Partition B Diverse S Cell to plasma
coefficient partition coefficients
Cellula‘lr' cm/min 0.04 cDs Permeability into the
permeability cellular space

CYP3A4: cytochrome P450 3A4, GFR: glomerular filtration rate, PK-Sim: PK-Sim standard, RR: Rodgers and
Rowland, S: Schmitt, CDS: charge-dependent Schmitt, tab: tablet, tabER: extended-release tablet.

The predicted in vivo dissolution-time profiles after the administration of an extended-
release felodipine tablet are displayed in Figure 54 of the Supplementary Materials. Here,
the dissolution was well-predicted by the model, with a mean MRD of 1.51 for all dissolu-
tion measurements.

Furthermore, the model predicted the fy, int as ~53% and an oral bioavailability of
13-18% after oral felodipine administration, implying a high extent of intestinal metabolism
as well as a high first-pass metabolism.

When the model was applied to predict the pharmacokinetics in hypertensive indi-
viduals, the plasma concentrations were underpredicted. The adjustment of the CYP3A4
Keat for each study could improve the model predictions considerably. Hence, the kcat
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values were reduced on average by 32% (range: 20-43%), resulting in an overall lower
felodipine clearance.

Figure 2 shows selected plasma concentration—time profiles predicted by the model in
comparison to observed clinical data, and Figure 3 shows goodness-of-fit plots comparing
predicted versus observed AUC|,t and Cax values of felodipine and dehydrofelodipine
for all studies. A comprehensive evaluation of the felodipine parent-metabolite PBPK
model is provided in the Supplementary Materials, including linear and semi-logarithmic
plasma concentration-time profiles of all simulated studies (Figures S2 and S3); goodness-
of-fit plots of predicted versus observed (1) AUC,gt, (2) Cmax, and (3) plasma concentration
values (Figures S5 and S6); and the GMFE and MRD values of all studies (Tables S3 and S4).
Overall, 89% and 82% of all felodipine and dehydrofelodipine predicted plasma concentra-
tions, respectively, deviated less than two-fold from the observed values. The overall mean
MRD of 1.67 and GMFE values for the AUCj,,; and Cmax of 1.26 and 1.28, respectively,
indicated a good model performance.
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Figure 2. Predicted plasma concentration—time profiles of felodipine after administration as
(a—c) intravenous infusion, (d) oral solution, (e—g) conventional tablet, or (h,i) extended-release tablet
in comparison to observed data [11,35,45,47,48,51,71]. Observed data are shown as dots (felodipine)
and triangles (dehydrofelodipine) + standard deviation (if available); model predictions are shown as
lines (blue: felodipine, green: dehydrofelodipine). bid: twice daily, HT: hypertensive, iv: intravenous,
n: number of individuals, sd: single dose, sol: solution, tab: tablet, tabER: extended-release tablet.
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Figure 3. Performance of the felodipine PBPK model. Predicted compared to observed AUC),4 and
Cmax values of (a,b) felodipine and (c,d) dehydrofelodipine stratified by route of administration and
health status of the study participants. The line of identity is shown as a solid line; 1.25-fold deviation
is shown as dotted lines; 2-fold deviation is shown as dashed lines. Study references are listed in
Table 1. AUC),q: area under the plasma concentration—time curve from the time of dosing to the
time of last concentration measurement, Cax: maximum plasma concentration, iv: intravenous, sol:
solution, tab: tablet, tabER: extended-release tablet, sd: single dose.

3.2. Pharmacodynamic Model

The felodipine parent-metabolite PBPK model was extended by a PD model, describ-
ing the effect of felodipine on the diastolic blood pressure and heart rate. Overall, 30 blood
pressure—time profiles and 22 heart rate-time profiles from a total of 17 clinical studies
were used to establish the PD model. The measurements were derived from healthy as well
as hypertensive individuals.

Some parameters of the circadian models [28,29] were adjusted for each study individ-
ually, as described in detail in the Supplementary Materials Section 1.6. In summary, values
for the circadian amplitudes (amp) were used as provided by the model authors, while the
circadian phase and the mean diastolic blood pressure and heart rate (BPyuean, HRpean) were
optimized. After individually optimizing the diurnal model parameters for the studies of
the training dataset using placebo blood pressure and heart rate profiles, parameter values
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of the E;;;x model were estimated. The parameters used in the final PBPK/PD model are
listed in Table 3.

Table 3. Parameters used for the diastolic blood pressure and heart rate PD model.

Parameter Unit Model Literature Reference Description
Diastolic Blood Pressure Model
Maximum effect on diastolic
Enax mmHg 56.18 i} . blood pressure
Concentration for
ECso wmol/L 0.04 ) ) half-maximal effect
ampog Y% 2.14 2.14 [28] Amplitude for 24 h period
ampip % 5.93 5.93 [28] Amplitude for 12 h period
phaseyy h 5.28 (2.10) 2 - - Phase for 24 h period
phaseq h 0.16 (2.10) @ - - Phase for 12 h period
70.4 (6.76) 2; Mean diastolic blood
BPmean mmHg 919 (6.60) 2P 69:5 [28] pressure over 24 h
Heart Rate Model
Maximum effect on heart
Emax bpl’l’l 39.71 - - rate
Concentration for
ECso wmol/L 0.05 ) ) half-maximal effect
h - 1.40 - - Hill coefficient
amp % 6.3 6.3 [29] Amplitude
phase h 11.8(5.13) 4 9.2 [29] Phase
62.2(4.21)%;
HRyean bpm 66.4 ((3‘32))&,3 66.2 [29] Mean heart rate over 24 h

@ mean (standard deviation), individually optimized values for individual simulations in Supplementary Materials Table S5.
b mean diastolic blood pressure and heart rate values used for hypertensive individuals.

Selected effect-time profiles of diastolic blood pressure and heart rate predicted by
the model in comparison to observed measurements are shown in Figure 4, along with
corresponding felodipine plasma concentration-time profiles. Overall, the mean MRD
values of 1.06 for both predicted diastolic blood pressure and heart rate measurements
during felodipine administration indicated a good model performance. Predicted compared
to observed effect-time profiles of diastolic blood pressure and heart rate for all studies are
shown in Figures S9 and S10 in the Supplementary Materials. Goodness-of-fit plots of all
predicted compared to observed diastolic blood pressure and heart rate measurements, as
well as corresponding calculated MRD values, are shown in Figure 511 and Tables S7 and S8
in the Supplementary Materials.

3.3. DDI Modeling

The performance of the model for felodipine as a CYP3A4 victim drug in DDI sim-
ulations was assessed using one DDI study with erythromycin as the mechanism-based
CYP3A4 inhibitor and one study with itraconazole (and its metabolites) as the competitive
CYP3A4 inhibitor. Furthermore, one DDI study with carbamazepine and phenytoin as
CYP3A4 inducers was used. In all studies, participants were pretreated with multiple doses
of the perpetrator before felodipine was administered.

The setup of all DDI simulations is described in the Supplementary Materials Section 4.

The DDI performance of the felodipine model is presented in Figure 5, showing
(1) predicted compared to observed victim drug plasma concentration—time profiles, with
and without the co-administration of the perpetrator drug; (2) predicted compared to
observed diastolic blood pressure and heart rate effect-time profiles, with and without
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the co-administration of itraconazole; and (3) goodness-of-fit plots of predicted compared
to observed DDI AUC,; and DDI Cpax ratios. All predicted DDI AUC,q and DDI Cpnax
ratios were within the limits proposed by Guest et al. [33], with mean GMFE values of
1.31 and 1.23, respectively.
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Figure 4. Predicted (a—c) plasma concentration-time profiles of felodipine with corresponding pre-
dicted (d—f) diastolic blood pressure (g-i) and heart rate effect-time profiles in healthy individuals (left
panel) and hypertensive patients (center and right panels) in comparison to observed data [36,71,74].
Observed data are shown as dots and triangles + standard deviation (if available); model predictions
are shown as lines. HT: hypertensive, md: multiple dose, n: number of individuals, qd: once daily,
sd: single dose, sol: solution, tab: tablet, tabER: extended-release tablet.
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Figure 5. Upper row: predicted felodipine plasma concentration—time profiles with and without
co-administration of the perpetrators (a) erythromycin, (b) itraconazole, and (c) carbamazepine and
phenytoin in comparison to observed data [13-15]. Center row: predicted (d) diastolic blood pressure
and (e) heart rate—time profiles with and without co-administration of itraconazole in comparison to
observe data. Lower row: goodness-of-fit plots of predicted versus observed (f) DDI AUC,g; ratios
and (g) DDI Cpyax ratios. AUC),q: area under the plasma concentration—time curve from the time
of dosing to the time of last concentration measurement, bid: twice daily, Cmax: maximum plasma
concentration, D: day, DDI: drug-drug interaction, n: number of individuals, sd: single dose, tab:
tablet, tabER: extended-release tablet.

4. Discussion

A whole-body parent—metabolite PBPK/PD model of felodipine and its main metabo-
lite dehydrofelodipine was successfully established. The model was able to describe and
predict plasma concentration—time profiles of felodipine and dehydrofelodipine as well
as alterations in the diastolic blood pressure and heart rate after the intravenous adminis-
tration (1-3 mg) of felodipine and oral administration (5-40 mg) as a solution, tablet, or
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extended-release tablet. The performance of the parent-metabolite PBPK/PD model was
thoroughly evaluated, and the model was applied to predict DDI scenarios with felodipine
as a CYP3A4 victim drug.

PBPK modeling of felodipine has previously been applied to investigate specific
scenarios, such as the study of intestinal availability and metabolism [81,87,88] or the
comparison of the pharmacokinetics after the administration of extended-release for-
mulations from different manufacturing sites [89]. In contrast to prior work investigat-
ing the felodipine concentration—effect relationship [4,73,90], the presented model is the
first parent-metabolite PBPK/PD model of felodipine. Moreover, the model is capable
of investigating the effect of DDIs on both felodipine pharmacokinetics and pharmaco-
dynamics. The model was developed by considering a broad range of clinical studies
(n =49, Table 1), with model development and evaluation being comprehensively docu-
mented and the model files freely available in the Open Systems Pharmacology repository
(https:/ /github.com/Open-Systems-Pharmacology, accessed on 12 July 2022).

Felodipine is extensively metabolized by CYP3A4, and the implementation of CYP3A4
as the sole route of felodipine metabolism was sufficient to describe its pharmacokinetics.
It undergoes extensive metabolic degradation, and no unchanged felodipine is found in the
urine, which is in line with the simulations obtained by the presented model, as only a very
low fraction (<0.5%) of felodipine was predicted to be excreted unchanged in the urine.
The dissolution of solid oral formulations was described by Weibull functions. For the
extended-release formulation, the Lint80 dissolution model was tested as well, assuming
the linear release of felodipine from the formulation until 80% of the administered dose
was dissolved. Although a linear dissolution pattern was described in the literature [27],
felodipine plasma concentration—time profiles could be more accurately described using
a Weibull dissolution model with an estimated dissolution time (50% dissolved) of 173 min,
which is in accordance with dissolution measurements from the literature [27]. However,
to predict the plasma concentration-time profiles for extended-release tablets, a separate,
formulation-specific felodipine solubility had to be estimated, as the application of the
literature-derived felodipine solubility (7.15 mg/L) resulted in an overprediction of felodip-
ine plasma concentrations after ~5-6 h hours. It was assumed that this overprediction
resulted from an overestimation of the felodipine absorption after the transition of the tablet
to distal intestinal compartments (e.g., caecum and colon ascendens). Here, the solubility
was optimized as a surrogate to reduce felodipine absorption from these compartments.
This resulted in an eight-fold lower solubility (compared to the literature value), which
markedly improved the prediction of felodipine plasma concentrations. However, the
fraction dissolved and fraction absorbed were not affected by the reduced solubility, and
the model successfully described the dissolution-time profile of the extended-release tablet
(Figure S4) [27].

Independent of the formulations, the model predicted the near-complete oral absorp-
tion of felodipine (fraction absorbed >95%), which was in accordance with the literature [1].
Moreover, the fraction of the administered dose metabolized by CYP3A4 in the intestines
was predicted as approximately 53%, confirming the high extent of intestinal felodipine
metabolism reported by Lundahl and coworkers [11]. The model also successfully described
the observed low oral bioavailability of felodipine (13-18%) resulting from the extensive
presystemic CYP3A4 metabolism [36]. In conclusion, intestinal absorption, metabolism,
and bioavailability were well described, allowing the application of DDI simulations to
investigate the influence of CYP3A4 perpetrators on felodipine pharmacokinetics. The
overall good model performance could be quantified by the calculated mean GMFE values
for the AUC 4 and Cax of 1.26 and 1.28, respectively.

The felodipine parent-metabolite PBPK model was developed using plasma concentra-
tion—-time profiles from healthy individuals and was subsequently applied to predict felodip-
ine pharmacokinetics in hypertensive individuals, which resulted in an underprediction
of the observed plasma concentration-time profiles. Higher felodipine exposure in hyper-
tensive patients was also observed in the literature, along with a decrease in felodipine
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clearance by approximately two-fold, while absorption and distribution were similar
compared to healthy individuals [51]. It was assumed that the observed differences in phar-
macokinetics were mainly related to the older age of the hypertensive patients compared
with healthy individuals and not to hypertension itself [51,91]. However, as the age of the
individuals was considered during the establishment of the virtual simulations and was
sufficient to describe the pharmacokinetics of felodipine in healthy middle-aged and elderly
individuals (Figures S2 and S3(av,be,by)), an additional impact of hypertension-related
factors may not fully be excluded. No information on the potential effects of hypertension
on felodipine pharmacokinetics could be found in the literature. However, hypertension is
a common risk factor for cardiovascular and renal disease [92], and inflammatory processes
are involved in the genesis of hypertension and the progression of organ damage [92,93].
The downregulation of CYP enzymes, including CYP3A4, by inflammation has previously
been described [94] and has also been observed in patients with, e.g., chronic kidney
disease [95]. Hence, an immune-mediated downregulation of CYP3A4 in hypertensive in-
dividuals appears plausible. Therefore, CYP3A4 k..t was separately optimized for healthy
and hypertensive populations, yielding a mean reduction in CYP3A4 kcat of 32% for hy-
pertensive individuals and thus improving predictions in comparison to an unstratified
CYP3A4 keat approach. However, clinical studies are needed to further investigate this
hypothesis.

The PD model focused on the effect of felodipine on diastolic blood pressure and
heart rate but not systolic blood pressure, due to a lack of data. Pronounced decreases
in systolic blood pressure have been observed in hypertensives [71] but not in healthy
individuals, even after high doses of up to 40 mg [5,54]. Thus, more systolic blood pressure
measurements from healthy individuals would have been necessary to accurately describe
the differences in PD effect magnitudes.

To describe the effect of felodipine on diastolic blood pressure and heart rate, the
concentration—effect relationship was described using a direct-effect E;;5c model without
lag time, similar to other PD models of felodipine [4,73,90]. The concentration—effect
relationship was established using felodipine plasma concentrations instead of heart con-
centrations, as felodipine shows a higher pharmacodynamic potency in vascular muscles
compared to the myocardium [96]. An ECsj value of 40 nmol/L and an E,;, value of
56.18 mmHg were estimated for the diastolic blood pressure PD model. In contrast, other
studies reported lower ECsp (~8 nmol/L) and E; ;¢ (~29 mmHg) values to describe the
plasma concentration—effect relationship [4,73]. However, our PBPK/PD analysis included
blood pressure effect-time profiles for broader felodipine dosing, plasma concentration,
and PD effect ranges, which unsurprisingly resulted in a higher estimated E,;;, and related
ECsq values.

Overall, the pharmacodynamic effect of felodipine was sufficiently described for
healthy as well as hypertensive individuals, regardless of potential antihypertensive co-
medication or initial baseline blood pressure. As only three studies provided heart rate
data after multiple doses of felodipine, it was impossible to include the tolerance effects
described in the literature [1] in the current model.

The PBPK/PD model was finally applied in DDI simulations, and the impact of
CYP3A4 perpetrators on felodipine plasma concentrations was overall well described.
For the DDI prediction with the CYP3A4 inhibitors erythromycin or itraconazole, Cax
and tmax were slightly overpredicted. Nonetheless, the magnitude of the interaction was
sufficiently explained by the model, illustrated by predicted versus observed DDI AUC 4
and Cpax ratios of 1.17 and 1.39 for the erythromycin—felodipine DDI and 1.60 and 1.19 for
the itraconazole—felodipine DDI. The erythromycin—felodipine DDI study revealed the
possible CYP3A4 metabolism of dehydrofelodipine [14]. Therefore, a CYP3A4-mediated
clearance of dehydrofelodipine was implemented in addition to an unspecific hepatic clear-
ance process. As no further information on dehydrofelodipine metabolism was available
from the literature, the erythromycin—felodipine DDI was used in the training dataset to
guide the estimation of the clearance parameters. Furthermore, the effect of the CYP3A4
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inducers carbamazepine and phenytoin on felodipine pharmacokinetics was well described,
although the carbamazepine—phenytoin-felodipine DDI study was conducted in patients
undergoing long-term anticonvulsant treatment and did not provide detailed information
on their treatment regimen. A decrease in felodipine bioavailability from 15% to around
1% was reported if felodipine was administered to patients on anticonvulsant therapy,
while the model predicted a decrease in bioavailability from around 13% to 2% [15]. Here,
DDI AUC 5t and Cpax ratios of 1.40 and 0.81 were calculated. Overall, the DDI AUC,s;
and DDI Cp,y effect ratios were within the limits proposed by Guest et al. [33], with mean
GMEE values of 1.31 and 1.23, respectively.

The itraconazole-felodipine DDI study additionally provided pharmacodynamic
measurements of diastolic blood pressure and heart rate. The model was capable of
describing the observed increase in heart rate if felodipine was co-administered with
itraconazole; however, the observed decrease in blood pressure was slightly overpredicted.
Previous studies showed that itraconazole may increase blood pressure by inhibiting
11B-hydroxysteroid dehydrogenase type 2 [97], and various case reports in the literature
have described elevated blood pressure during itraconazole treatment. However, increased
blood pressure was mainly associated with high itraconazole doses (>400 mg/day) [98], and
controlled studies investigating the potential effects of itraconazole on blood pressure are
lacking. Based on the available data, the potential effects of itraconazole on blood pressure
could not be determined for the itraconazole—felodipine DDI study, where itraconazole
was administered in low doses (200 mg/day) over a short time period (4 days).

Opverall, the presented analysis demonstrated that felodipine is susceptible to CYP3A4-
mediated DDIs. Case reports describing the occurrence of major side effects, such as
edema or tachycardia, if itraconazole or erythromycin was administered to felodipine-
treated patients emphasize the clinical relevance of these interactions [12,99]. The parent-
metabolite PBPK model of felodipine can be applied in DDI simulations to predict the effect
of CYP3A4 perpetrators on bioavailability and plasma concentrations, which may help
to support the design of dedicated clinical DDI studies. As the model also describes the
effects on heart rate and diastolic blood pressure, it may also be applied to guide treatment
decisions or optimizations.

5. Conclusions

A felodipine parent-metabolite PBPK/PD model was successfully developed to de-
scribe the pharmacokinetics of felodipine after intravenous and oral administrations over
a broad dosing range, along with the effect of felodipine on diastolic blood pressure and
heart rate. The pharmacokinetics of felodipine, especially its metabolism via CYP3A4,
were sufficiently described, as shown by the adequate description of the oral felodipine
bioavailability and the successful prediction of DDIs with CYP3A4 inhibitors and inducers.
The felodipine PBPK model can be applied in DDI predictions as a CYP3A4 victim drug to
evaluate the effects of CYP3A4 perpetrators, e.g., as a probe model to investigate grapefruit—
drug interactions. Thereby, the PBPK model can be used to estimate the contribution of
intestinal metabolism to overall bioavailability.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/pharmaceutics14071474/s1: Comprehensive reference manual, providing documentation of
the complete model performance assessment.
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ARTICLE

Physiologically Based Pharmacokinetic
Modeling of Bergamottin and

6, 7-Dihydroxybergamottin to Describe CYP3A4
Mediated Grapefruit-Drug Interactions

Laura Maria Fuhr', Fatima Zahra Marok', Uwe Fuhr” © , Dominik Selzer' ©® and Thorsten Lehr*

Grapefruit is a moderate to strong inactivator of CYP3A4, which metabolizes up to 50% of marketed drugs. The
inhibitory effect is mainly attributed to furanocoumarins present in the fruit, irreversibly inhibiting preferably intestinal
CYP3A4 as suicide inhibitors. Effects on CYP3A4 victim drugs can still be measured up to 24 hours after grapefruit
juice (GFJ) consumption. The current study aimed to establish a physiologically-based pharmacokinetic (PBPK)
grapefruit-drug interaction model by modeling the relevant CYP3A4 inhibiting ingredients of the fruit to simulate

and predict the effect of GFJ consumption on plasma concentration-time profiles of various CYP3A4 victim drugs.
The grapefruit model was developed in PK-Sim and coupled with previously developed PBPK models of CYP3A4
substrates that were publicly available and already evaluated for CYP3A4-mediated drug-drug interactions. Overall,
43 clinical studies were used for model development. Models of bergamottin (BGT) and 6,7-dihydroxybergamottin
(DHB) as relevant active ingredients in GFJ were established. Both models include: (i) CYP3A4 inactivation informed
by in vitro parameters, (ii) a CYP3A4 mediated clearance estimated during model development, as well as (iii) passive
glomerular filtration. The final model successfully describes interactions of GFJ ingredients with 10 different CYP3A4
victim drugs, simulating the effect of the CYP3A4 inactivation on the victims’ pharmacokinetics as well as their main
metabolites. Furthermore, the model sufficiently captures the time-dependent effect of CYP3A4 inactivation as well
as the effect of grapefruit ingestion on intestinal and hepatic CYP3A4 concentrations.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE inhibitors in grapefruit were successfully developed and cou-

TOPIC?

M Grapefruit ingredients are irreversible inactivators of
CYP3A4. Furanocoumarins present in the juice are mainly re-
sponsible for this effect.

WHAT QUESTION DID THIS STUDY ADDRESS?

M The current study aimed to establish a physiologically-based
pharmacokinetic (PBPK) model of grapefruit juice (GFJ) inges-
tion by identifying and explicitly modeling relevant CYP3A4-
inhibiting ingredients.

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

[] PBPK models of the furanocoumarins bergamottin (BGT)
and 6,7-dihydroxybergamottin (DHB) as relevant CYP3A4

pled to existing PBPK models of CYP3A4 substrates to predict
the “grapefruit effect” as well as the effect of furanocoumarin-
containing juices from limes and Seville oranges.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?

M The models support the exploration of “what-if” scenarios,
such as: (i) the application of GFJ as “booster” to increase the
oral availability of CYP3A4 substrates; (i) the consideration of
GF]J as CYP3A4 inhibitor in clinical studies; (iii) the adjust-
ment of drug doses in patients consuming GFJ; and (iv) the use
of the models as a foundation to study drug interactions with
furanocoumarin-rich foods.

popular than white grapefruit.” Independent of the variety, 57%
of fruits are further processed with grapefruit juice (GFJ) or

Grapefruit (Citrux X paradisi, Rutaceae), a citrus fruit with a
characteristic bitter-sweet taste, is a hybrid between sweet or-
ange (Citrus sinensis) and pomelo (Citrus maxima)." In the
United States, the consumption of pink grapefruit is more

juice derivatives being a popular product category.” However,
since the 1970s, the United States consumption of grapefruits
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decreased by about 80% to a per capita consumption of ~0.7 kg
in2018.2

The US Food and Drug Administration (FDA) classifies GFJ as
a moderate to strong inhibitor of cytochrome P450 (CYP) 3A4,’
which metabolizes about 50% of marketed drugs.* Potential inter-
actions with over 85 different drugs are mentioned in the current
literature.* Although the FDA classification only considers the
juice, the effect is independent of the preparation (whole fruit or
juice) or the grapefruit variety. But variety, storage, and differences
in juice manufacturing may influence ingredient concentrations."
Grapefruit contains a variety of flavonoids and furanocoumarins
with the flavonoid naringin being the most abundant ingredient.
Flavonoids are assumed to have only a minor contribution to the
inhibitory effect after grapefruit consumption, in contrast to fu-
ranocoumarins that irreversibly inhibit CYP3A4 as suicide in-
hibitors.”® Here, the furanocoumarins bergamottin (BGT) and
6,7-dihydroxybergamottin (DHB) are among the most import-
ant CYP3A4 inactivators present in grapefruit. The “grapefruit
effect” is characterized by a time-dependent CYP3A4 inhibition,
lasting more than 24 hours,® and by the more pronounced effect
on intestinal rather than hepatic CYP3A4.>'" Hence, especially
drugs with a low oral bioavailability related to CYP3A4 metab-
olism bear a high risk of interaction.* Thereby, one glass of juice
(200—250mL £ 1 fruit) might already cause a clinically rele-
vant effect.? For example, pronounced increases in felodipine (up
to 3.3-fold”!!) and simvastatin (up to 18-fold'?) area under the
plasma concentration-time curve (AUC) were observed after GFJ
ingestion, which could result in pronounced pharmacodynamic
effects or increased risk of adverse effects.”'* The consumption of
furanocoumarin-containing citrus fruits (c.g., Seville oranges and
limes), was also shown to affect drug pharmacokinetics.'*"

Clinically relevant interactions with GFJ are listed on drug la-
bels but these listings are often based on the metabolic characteris-
tics of the drug instead of clinical trials." Here, dose-effect models
of grapefruit juice-drug interactions (GFJDIs), derived by, for ex-
ample, physiologically-based pharmacokinetic (PBPK) modeling
as a mechanistic modeling technique, could be viable to predict
and quantify the effect of grapefruit consumption on the phar-
macokinetics and pharmacodynamics of administered drugs and
subsequently guide drug labeling. PBPK modeling is accepted by
the regulatory agencies, the FDA, and the EMA, with the investi-
gation of drug interactions to support drug clinical study design as
a prominent use case.'® Hence, the presented project aimed to es-
tablish a mechanistic PBPK model of grapefruit juice, by modeling
its naturally occurring active ingredients BGT and DHB to predict
the effect of GFJ ingestion on the pharmacokinetics of CYP3A4
substrates. The GFJDI PBPK model files as well as all the imple-
mentation of GFJDIs will be publicly shared with the scientific
community on GitHub (http://models.clinicalpharmacy.me).

METHODS

Software

Concentration-time profiles extracted from published clinical stud-
ies were digitized with Engauge Digitizer version 12.1 (M. Mitchell,””
2020). The PBPK model was developed with PK-Sim and MoBi (Open
Systems Pharmacology Suite 9.1, released under the GNU General Public

License version 2 (GPLv2) license by the Open Systems Pharmacology
community, www.open-systems-pharmacology.org, 2020). Parameter
optimization (Monte-Carlo and Levenberg-Marquardt algorithms)
and sensitivity analyses were performed with PK-Sim. Pharmacokinetic
and statistical analyses as well as plot generation were performed with
R version 4.1.3 (The R Foundation for Statistical Computing, Vienna,
Austria, 2019).

Literature research and clinical data
Information on the absorption, distribution, metabolism, and climina-
tion (ADME) propertics of BGT and DHB as well as information on
their inhibition kinetics were derived from literature. Additionally, con-
centration measurements of these ingredients in GFJ were collected from
the literature to analyze typical concentrations as well as the variability
of concentrations in the juice. Furthermore, plasma concentration-time
profiles of BGT and DHB after GFJ consumption were collected.
Clinical studies investigating the effect of grapefruit consumption on
the pharmacokinetics of CYP3A4 victim drugs were collected from the
literature. Here, studies were included in the analysis if PBPK models of
the victim drugs were available in the Open Systems Pharmacology repos-
itory  (hteps://github.com/Open-Systems-Pharmacology/OSP-PBPK-
Model-Library) and previously evaluated as CYP3A4 victim drugs in
drug—drug interaction predictions. Plasma concentration-time profiles of
victim drugs (and their metabolites) with and without administration of
GFJ were extracted and digitized from available clinical GFJDI studies.
The gathered studies were split into a training dataset for model building
and a test dataset for model evaluation. The training dataset was selected
to include plasma concentration-time profiles of BGT and DHB and of
felodipine with co-administration of isolated BGT and DHB (instead of
whole GFJ) to separate the inhibiting effects of both substances. Moreover,
the dataset included plasma concentration-time profiles of felodipine and
midazolam administered with or after one or multiple glasses of GFJ.

PBPK modeling of grapefruit juice

To establish PBPK models of BGT and DHB, parameter values that
could not be informed from the literature were identified by mathemat-
ical optimization. Overall, the development of the GFJDI PBPK model
was accomplished in a stepwise procedure. First, a set of preliminary
drug-dependent parameters of the ingredient models was identified
using available plasma concentration-time profiles of the compounds.
Subsequently, the preliminary models were coupled to PBPK models of
the CYP3A4 victim drugs fclodipinc18 and midazolam? to simulate the
GFJDI studies of the training dataset. The implemented mechanism-
based inhibition of CYP3A4 by the ingredients is further described in the
Supplementary Material, Section 1.2. Based on the simulation results,
the preliminary drug-dependent parameter values of the ingredients were
further refined and different literature values were tested to parametrize
the mechanism-based inhibition of CYP3A4, using the whole training
dataset for parameter estimation. Subsequently, the grapefruit interac-
tion PBPK model was used to predict GFJDIs of felodipine and mid-
azolam assigned to the test dataset and GFJDIs with further CYP3A4
victim drufgs, namely alfentanil,”” carbamazspinc,zo itraconazole,”
verapamil,”' simvastatin,” alprazolam, erythromycin, and triazolam
(hteps://github.com/Open-Systems-Pharmacology/ OSP-PBPK-Model
-Library). Prior to predicting the GFJDI, the control simulations (with-
out GFJ ingestion) were conducted. Based on the simulation results of
the victim drug control, the CYP3A4 /em of the victim drugs was refined,
ficting the simulation to the observed data of the control. The optimized
k., was then used in the GFJDI simulation to predict the interaction.

Grapefruit-drug interaction model evaluation

The performance of the grapefruit PBPK model to predict the effect of
GFJDIs was evaluated graphically by comparing (i) predicted victim drug
plasma concentration-time profiles without and with GFJ consumption
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to those observed in the clinical studies and (i) predicted GFJDI area
under the plasma concentration-time curve from the time of drug ad-
ministration to the time of the last plasma concentration measurement
(AUC,,) ratios and GFJDI maximum plasma concentration (C_ )

max
ratios to corresponding observed data ratios in goodness-of-fit plots.

Geometric mean fold errors (GMFEs) of all GFJDI AUC  and C

max
ratios were calculated as quantitative performance metrics. The model
evaluation is described in more detail in the Supplementary Material,
Section 1.1.

RESULTS

In total, 43 clinical studies were used for the development of
the grapefruit PBPK model, providing 118 mean and 3 median
plasma concentration-time profiles of the victim drugs felodip-
ine, midazolam, alprazolam, triazolam, carbamazepine, alfen-
tanil, erythromycin, itraconazole, simvastatin, and verapamil
(50 control profiles, 71 GFJDI profiles) as well as 42 plasma
concentration-time profiles of their metabolites (18 control pro-
files, 24 GFJDI profiles). Overall, a broad spectrum of GFJDI
scenarios was investigated. Victim drugs were applied: (i) orally
or intravenously, (ii) once or repeatedly, and (iii) together with
GFJ or 0-144 hours after juice consumption. GFJ was admin-
istered (iv) as single- or double-strength preparation (1:3 or 1:1
dilution of juice concentrate with water) or grapefruit segments
or ethanolic extract from segment-free parts, (v) in volumes of
200-300 mL, and (vi) in single or multiple doses before victim
drug administration. Additionally, 2 studies investigated (vii)
the effect of different doses of BGT or (viii) DHB on felodipine
plasma concentration-time profiles. Last, two studies investi-
gated (ix) the effect of Seville orange juice and (x) lime juice on
felodipine pharmacokinetics. A detailed description of all clini-
cal studies is provided in the Supplementary Material, Section
3. An overview of the modeling workflow and the developed
GFJDI network is provided in Figure 1.

PBPK models of BGT and DHB were established and con-
sumption of GFJ was simulated as oral administration of the
respective compounds. To determine the ingested doses of these
compounds, information on the administered juice volume and
the concentration of ingredients in GFJ is required. As concen-
trations of BGT and DHB contained in the GFJ were only mea-
sured for 13 of 71 and 11 of 71 investigated scenarios, additional
concentration measurements were gathered from the literature
and all available concentration measurements were analyzed.
Overall, reported doses were highly variable, ranging from 0.50
to 94.56 pmol/L (mean [+ SD]: 18.49 [+ 14.04]) for BGT and
from 0.80 to 132.57 pmol/L (mean [+ SD]: 28.9 [+ 33.23]) for
DHB and differed among the available juice preparations, as
illustrated in Figure 2a,b, respectively. Mean DHB concentra-
tions measured in juice prepared from frozen concentrate (mean
[+ SD]J:25.1 pmol/L [+20.48], » = 20) were significantly higher
(#-test; P=0.00637) than those measured in canned juice (mean
[+SD]: 9.92 pmol/L [+10.58], »=20). For BGT concentra-
tions, differences in frozen concentrate (mean [+SD]: 18.7
[+6.66], 2 =20) and canned juice (mean [+ SD]: 16.63 [+20.4],
n=19) were not statistically significant (#-test; P=0.677). The
complete analysis of reported ingredient concentrations is de-
scribed in the Supplementary Material, Section 2.1. Mean
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concentrations of BGT and DHB for each juice preparation ob-
tained from the available measurements were used to calculate
administered doses in the administered GFJ if the clinical study
did not provide concentration measurements.

BGT and DHB exhibit similar ADME properties. Both
furanocoumarins are of moderate lipophilicity and presum-
ably well absorbed from the intestines.” It is assumed that
both compounds undergo extensive metabolic elimination
and that enzyme inactivation is mediated by reactive metabo-
lites.”> Hence, the BGT and DHB PBPK models include: (i)
a CYP3A4-mediated clearance process, (ii) mechanism-based
inhibition of CYP3A4, and (iii) free glomerular filtration. The
mechanism-based inactivation of CYP3A4 was parametrized
using literature values. The CYP3A4-mediated clearance was
described using Michaclis—Menten kinetics. As no measure-
ments of the CYP3A4 metabolism were available in the litera-
ture, the inhibition constant (K|) was used as a surrogate for the
Michaelis—Menten constant and the catalytic rate constant was
estimated. Other drug-dependent parameters were either taken
from the literature (c.g., molecular weight, pK,, solubility, and
fraction unbound), calculated within PK-Sim (e.g., cellular per-
meabilities) or optimized (e.g., specific intestinal permeability
and lipophilicity). All drug-dependent parameters used in the
final models are listed in Table 1. Predicted vs. observed plasma
concentration-time profiles of both ingredients are illustrated in
Figure 2c¢,d, thereby the plasma concentration-time profiles for
BGT and DHB are sufficiently described, with average GMFE
values of 1.53 and 1.02 for AUC,_, and 1.10 and 1.08 for C___
of DHB and BGT, respectively. The corresponding AUC  and
C_., values can be found in Table S5, whereas goodness-of-fit
plots of predicted vs. observed: (i) AUC, , (ii) C_ ., and (iii)
plasma concentration values are depicted in Figure SS.

Opverall, the ingredient models successfully described the effect
of grapefruit intake on various CYP3A4 victim drugs. Figure 3
displays predicted vs. observed plasma concentration-time profiles
of different victim drugs and their metabolites (if metabolite mod-
els were available) of exemplary studies with and without the con-
sumption of GFJ.

Figure 4 illustrates predicted compared with observed plasma
concentration-time profiles of the victim drug felodipine and
illustrates the versatility of the ingredient models to describe
different scenarios. Felodipine is the drug in which the “grape-
fruit effect” was observed first and which subsequently was used
extensively as a probe drug to further assess the GFJDI in clini-
cal studies. The models describe the GFJDI with felodipine: (i)
after intravenous or after oral administration of felodipine with
GFJ (ii) ingested once or repeatedly, (iii) ingested with or up
24hours before felodipine, and administered as (iv) single- or
double-strength preparation. Furthermore, the model predicts
the effect of (v) individual grapefruit ingredients or (vi) Seville
orange or (vii) lime juice on felodipine plasma concentrations.
Compared with the effect of one glass of single-strength GFJ on
oral felodipine, the model successfully predicts the lack of ef-
fect on intravenously applied felodipine (Figure 4a), a 55% (ob-
served: 46%) higher felodipine AUC, _ if GFJ was ingested over
several days before felodipine administration (Figure 4c) as well

3
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PBPK modeling of grapefruit juice and its interactions
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Figure 1 Modeling workflow and model overview. (a) The modeling process can be divided into literature research on GFJ and its active
ingredients, model development of GFJ ingredients and its interactions and model evaluation. (b) Overview of the PBPK model structure.
Different compartments represent ADME-relevant organs of the body. Connections between compartments represent arterial and venous
blood flow. (¢) The final GFJDI model describes mechanism-based inhibition of CYP3A4 by BGT and DHB to cover the effect of GFJ and
includes a broad range of CYP3A4 victim drugs along with their metabolites. ADME, absorption, distribution, metabolism, and excretion; AUC,

area under the plasma concentration-time curve; BGT, bergamottin; C__ ,

maximum plasma concentration; conc, concentration; CYP3A4,

cytochrome P450 3A4; DHB, 6,7-dihydroxybergamottin; GFJDI, grapefruit juice-drug interaction; GMFE, geometric mean fold error; GOF,

goodness-of-fit; PBPK, physiologically-based pharmacokinetic.
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Figure 2 Concentration measurements of (a) BGT and (b) DHB in different GFJ preparations. Boxplots show the following descriptive statistics:
The median value, the IQR, and the 1.5-fold IQR, as well as individual measurements (small dots) and potential outliers (big dot; at least 1.5
IQR greater than the third quartile); as well as predicted vs. observed plasma concentration-time profiles of (¢) BGT and (d) DHB. Solid lines
represent model predictions while the different shapes represent observed data. BGT, bergamottin; DHB, 6,7-dihydroxybergamottin; GFJ,
grapefruit juice; IQR, interquartile range; K;, concentration for half-maximal inactivation; n: number of participants.

as a 10% (observed: 19%) higher felodipine AUC,__ if double-
strength GFJ was administered (Figure 4f). Furthermore, the
performance of the BGT and DHB model was investigated by
simulating the inhibiting effect of single ingredients and by sim-
ulating the effect of juices of limes (Figure 4j) and Seville or-
anges (Figure 4k). In the corresponding clinical studies, BGT
and DHB concentrations of 5 and 36 pmol/L were determined
in Seville oranges, whereas concentrations in GFJ were 16 and
23 pmol/L, respectively.® Pure lime juice contained 100 pmol/L
BGT and no DHB and was diluted to % strength, whereas the
administered GFJ contained 25 pmol/L BGT (DHB concentra-
tions not indicated).'* Solely the effect of grapefruit segments
(Figure 4i; blended segments without flavedo, albedo, and vas-
cular elements) and extract (segment-free parts extracted with
ethanol) could not be sufficiently described.

The impact of different juice types, and consequently ingre-
dient concentrations, was examined for alprazolam. In this case,
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the effects of canned juice (BGT: 1.13mg, DHB: 0.74mg) and
juice from frozen concentrate (BGT: 1.27, DHB: 1.87 mg) were
analyzed to investigate if the grapefruit effect may be more potent
when using a frozen concentrate preparation. A moderate increase
in the effect on alprazolam AUC (up to 25%) was observed if fro-
zen concentrate was used compared with canned juice.

Plasma concentration-time profiles of all clinical studies
included in the PBPK modeling analysis are depicted in the
Supplementary Material, Section 3. The overall model perfor-
mance is illustrated in Figure Sa,b in goodness-of-fit plots of
predicted compared with observed GFJDI AUC,  and C_ ra-
tios of victim drugs and their metabolites of all included clinical
studies. Overall, mean (range) GMFE values of 1.30 (1.00-3.66)
and 1.31 (1.00-3.08) were calculated for GFJDI AUC,  and
C_., ratios, respectively, with 93% of predicted GFJDI AUC,
and C__ratios deviating less than 2-fold from the corresponding
observed values.
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Table 1 Drug-dependent parameters of bergamottin and 6,7-dihydroxybergamottin

Bergamottin

6,7-dihydroxybergamottin

Parameter Unit Model Literature Ref Model Literature Ref
MW g/mol 338.4 (lit) 338.4 46 372.417 (lit) 372.417 47
logP 4.95 (opt) 4.81,5.3 46 3.72 (opt) 2.67, 3.4 47
pK, — — — 13.84 (lit) 13.84 &
iy plasma % 2.73 (calc) 2.73 8 7.70 (calc) 7.70 18
Solubility mg/L 10 (7) (lit) 10 (7) 46 44 (7) (lit) 44(7) 47
K., (CYP3A4) pmol/L 1.9 (asm) — — 1.10 (asm) — —
Koot (CYP3A4) 1/minute 0.05 (opt) — — 2.10 (opt) — —
GFR fraction 1 (asm) — — 1 (asm) — —
K, (CYP3A4) pmol/L 1.9 (lit) 1.9-40 629,45 1.10 (lit) 1.1-59 649,50
Kinact (CYP3A4) 1/minute 0.70 (lit) 0.08-0.70 6,29.49 0.41 (lit) 0.06-0.52 6:49.50
K, (CYP3A4) pmol/L 6.10 (lit) 0.5-13.3 6 0.50 (lit) 0.4-0.9 6
Intestinal permeability cm/minute 1.60 E-3 (opt) — — 6.41 E-5 (opt) — —

asm, assumed; calc, calculated; GFR, glomerular filtration rate; k
half-maximal inhibition k; .
optimized; pK,, acid dissociation constant.

cat’

The effect of GFJ on CYP3A4 exhibits two key characteristics.
First, BGT and DHB are irreversible inhibitors of CYP3A4, re-
sulting a time-dependent CYP3A4 inhibition, lasting more than
24 hours. Consequently, the effects of GFJ on victim drug pharma-
cokinetics can be observed even if the victim drug is taken 24 hours
after grapefruit consumption, which is sufficiently covered by the
model as shown in Figure 4d,e. Second, the CYP3A4 inhibition
is more pronounced in the intestine, whereas hepatic CYP3A4
is only affected after frequent juice consumption over several
days. Overall, the model successfully described the effect of GFJ
ingestion on oral drug bioavailability and successfully simulated
the decreased intestinal CYP3A4 metabolism, as illustrated in
Figure 5S¢ comparing predicted to observed GFJDI bioavailability
and intestinal availability (F) ratios. The effect of intestinal and
hepatic CYP3A4 inhibition by GFJ simulated with the model is
exemplarily shown for midazolam as a victim drug. Figure 6a de-
picts predicted compared with observed plasma concentration-
time profiles of midazolam with or without the ingestion of one
glass of GFJ (single- or double-strength), whereas Figure 6b shows
plasma concentration-time profiles of midazolam without or after
consumption of a total of 6 glasses of GFJ for 2 days prior to mid-
azolam administration. The model sufficiently described the effect
of GFJ ingestion on midazolam plasma concentration-time profiles
in all 3 cases and predicted a 276% (observed: 276%) higher mid-
azolam AUC for the consumption of 6 glasses compared with one
glass of GFJ. Furthermore, marked increases in midazolam terminal
half-life (7, ,)
multiple doses of GFJ but not for co-administration with a single
glass of GFJ. As illustrated in Figure S5d, comparing predicted to
observed GFJDI 7, ,
fect of single and multiple doses of GFJ on midazolam, felodipine,

could be observed if the drug was administered after

ratios, the model was able to describe the ef-

and triazolam 7, ,.
To further investigate the difference in the effect magnitude of

GFJ on duodenal vs. hepatic CYP3A4, the model was applied to

6

catalytic rate constant; K;, concentration for half-maximal inhibition; K,, concentration for
maximum inactivation rate constant; K, Michaelis-Menten constant; lit, literature; logP, lipophilicity; MW, molecular weight; opt,

predict CYP3A4, BGT, and DHB concentrations in the duode-
num and liver during administration of one glass of juice (Figure 6,
left column) or multiple glasses of juice (Figure 6, right column).
For the ingestion of one glass of juice, the model predicts maximum
hepatic ingredient concentrations below K}, whereas concentra-
tions close to or above K7 are predicted for frequent GFJ inges-
tion. Ingredient concentrations in the duodenum exceed K| by
several fold for single and frequent juice ingestion. Subsequently,
the model predicts a strong decrease in intestinal CYP3A4, inde-
pendent of frequency of juice consumption, as well as a frequency-
dependent decrease in hepatic CYP3A4.

DISCUSSION
In the presented analysis, a GFJDI PBPK model was successfully
established and evaluated. The model describes the consumption
of GF]J as oral administration of the furanocoumarins BGT and
DHB and successfully describes and predicts CYP3A4-mediated
GFJDIs for a broad spectrum of victim drugs and scenarios.
Models of BGT and DHB were established as important
CYP3A4 inactivators in grapefruit, regarding: (i) their abun-
dance in the juice as well as (ii) their inactivation activity.” Iz vivo
studies could show that a naringin solution®® or furanocoumarin-
free GFJ did not markedly impact felodipine pharmacokinetics,
implying that furanocoumarins are the main CYP3A4 inactiva-
tors in GFJ. However, the inhibitory effects of BGT and DHB
observed iz vivo were slightly smaller compared with the effect
of whole GF].ZG’27 Hence, the effect cannot be attributed to one
of these ingredients alone. Overall, CYP3A4 inactivation by
grapefruit is complex and may result from a combination of in-
gredients present in the juice.” This may explain why the current
grapefruit model covering solely BGT and DHB could not suf-
ficiently describe the administration of GFJ ethanol extract and
homogenized segments. This may be related to altered ingredi-
ent concentrations in respective preparations, and thus an altered
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Figure 3 Comparison of predicted and observed victim drug plasma concentration-time profiles with and without the administration of GFJ
of (a) simvastatin and (b) its metabolite simvastatin acid,*? (¢) alfentanil,3° (d) itraconazole, and (e) its metabolite hydroxyitraconazole,*° (f)

triazolam,** (g) R- and S-verapamil, and (h) their metabolites R-and S

while the different shapes represent observed data (+ SD, if available
number of participants; po, oral, qd, once daily; s, single strength; sd
tid, three times daily.

contribution of the ingredients to the grapefruit effect. For exam-
ple, naringin concentrations in the ethanol extracts were ninefold
higher compared with GF]J. Even though naringin and/or its me-
tabolite naringenin does not strongly contribute to the CYP3A4

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME O NUMBER O | Month 2023

-norverapamil,*? (i) carbamazepine.*® Lines represent model predictions

). D, day; d, double strength; GFJ, grapefruit juice; iv, intravenous; n,
, single dose; sol, solution; tab, tablet; tabER, extended-release tablet;

inhibition at concentrations measured in GFJ, it is conceivable
that especially naringenin may additionally impact victim drug
concentrations at such high concentrations.” The characterization
of the pharmacokinetics of BGT and DHB has been challenging
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[ Effect of victim route (oral or intravenous) ] [ Effect of GFJ frequency ]
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due to the limited information on their metabolism and concen-
tration measures in the human body. Within the scope of the pre-
sented analysis, the models were developed to describe GFJDIs
with CYP3A4 victim drugs. As more comprehensive information
becomes available, these models can be easily refined.

Overall, CYP3A4-mediated GFJDIs are highly variable. First,
this can be related to the high interindividual variability of intes-
tinal CYP3A4, where up to an 8-fold difference in intestinal con-
centrations was reported.”® Second, it should be considered that
grapefruit is a natural product and the concentration of ingredients
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Figure 4 Comparison of predicted and observed felodipine drug plasma concentration-time profiles with and without administration of GFJ (a)
after intravenous administration or (b) oral administration of felodipine,9 (c) with and without the administration of GFJ (frequently administered
or a single glass), (d) with and without grapefruit ingestion concomitantly, 4 hours or 24 hours before felodipine administration along with
corresponding (e) dehydrofelodipine plasma concentration-time profiles (f) with and without the administration of double- or single-strength
GFJ™ (g) with and without the administration of different doses of BGT (2-12mg) compared with GFJ,?® (h) with and without the administration
of juice “serum” (aqueous supernatant of frozen concentrate suspended in water, containing primarily DHB) compared with GFJ,%" as well as
(i) blended segments (segments) and ethanol extract from segment free parts (extract)44 and (j) with and without the administration of lime
juice™ or (k) Seville orange13 in comparison to GFJ. Lines represent model predictions, whereas the different shapes represent observed
data (+ SD, if available). BGT, bergamottin; D, day; d, double strength; DHB, 6,7-dihydroxybergamottin; ER, extended-release formulation; extr,
extract; GFJ, grapefruit juice; iv, intravenous; n, number of participants; po, oral; s, single strength; sd, single dose; segm, segments; sol,
solution; tab, tablet; tid, three times daily.
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Figure 5 Performance of the GFJDI model. The performance of the model to predict the effect on the included victim drugs is illustrated in
goodness-of-fit plots, comparing predicted versus observed (a) GFJDI AUC, , ratios and (b) GFJDI C__ ratios of all GFJDI studies as well as (c)
GFJDI bioavailability and Fg ratios and (d) GFJDI tio ratios of selected studies. The line of identity is shown as a straight solid line; the curved
solid lines mark the prediction success limits proposed by Guest et al.*® A 1.25-fold deviation is shown as dotted lines; a 2-fold deviation is
shown as dashed lines. Details on the GFJDI studies and all references are provided in the Supplementary Material, Section 3. AUC__,, area
under the plasma concentration—time curve from dosing to the last concentration measurement; C__ , maximum plasma concentration; F,
oral bioavailability; Fg, intestinal availability; GFJ, grapefruit juice; GFJDI, grapefruit-drug interaction; PK, pharmacokinetic; t,,, terminal half-life.

may vary’ depending, for example, on external growing conditions
and the fruit variety. Storage and processing of the fruit can also in-
fluence the concentrations." A high variability of BGT and DHB
concentrations in GFJ with differences of more than 100-fold
could be observed during the analysis of ingredient concentrations
reported in the literature. For ~ 80% of the simulated scenarios, the
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ingredient concentrations were not indicated in the clinical study
but had to be assumed based on the administered juice preparation
to estimate the ingested dose. Even though in most cases the true
concentration of BGT and DHB was unknown, the model suffi-
ciently described and predicted GFJDIs for different victim drugs
assuming mean ingredient concentrations which is supported by
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Figure 6 Effect of grapefruit on intestinal and hepatic CYP3A4. Comparison of predicted and observed (a, b) midazolam plasma concentration-
time profiles, (e, d) predicted duodenum and liver CYP3A4 concentrations and predicted (e, f) BGT and (g, h) DHB concentrations in plasma,
duodenum and liver after oral administration of midazolam with and without concomitant consumption of one glass of single- or double-
strength GFJ (left column) or after consumption of GFJ over 2days before midazolam administration (right column).10 BGT, bergamottin;
CYP3A4, cytochrome P450; d, double-strength; DHB, 6,7-dihydroxybergamottin; GFJ, grapefruit juice; GFJDI, grapefruit-drug interaction; D, day;
po, oral; tab, tablet; n, number of participants; s, single-strength; sd, single dose; tid, three times daily.
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mean calculated GMFEs of 1.30 and 1.31 for GFJDI AUC, _ and
C._.. ratios. This may be due to the fact that the effect is almost
completely established after the consumption of 200 mL of juice,
and doubling the dose of perpetrator moieties (e.g., by adminis-
tering double-strength juice), does not considerably impact the
effect.'®"! However, regarding the pronounced variability, speci-
fying ingredient concentrations in future studies would enhance
comparability between studies and improve comprehension of
the grapefruit effect. Although GFJDIs with triazolam are gener-
ally well-described (GMFE GFJDI AUC,  ratio=1.49; GFJDI
GMEE C_ ratio=1.40), the model tends to overpredict the ef-
fect of GFJ, which cannot be solely attributed to high variability in
CYP3A4 and juice ingredients. Given that GFJDIs with the struc-
turally related CYP3A4 substrate midazolam are sufficiently de-
scribed (GMFE GFJDI AUC, _ ratio = 1.17; GMFE GEJDI C,__
ratio = 1.24), it is plausible to assume that the overprediction of the
effect could also result from an inadequate description of intestinal
CYP3A4 metabolism of triazolam.

The current model only reflects the inhibition of CYP3A4.
However, inhibition of further metabolic and transport pro-
teins besides CYP3A4 is reported.”” For verapamil, transport
via P-glycoprotein (P-gp) may be considered, however, clinical
studies with digoxin as sensitive P-gp victim drug showed that
grapefruit ingestion did not impact P-gp-mediated transport.*®
For simvastatin and erythromycin, transport via OATP may
also be impacted by GFJ. Plasma concentrations of simvastatin
lactone and its metabolite simvastatin acid were adequately pre-
dicted for co-administration with single-strength GFJ. However,
when co-administrated with double-strength juice, the predicted
grapefruit effect deviated from the observed effect. In this case,
it cannot be ruled out that concentrations of other ingredients,
such as naringin, might be high enough to markedly impact the
transport of simvastatin. For example, it has been demonstrated
that the flavonoid naringin can impair OATP-mediated trans-
port of pravastatin and pitavastatin.’' Carbamazepine is addi-
tionally metabolized via CYP2C8 and CYP2B6.”" Even though
grapefruit has been shown to inhibit CYP2B6 as well,” the
current simulation, only considering CYP3A4 inhibition, ade-
quately describes the grapefruit-carbamazepine interaction. This
is demonstrated by GMFEs of GFJDI AUC, _ and C___ratios
of 1.16 and 1.17, respectively. Hereby, the model describes the
complex interaction with carbamazepine as a victim and auto-
inducer of CYP3A4, whereby CYP3A4 is mutually induced and
inhibited.

The two key characteristics of the “grapefruit effect”—the time-
dependent CYP3A4 inhibition, lasting more than 24 hours, and
the predominant intestinal inhibition—were well-captured by
the model. The time-dependent CYP3A4 inhibition could be
described using inhibition parameters from the literature, demon-
strated by the sufficient prediction of felodipine and dehydro-
felodipine plasma concentration-time profiles, if felodipine was
administered simultaneously, or up to 24hours after GFJ.® The
CYP3A4 inhibition is primarily limited to intestinal CYP3A4,
whereas only frequent juice consumption causes hepatic CYP3A4
inhibition.'” The model reasonably described this characteristic by
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predicting: (i) the lack of effect of one glass of juice on intrave-
nous victim drugs, (ii) the effect on oral bioavailability and F , and
(iii) the effect on drug 7, ,. Based on model predictions of BGT,
DHB, and CYP3A4 concentrations in the duodenum and liver,
concentrations of the ingredients in the liver after the consump-
tion of one glass of juice are well below K and, thus, insufficient
to inactivate CYP3A4. In contrast, predicted duodenal ingredient
concentrations are severalfold above K} and a strong decrease in in-
testinal CYP3A4 concentrations is predicted, independently of the
frequency of GFJ ingestion.

Additional PBPK modeling approaches to describe the “grape-
fruit effect” are available in the literature. These approaches
aimed to describe the “grapefruit effect “cither mechanistically
by modeling BGT** or DHB as active ingredients,*>** or non-
mechanistically by adjusting intestinal CYP3A4 concentrations,
gastric emptying time,” or Vrmx"%’37 The herein presented anal-
ysis included a particularly large set of clinical studies (7 =43),
investigating 10 different CYP3A4 victim drugs as well as their
metabolites. Thereby, the model was thoroughly challenged and
used to extensively investigate the unique features of the “grape-
fruit effect” The GFJDI model sufficiently describes: (i) the
effect on intravenously and orally applied victim drugs, (ii) the
effect on oral bioavailability and F, (iii) the impact on drug 7, ,,
for single vs. repeated grapefruit consumption, (iv) the effect on
victim drug metabolite plasma concentration-time profiles, and
(v) the time-dependent effect of the CYP3A4 inhibition. In ad-
dition, no other modeling approach aimed to predict the effect
of GFJ by modeling both active ingredients—BGT and DHB—
although the effect cannot be attributed to one of these ingredi-
ents alone. Furthermore, the models of BGT and DHB could be
successfully applied to predict the effects of Seville orange and
lime juice consumption on the pharmacokinetics of felodipine.
Both furanocoumarins are found in several commonly consumed
fruits and their respective juices, herbs, and vegetables (e.g., pars-
ley, different citrus fruits but also celeriac and parsnip).”® Here,
the developed PBPK models could provide the basis to investi-
gate the effects of additional furanocoumarin-containing foods
on CYP3A4 substrates.

In summary, a grapefruit PBPK model was successfully de-
veloped and the effect of GFJ on various victim drugs could be
described by modeling ingestion of GFJ as oral administration
of the active ingredients BGT and DHB. The selection of mod-
eled GFJDIs was based on the availability of victim drug PBPK
models within the Open Systems Pharmacology Suite as well as
clinical studies providing plasma concentration-time profiles in
the literature. However, the GFJDI model can be easily adapted
to predict GFJDIs with additional CYP3A4 substrates, such as
buspirone, lovastatin, or tacrolimus,” which may also provide
further insights into the performance of the presented grapefruit
model. Moreover, the model could also be utilized to investigate
dosing adjustments and provide a building block to investigate
potential effects of furanocoumarins in foods. Additionally, the
model can also be used for educational purposes to illustrate the
pronounced effect that the consumption of GFJ might have on
a patient’s medication.
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DISCUSSION AND FUTURE DIRECTIONS

This thesis explores the capability of PBPK modeling to describe complex
and time-dependent DDIs and FDIs involving CYP3A4. Within this work,
new whole-body PBPK models of various CYP3A4 substrates and perpetra-
tors were developed, namely carbamazepine (Project I, inducer), felodipine
(Project II, substrate), and grapefruit juice (Project III, mechanism-based
inhibitor). A CYP3A4 interaction network was established, including the
aforementioned compounds as well as previously developed PBPK models
of further substrates and perpetrators, mainly focusing on CYP3A4 but also
including CYP2B6-mediated DDIs. The final network encompasses a total
of thirteen compounds, illustrating the modularity of the PBPK modeling
approach that allows the coupling of various models to predict DDIs.

51 PBPK MODELING OF COMPLEX CYP3A4-MEDIATED DDIS
5.1.1 Implementation of time-dependent drug interactions in PBPK modeling

Synthesis and degradation of CYP3A4 have to be taken into account to
mechanistically describe time-dependent DDIs. Therefore, PBPK modeling
relies on an extensive number of parameters. System-dependent parame-
ters, including information on CYP3A4 organ expression, initial enzyme
concentration, and half-life in liver and intestine are implemented in the
modeling software PK-Sim® [66]. The effect of a mechanism-based inhibitor
or inducer on enzyme degradation or synthesis, respectively, is then usually
described using parameters derived from in vitro experiments as outlined in
Section 1.3.

However, parametrization of the inductive effect of carbamazepine in Project
I was challenging as ECs, and Enax values from published in vitro analyses
were highly variable (ECso: 4.3 — 137 pmol/1; Enax: 1.90 — 23) [1]. Here,
variations in experimental conditions or the selected endpoint may have
contributed to respective differences in obtained ECs, and Enax [39]. Addi-
tionally, high inter-donor variability in CYP activity was observed in in vitro
hepatocyte systems [78].

In the final carbamazepine PBPK model, the CYP3A4 induction process was
parametrized using a mean EC5, = 20 ymol/I calculated from available liter-
ature values while E.x = 6 was estimated during a parameter identification.
The estimated value used in the model was within the range of reported
literature values and sulfficiently described carbamazepine autoinduction as
well as DDIs with carbamazepine as CYP3A4 inducer, with GMFE values of
1.21 for DDI AUC, ratios and 1.61 for DDI Cy,x ratios.

Inhibition parameters for bergamottin and 6,7-dihydroxybergamottin were
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also highly variable between different published in vitro experiments. These
differences may be attributed to the experimental design or the use of micro-
somes versus recombinant CYP3A4 [53, 54]. Microsomes are widely used as
the gold standard to assess MBI [79]. Experiments with recombinant CYPs
frequently reveal a higher MBI potential of the investigated drug, which
might result in an overestimation of the effect in vivo [54]. This may be re-
lated to a more efficient generation of the reactive intermediate necessary for
the MBI with recombinant CYPs, facilitated by higher oxidoreductase levels
[54, 79] as well as the absence of further CYP enzymes [79]. Furthermore,
comparably high protein concentrations can be observed in microsomal
preparations [79]. High protein concentrations can lead to sequestration
of the investigated drug as it may bind nonspecifically to proteins or par-
tition into membranes, reducing the concentration of free drug available
for CYP3A4 inactivation [80]. Here, not taking the unbound fraction of the
drug into account may underestimate its inhibitory activity [56, 80]. Paine
et al. compared inactivation parameters of 6,7-dihydroxybergamottin and
bergamottin obtained utilizing microsomes or recombinant CYP3A4, con-
cluding that high degrees of sequestration led to an underestimation of the
inhibitory activity in microsomal preparations [56].

The mechanism-based inhibition of CYP3A4 by bergamottin and 6,7-dihy-
droxybergamottin in the GFJDI PBPK model was therefore parametrized
using K; and Kinact values derived from recombinant CYP enzymes reported
by Paine et al. [56]. Overall, the presented GFJDI PBPK model sufficiently
described GFJDIs with a broad range of CYP3A4 substrates for different
scenarios with overall GMFEs of 1.30 for GFJDI AUC,; ratios and 1.31 for
GFJDI Cax ratios.

5.1.2 The application of PBPK modeling to investigate complex DDIs involving
CYP3A4

Initial clinical studies evaluate the inhibitory or inductive potential of an
NDA on specific enzymes using index substrates or test an NDA'’s suscepti-
bility to DDIs using clinical index perpetrators targeting a specific pathway
[6]. While outcomes of these studies provide insights into involved CYP-
mediated processes, the findings of the investigated DDI scenario with one
particular perpetrator cannot be directly extrapolated to other DDI scenar-
ios as the intricate mechanisms underlying a DDI can be very complex.
In addition, the controlled setting of clinical DDI studies may not reflect
clinical reality. DDIs often occur in polymedicated patients, taking five or
more medications in different regimens [81]. FDIs resulting from individual
dietary habits further add to the complexity of drug interactions. Overall,
(1) time-dependent effects of mechanism-based inhibitors or inducers (2) the
presence of multiple DDI effects, including different enzymatic pathways,
autoinduction, or co-administration of more than two DDI partners; (3)
differential effects on intestinal and hepatic CYP3A4 as well as (4) interac-
tions involving common foods, such as grapefruit contribute to the unique



5.1 PBPK MODELING OF COMPLEX CYP3A4-MEDIATED DDIS

outcome of a particular DDL

PBPK modeling is a powerful technique to investigate the outcome of com-
plex DDIs. For instance, it could be applied to extrapolate the results of
clinical DDI studies to investigate untested real-world DDI scenarios involv-
ing complex DDI mechanisms. As changes in drug and CYP concentrations
over time can be quantitatively predicted, the mechanistic modeling ap-
proach could improve the understanding of the DDI while at the same time
potentially reducing the need for additional clinical trials. The capability of
whole-body PBPK modeling to capture complex and time-dependent DDIs
and FDIs involving CYP3A4 was thoroughly investigated within Projects I -
I

5.1.2.1 Differentiating intestinal and hepatic CYP3A4 DDI effects

CYP3A4 is not only highly expressed in the liver, but also in the intestines,
where it is the predominant CYP isoform [19] and contributes to a drug’s
tirst-pass metabolism and total bioavailability. Drugs undergoing signifi-
cant intestinal CYP3A4 metabolism are particularly susceptible to DDIs,
as CYP3A4 perpetrators can have a significant impact on their bioavail-
ability [20-22]. Therefore, understanding the contribution of intestinal and
hepatic metabolism to the PK of a CYP3A4 substrate is important to compre-
hend and predict DDIs. For instance, Heinig et al. extensively investigated
finerenone CYP3A4 metabolism through in vitro and in vivo DDI studies
[82]. The results were used to inform a finerenone PBPK model to predict
untested DDIs and subsequently guide drug labeling [83].

In Project II, the contribution of intestinal CYP3A4 metabolism to the overall
PK of the substrate felodipine was sufficiently described by PBPK modeling.
Here, the PBPK model of felodipine predicted that 53% of the administered
dose is metabolized by CYP3A4 in the intestines (observed Fg = 45% [21])
and an overall oral bioavailability of 13 - 18% (observed F = 14.2% [21]).
Furthermore, the model captured the impact of carbamazepine treatment on
felodipine bioavailability. Here, the model predicted a decrease from 15% to
1%, closely correlating with observed decreases from approximately 13% to
2% [32]. The thorough evaluation of the felodipine model — adequately cover-
ing felodipine intestinal metabolism, bioavailability, and CYP3A4-mediated
DDIs — within Project II enabled the establishment of the grapefruit DDI
PBPK model in Project III. Within this project, the capability of whole-body
PBPK modeling to describe differential DDI effects on intestinal and hepatic
CYP3A4 was extensively investigated. Notably, grapefruit primarily inhibits
intestinal CYP3A4, with effects on hepatic CYP3A4 only emerging after con-
suming the fruit or its juice frequently or in high amounts [61]. Consequently,
a single glass of grapefruit juice does not affect the PK of intravenously
administered CYP3A4 substrates, as sufficiently described by the PBPK
model for GFJDIs with intravenously applied felodipine, midazolam, and
alfentanil [21, 84]. For orally administered compounds, a single glass of
grapefruit affects drug bioavailability but not half-life. Here, the grapefruit
PBPK model comprehensively described GFJDIs with orally administered
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drugs, including effects on AUC and Cpax and bioavailability. For the victim
drugs felodipine and midazolam, the model also adequately predicted more
pronounced effects associated with frequent grapefruit juice consumption,
extending to effects on drug half-life.

The explicit representation of different tissues in the PBPK model enabled
the prediction of bergamottin and 6,7-dihydroxybergamottin concentration
in the duodenum and liver after the consumption of one or multiple glasses
of grapefruit juice. This led to the hypothesis that hepatic ingredient concen-
trations may be insufficient to inhibit CYP3A4 in the liver after ingesting a
single glass of grapefruit juice.

5.1.2.2 Time-dependence of CYP3A4-mediated DDIs

Grapefruit as a mechanism-based inhibitor and carbamazepine as a CYP3A4
inducer both mediate concentration- and time-dependent DDIs. These types
of DDIs exhibit characteristics of slow onset, prolonged duration, and a
cumulative but saturable effect [10], as outlined in Section 1.3. The ca-
pability of PBPK modeling to describe respective characteristics could be
thoroughly investigated within Project III: The presented GFJDI PBPK model
sufficiently captured the prolonged effect of grapefruit on victim drugs, in-
cluding felodipine, midazolam, simvastatin, and triazolam, administered
up to 144 hours after grapefruit consumption. Furthermore, the cumulative
and saturable kinetics were also covered by the PBPK model, demonstrated
through the adequate description of (1) GFJDIs for single- versus double-
strength grapefruit juice, reflecting a 2-fold difference in bergamottin and
6,7-dihydroxybergamottin concentrations, and (2) GFJDIs following frequent
administration of grapefruit juice. This comprehensive PBPK analysis illus-
trates the power of PBPK modeling to dynamically compute changes in ac-
tive CYP3A4 in the presence of two mechanism-based inhibitors of CYP3A4
— bergamottin and 6,7-dihydroxybergamottin — by taking into account the
kinetics of the inhibition processes as well as CYP3A4 turnover. This enabled
an accurate description of the time-dependent grapefruit-mediated FDIs,
depending on the balance of CYP degradation and synthesis.

The complex PK of carbamazepine involve extensive metabolism by CYP3A4,
CYP2B6, CYP2C8, and UGT2B7 [43—45], as well as autoinduction, increas-
ing its own CYP3A4- and CYP2B6-mediated clearance [8]. This time- and
dose-dependent process results in nonlinear kinetics and an increased clear-
ance during initiation of a long-term treatment [85, 86], with the full effect
established after up to 3 — 5 weeks of treatment [42]. In Project I the intricate
metabolism of carbamazepine was thoroughly investigated, implementing
relevant metabolic and inductive processes. Considering a diverse set of
clinical studies covering single- and multiple-dose studies administering
carbamazepine over a broad range of doses (50 — 800 mg), aimed to en-
sure that the concentration- and time-dependent characteristics of the CYP
autoinduction were adequately implemented in the model. To further ver-
ify the adequate description of CYP metabolism and induction, the model
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was applied in DDI predictions and sufficiently predicted interactions with
simvastatin and alprazolam as CYP3A4 substrates, bupropion as CYP2B6
substrate as well as erythromycin as a CYP3A4 inhibitor. In the following
Projects II and III, the carbamazepine PBPK model was also successfully
applied to predict a DDI with the CYP3A4 substrate felodipine or a GFJDI
with grapefruit, respectively.

5.1.2.3 Involvement of multiple DDI effects

The overall outcome of a DDI can be the result of the confluence of multiple
distinct mechanisms, making it challenging to predict. This complexity be-
comes evident in scenarios where the perpetrator impacts several relevant
CYP pathways at the same time or where co-administered drugs impact each
other’s metabolic pathways mutually. The administration of more than two
drugs simultaneously increases the number of potentially affected pathways.
The impact of multiple DDI effects on the overall DDI outcome is examined
within two illustrative examples in the following.

As a dual substrate and inducer of CYP3A4 and CYP2B6 [43, 44, 46], car-
bamazepine acts as both a perpetrator and victim at the same time. An
intricate example is the interaction between carbamazepine and efavirenz
[47]. Both compounds induce CYP3A4 and CYP2B6 but are also substrates of
respective enzymes. Here, CYP3A4 is the major enzyme in the metabolism
of carbamazepine [43], while CYP2B6 is the main metabolizing enzyme of
efavirenz [48]. The adequate prediction of the mutual effects of efavirenz and
carbamazepine on each other’s metabolism indicates that the PBPK models
sufficiently describe (1) the contribution of each affected pathway to overall
drug metabolism as well as (2) the drug concentrations at the sites of the in-
teraction. The prediction of the efavirenz-carbamazepine DDI within Project
I exemplifies the power of PBPK DDI modeling, to describe the dynamic
changes in drug concentrations and the time- and concentration-dependency
of CYP induction [1].

By activating nuclear receptors, inducers typically increase the expression
of multiple proteins simultaneously, as outlined in Section 1.3.1. In future
applications, the carbamazepine PBPK model can be readily expanded to
include further processes, for instance, induction of CYP2Cg [8] or P-gp.

The capability of PBPK modeling to predict DDIs with three interacting
drugs was illustrated in Project II, predicting the felodipine-carbamazepine-
phenytoin DDI. On the enzymatic level, the interaction between these com-
pounds is particularly complex. It is assumed that felodipine does not
affect the PK of the co-administered drugs and therefore acts as a victim
drug in this interaction. However, phenytoin and carbamazepine both in-
duce the CYP3A4-mediated metabolism of felodipine. Additionally, both
antiepileptic drugs mutually affect each other’s metabolism. Phenytoin
induces the CYP3A4-mediated carbamazepine metabolism, while carba-
mazepine induces CYP2Cg- and CYP2C19-mediated phenytoin metabolism.
All interaction processes were considered in the PBPK model and the inter-
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action could be sufficiently described. In the clinical study that was used to
evaluate the DDI prediction [32], participants received carbamazepine and
phenytoin as part of their long-term epilepsy medication, highlighting the
challenges associated with initiating treatments for patients taking strong
CYP3A4 inducers. Overall, this example underscores that real-world DDIs
are often far more complex than the isolated DDIs investigated with in-
dex compounds in clinical DDI studies. Especially fragile and multimorbid
populations receiving polymedication face a high risk for DDIs. However,
investigating all possible DDI scenarios in clinical studies is unfeasible due
to the combinatorial explosion and could bear a high risk for participants.
PBPK modeling may overcome those challenges by extrapolating results
derived from clinical DDI studies to investigate untested real-world settings
and emerges as a valuable tool to enhance understanding of these complex
DDIs and inform treatment decisions.

5.2 CYP3A4-MEDIATED FOOD-DRUG INTERACTIONS
5.2.1 PBPK modeling of CYP-mediated food-drug interactions

In Project 11, the grapefruit effect was mathematically described within a
whole-body PBPK modeling framework by explicitly modeling two ingre-
dients of the fruit, bergamottin and 6,7-dihydroxybergamottin. The model
adequately described the observed effects of grapefruit on ten different
victim drugs, although the grapefruit effect cannot be attributed to one
specific causative ingredient. Moreover, ingredient concentrations of the
fruit are highly variable and were not indicated in approximately 80% of
available clinical studies. Successful application of the bergamottin and 6,7-
dihydroxybergamottin PBPK models to predict FDIs with lime and Seville
orange illustrates the potential of respective ingredient PBPK models in
predicting FDIs with further foods containing respective ingredients aside
from grapefruit. The effect of grapefruit juice extends beyond the inhibition
of CYP3A4 to further CYP enzymes and drug transporters such as organic-
anion-transporting polypeptides (OATP) [87]. As the inhibition of transport
proteins is assumed to be mediated by flavonoids, a potential extension of
the presented grapefruit PBPK model could involve the incorporation of
flavonoids.

Further foods have also been shown to affect metabolizing enzymes and
transporters, bearing a potential risk for DDIs. For instance, apple and
orange juice have been found in clinical trials to inhibit OATP2B1 [88]. Fur-
thermore, CYP3A4 inactivation by tomato juice has been shown in vitro [89]
and in the rat [9o]. However, relevant effects have not yet been observed
in humans [90]. In general, FDIs are complex as the overall effect is often
the result of a food’s unique ingredient composition, and their clinical rele-
vance depends on consumed amounts, the timing of the consumption, and
the characteristics of the victim drug [88]. Here, the grapefruit modeling
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approach can serve as a blueprint for further FDI modeling analyses, to gain
mechanistic insights and assess the clinical relevance of FDIs. However, a
comprehensive understanding of FDIs with PBPK modeling would require
a detailed characterization of the causative ingredients of the investigated
food.

By increasing the exposure of CYP3A4 victim drugs, grapefruit increases the
risk for ADRs. Severe ADRs associated with grapefruit consumption include
torsade de points (amiodarone) [91], thabdomyolysis (atorvastatin) [92],
or nephrotoxicity (tacrolimus) [23, 93]. As grapefruit irreversibly inhibits
CYP3A4, the interaction cannot be avoided by a staggered intake of grape-
fruit and the drug, wherefore drug labels of respective drugs advise against
the consumption of grapefruit [94—96]. However, recommendations in drug
labels, for instance for mifepristone [97], are not always based on clinical
trials but on metabolic characteristics of the drug [98]. This may also lead to
inconsistencies in drug labels and patient information leaflets as observed
by Van et al. [99]. Additionally, the awareness of the grapefruit effect on
medication in the general public is low [100]. For instance, interactions of
grapefruit or Seville orange with anti-cancer medication were reported as
the most frequent FDI [101, 102]. Koni et al. reported that approximately
30% of included cancer patients were regularly consuming grapefruit juice
[102], while Prely et al. identified GFJDIs for approximately 10% of patients
[101].

However, for cancer treatments that are often associated with severe ADRs,
clinical trials bear a high risk for patients, especially if the drug is markedly
affected by grapefruit juice. Here, PBPK modeling could be a valuable alter-
native to assess potential interactions and guide labeling recommendations
if clinical trials are not feasible. After a thorough evaluation of the grapefruit
PBPK model in a DDI network with ten different CYP3A4 victim drugs
within Project III, the presented grapefruit PBPK model was applied in a
recent PBPK analysis to predict the untested grapefruit-dasatinib FDI [103].
The models predict an increase in dasatinib AUC of up to 1.4-fold after daily
consumption of grapefruit, supporting the package insert recommendation
to avoid concomitant intake of dasatinib with grapefruit juice. This example
illustrates potential future applications of the GFJDI PBPK model to guide
drug labeling.

5.2.2  Potential applications of grapefruit

Besides the increased risk for ADRs associated with grapefruit, its potential
to increase the bioavailability of substrates by inhibiting intestinal CYP3A4
could provide the opportunity to apply grapefruit as a bioavailability en-
hancer. In clinical practice, bioavailability enhancement is regularly achieved
by low-dose administration of the antiretroviral drug ritonavir to boost
the availability of further antiretroviral drugs like lopinavir [104] or of the
COVID-19 treatment nirmatrelvir [105]. However, ritonavir treatment is asso-
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ciated with adverse events including increased triglycerides or gastrointesti-
nal disturbances [105]. Additionally, the effect of ritonavir on victim drugs
is challenging to predict as it acts as a mutual inducer and inhibitor [106].
Here, grapefruit juice may emerge as a potentially favorable alternative. The
potential of grapefruit juice to enhance the availability of the antiretroviral
drug saquinavir was hypothesized as early as 1998 [107] and has been inves-
tigated in recent case reports [108]. However, given the high variability of
furanocoumarin concentration in juice preparations, it would be preferable to
apply purified bergamottin and/or 6,7-dihydroxybergamottin in fixed doses.
First advances in drug therapy were made by Paolini et al. in 2017 [109]
by intravenous co-administration of 6,7-dihydroxybergamottin-containing
micelles with the cancer treatment docetaxel to decrease its hepatic first-
pass metabolism in mice. The developed PBPK models of bergamottin and
6,7-dihydroxybergamottin could be used to (1) predict the effect of different
doses of (6,7-dihydroxy)bergamottin on various victim drugs, (2) assess the
impact of different dosing regimens on intestinal versus hepatic CYP3A4 as
well as (3) determine the time to achieve maximum CYP inhibition. Here, the
modeling approach not only provides a more mechanistic understanding of
the interaction but could also guide the design of clinical studies to explore
the potential of grapefruit components as bioavailability enhancers.

As a moderate to strong inhibitor of CYP3A4 [8], grapefruit may also present
as an alternative to the pharmaceutically active index CYP3A4 inhibitors itra-
conazole (strong inhibitor) or verapamil (moderate inhibitor), recommended
by the FDA for use in clinical DDI studies [6, 50]. Through virtual PBPK
DDI studies, the effect of grapefruit juice on a CYP3A4 victim drug could
be compared to the effect of itraconazole or verapamil, using previously
developed itraconazole and verapamil PBPK models [110, 111]. Hereby, the
potential application of grapefruit ingredients in clinical DDI studies could
be further explored.

5.3 PBPK MODELING OF DDIS IN MID3

PBPK modeling is gaining increasing recognition in the field of MID3. This
is evident in NDA submissions, including PBPK approaches, to the FDA,
which have strongly increased over the last decade [70]. While in 2013
approximately 20% of all submitted NDAs included PBPK analyses, the
percentage increased to 45% in 2019 [13]. Here, the primary purpose of PBPK
modeling is the investigation of enzyme-mediated DDIs [13]. An analysis
of NDAs approved by the FDA in 2017 revealed CYP3A as the main DDI
target. CYP3A was involved in the metabolism of two-thirds of approved
NDAs (n = 35). Among 16 drugs identified as inhibitors, one drug was
classified as a strong and mechanism-based inhibitor in vivo. Furthermore,
two drugs exhibited CYP3A4 induction in vivo [12]. Here, PBPK modeling
was applied to explore untested DDIs for five of the NDAs classified as
CYP3A4 substrates. For the NDA identified as a mechanism-based inhibitor,
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PBPK modeling was utilized to investigate its inhibitory effect at different
doses [12]. In all cases, PBPK modeling analyses guided drug labeling and
reduced the need for further dedicated clinical studies.

This emphasizes the importance and current relevance of the presented
thesis, aiming to enhance understanding of complex time-dependent DDIs
and FDIs involving CYP3A4 using PBPK modeling. Within the scope of the
project OSMOSES, PBPK models for the CYP3A4 inducer carbamazepine,
the substrate felodipine, and the mechanism-based inhibitor grapefruit were
thoroughly evaluated within extensive DDI networks and subsequently
shared with the Open Systems Pharmacology community to be used for
future applications. Within the context of MID3 the models may be applied
to investigate complex and time-dependent interactions evolving around
CYP3A4. This includes the investigation of untested interaction scenarios.
The Open Systems Pharmacology follows an open-source approach to im-
prove the exchange of scientific knowledge and facilitate the sharing of
PBPK modeling files. Therefore, the files of the presented PBPK models are
publicly available on GitHub. The PBPK models developed within Projects
I - III were embedded into a comprehensive CYP3A4 and CYP2B6 DDI
network featuring previously developed substrates and inhibitors to evalu-
ate their DDI performance. This network approach not only highlights the
modularity of PBPK modeling, allowing to couple models developed within
the same framework but also the benefits of the open-source concept of the
Open Systems Pharmacology platform. The use of PBPK models available on
the Open Systems Pharmacology GitHub page (github.com/Open-Systems-
Pharmacology) enabled the establishment of a comprehensive GFJDI net-
work. By predicting GFJDIs with various substrates with different pharma-
cokinetic characteristics, the grapefruit PBPK model could be thoroughly
evaluated.

Before applying a publicly available PBPK model for future research, its
adequate predictive performance and suitability for the intended research
objectives have to be evaluated. This evaluation is facilitated through a
transparent and comprehensive description of model development and eval-
uation. Therefore, all models developed and published within Projects I —
III are accompanied by detailed supplementary information, describing all
utilized data, incorporated processes, and final model parameters, as well as
a comprehensive performance evaluation of the models and implemented
DDIs. This comprehensive approach empowers prospective users to apply
and extend the developed models for future research.
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CONCLUSION AND OUTLOOK

CYP3A4 is the most abundant metabolizing CYP enzyme in the human
body. Its high abundance in the liver and intestine determines not only the
clearance of its substrates but also their oral bioavailability. As CYP3A4
is involved in the metabolism of >50% of available drugs, investigation of
potential DDIs is crucial during pharmaceutical drug development. Recent
literature illustrates the importance of PBPK modeling to support those
investigations. However, CYP3A4 cannot only be impacted by drugs but also
by common foods, as illustrated by the example of grapefruit. PBPK models
of carbamazepine, felodipine, and grapefruit were developed within this
thesis, and within an extensive PBPK CYP3A4 DDI network, the complex-
ity of time-dependent DDIs and FDIs involving CYP3A4 was thoroughly
investigated. The thesis illustrates the capability of mechanistic whole-body
PBPK models in predicting the outcome of respective complex interactions.
It was shown that the PBPK models can quantitatively describe and pre-
dict the time-dependent effect magnitude as well as the resulting changes
in drug plasma concentration-time profiles. The PBPK models developed
within this work were made publicly available and can be applied to support
time-dependent CYP3A4-mediated DDI investigations within the context of
MID3. In addition, the grapefruit PBPK model may be applied to investigate
potential applications of grapefruit ingredients. Furthermore, the GFJDI
modeling approach may serve as a blueprint for the application of PBPK
modeling to investigate FDIs.
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1 Physiologically based pharmacokinetic
(PBPK) modeling

1.1 PBPK model building

PBPK model building was initiated with a literature search to collect physicochemical paramet-
ers, information on absorption, distribution, metabolism and excretion (ADME) processes and
clinical studies of intravenous and oral administration in single- and multiple-dose regimens.
In addition to drug plasma concentration-time profiles, fraction excreted unchanged in urine
or feces measurements and tissue or saliva concentrations should be integrated if available.
The clinical study data were digitized and divided into a model building (training) dataset and
a model evaluation (test) dataset. The studies for the training dataset were selected to include
studies covering the whole published dosing range, single- and multiple-dose studies and in-
formation on tissue or saliva concentrations and urinary or fecal excretion, if available. Model
input parameter values that could not be informed from literature were optimized by fitting the
model to observed data of the whole training dataset.

1.2 Virtual individuals

Virtual mean individuals were generated for each study according to the reported age, weight,
height, sex and ethnicity. If no information was provided, a default individual was created (30
years of age, male, European, mean weight and height characteristics from the PK-Sim pop-
ulation database). Enzymes, transporters and binding partners were incorporated according
to current literature. The PK-Sim expression database [1] was used to define their relative ex-
pression in the different organs of the body. Details and references for the implementation of
relevant metabolizing enzymes, transport proteins and protein binding partners are provided in
Section 7.
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1.3 PBPK model evaluation

Model performance was evaluated (1) by comparing the predicted plasma concentration-time
profiles to observed profiles and (2) by comparing predicted plasma concentration values to the
corresponding observed values in goodness-of- fit plots, as well as (3) by comparing predicted
with observed area under the plasma concentration-time curve (AUC) and maximum plasma
concentration (Cmax) values. AUC values (predicted as well as observed) were calculated from
the time of drug administration to the time of the last concentration measurement (AUCst).
For a quantitative description of the model performance, the mean relative deviation (MRD)
of predicted plasma concentrations and the geometric mean fold error (GMFE) of predicted
AUC ¢t and Crax values were calculated according to Equations S1 and S2. We considered
MRD and GMFE values < 2 as an adequate model performance metrics.

. 1 2
MRD =10%, with x = \/E Z (10910 Cprea,i =109 Cobs,i)? (S1)
i=1

where cpreq,; = predicted plasma concentration, c,s,; = corresponding observed plasma con-
centration and m = number of observed values.

PKpred,i
PKobs,i

GMFE = 10%, with x = % Y llogy( )l (82)
i=1

where PKeq,; = predicted AUC a5t or Cmax Value, PKyy,,; = corresponding observed AUCast or
Cmax value and n = the number of studies.

1.4 Sensitivity analysis

Sensitivity of the final models to single parameter values (local sensitivity analysis) was meas-
ured as relative change of the AUC. Sensitivity analysis was carried out using a relative perturb-
ation of 1000% (variation range 10.0, maximum number of 9 steps). Parameters were included
into the analysis if they were optimized, if they are associated with optimized parameters or if
they might have a strong impact due to calculation methods used in the model.

The sensitivity to a parameter value was calculated as the ratio of the relative change of the
simulated AUC to the relative variation of the parameter around its value used in the final model
according to Equation S3.

_AAUC p
- AUC Ap

where S = sensitivity of the AUC to the examined model parameter, AAUC = change of the
simulated AUC, AUC = simulated AUC with the original parameter value, Ap = change of the
examined parameter value, p = original parameter value. A sensitivity of +1.0 signifies that a
10% increase of the examined parameter value causes a 10% increase of the simulated AUC.

(S3)
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1.5 Mathematical implementation of drug-drug interactions (DDIs)

Competitive inhibition

Competitive inhibitors compete with the substrate for binding to the active site of an enzyme
or transporter. As binding of the inhibitor is reversible, the inhibition can be overcome by high
substrate concentrations (concentration-dependency); The maximum reaction velocity (Vmax)
remains unaffected, while the Michaelis-Menten constant (Ky) is increased (Km app, Equation
S4). The reaction velocity (v) during co-administration of substrate and competitive inhibitor is
described by Equation S5 [2]:

Knmapp = K- (1 " %) (S4)
Vmax * [S]

- Ymax(S] S5

Km,app + 18] (59)

where Ky, app = Michaelis-Menten constant in the presence of inhibitor, K, = Michaelis-Menten
constant, [I] = free inhibitor concentration, K; = dissociation constant of the inhibitor-enzyme
or inhibitor-transporter complex, v = reaction velocity, v,,,x = maximum reaction velocity, [S] =
free substrate concentration.

Mechanism-based inactivation

Mechanism-based inactivation is an irreversible inhibition. The baseline activity of the protein
is regained after clearance of the inactivator and de novo synthesis of the inactivated protein
(time-dependency). The degradation rate constant (kqeq) Of respective protein is increased
(Kdeg,app, Equation S6), while the synthesis rate (Rsyn) remains unaffected. The enzyme or
transporter turnover during administration of a mechanism-based inactivator is described by
Equation S7. Mechanism-based inactivators are also competitive inhibitors. Therefore, the
reaction velocity is calculated accodring to Equation S8, substituting Km by Km,app [2]:

kdeg,app = kdeg + (%) (SG)

dE(1)
dt = Rsyn - kdeg,upp -E(1) (87)
Umax " [S] _ kcat - E(1)-[S] (S8)

- Kin,app + [S] Kin,app + [S]

where kq.¢,qpp = €NZyme or transporter degradation rate constant in the presence of mechanism-
based inactivator, k4.g = enzyme or transporter degradation rate constant, k;,qc, = maximum in-
activation rate constant, [I] = free inactivator concentration, K; = concentration for half-maximal
inactivation, E(t) = enzyme or transporter concentration, Ry, = enzyme or transporter synthesis
rate, v = reaction velocity, v,.x = maximum reaction velocity, [S] = free substrate concentra-
tion, Kuapp = Michaelis-Menten constant in the presence of inactivator, k.., = catalytic rate
constant.
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Induction

Induction of enzymes and transporters is mediated by the activation of nuclear receptors (con-
stitutive androstane receptor (CAR) or pregnane X receptor (PXR)), increasing gene expres-
sion. The baseline activity of the protein is regained after clearance of the inducer and degrada-
tion of the induced protein (time-dependency). The enzyme or transporter synthesis rate (Rsyn)
is increased (Rsyn,app, Equation S9), while its degradation rate constant (kgeg) remains unaf-
fected. The enzyme or transporter turnover during administration of an inducer is described by
S10 [2], the reaction velocity is described by Equation S11:

_ Epax - [Ind]
Rsyn,app = Rsyn- |1+ m (S9)
dE(t
% :Rsyn,app_kdeg'E(t) (810)
_ Umax'[S] _ Kkcar- E(8)- 18] (S11)
~ Kn+[SI Kpn+lS]

where Rgyn,qpp = €nZyme or transporter synthesis rate in the presence of inducer, Ry, = en-
zyme or transporter synthesis rate, E;, 4, = maximal induction effect in vivo, [Ind] = free inducer
concentration, ECso = concentration for half-maximal induction in vivo, E(r) = enzyme or trans-
porter concentration, ks., = enzyme or transporter degradation rate constant, v = reaction
velocity, v,ax = maximum reaction velocity, [S] = free substrate concentration, K, = Michaelis-
Menten constant, k., = catalytic rate constant.
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2 Carbamazepine

2.1 PBPK model building

The anticonvulsive carbamazepine is used for the treatment of epilepsy and trigeminal neural-
gia [3]. It is a BCS Class Il drug of low solubility and high permeability. The drug is mainly
cleared from the body by enzymatic degradation. About 20-40% of the administered car-
bamazepine is metabolized to carbamazepine-10,11-epoxide [4, 5]. Cytochrome P450 (CYP)
3A4 and CYP2C8 are the major enzymes catalyzing this conversion, while the contribution of
CYP2C8 is between 20-40% [6]. 10% of the dose are metabolized to hydroxylated metabolites,
mainly by CYP3A4 and CYP2B6 [7]. Less than 3% are excreted unchanged in the urine [8] and
less than 1% are excreted unchanged in the bile [9]. Carbamazepine is a strong inducer (AUC
decrease of a victim drug = 80%) of CYP3A4 and CYP2B6 [10]. As a result, carbamazepine
induces its own - as well as other drugs’ - metabolism during multiple-dose administration.
Carbamazepine-10,11-epoxide is almost completely converted to its trans-diol form via epox-
ide hydroxylase 1 (EPHX1) [5, 11] and it is assumed that carbamazepine also induces EPHX1
clearance after multiple-dose administration [4].

The parent-metabolite PBPK model of carbamazepine and carbamazepine-10,11-epoxide
was established using 40 clinical studies of oral administration, covering a broad range of
doses (50—-800 mgq) in single- and multiple-dose administration of different formulations. In
three of the included studies, the metabolite carbamazepine-10,11-epoxide itself was orally
administered. In total, the clinical studies provided 58 plasma concentration-time profiles, 3
saliva concentration-time profiles and 4 fraction excreted unchanged in urine measurements of
carbamazepine, as well as 34 plasma concentration-time profiles (24 as metabolite, 10 as ad-
ministered drug) and 5 fraction excreted unchanged in urine measurements of carbamazepine-
10,11-epoxide. All clinical studies are listed in Table S1.

As elimination processes in the carbamazepine model (1) metabolism by CYP3A4 and CYP-
2C8 to carbamazepine-10,11-epoxide, (2) metabolism by CYP3A4, CYP2B6 and UDP-glu-
curonosyltransferase (UGT) 2B7 as well as a hepatic clearance to cover further metabolic
processes, (3) auto-induction of CYP3A4 and CYP2B6 and (4) passive glomerular filtration
with tubular reabsorption [12] were implemented. The carbamazepine-10,11-epoxide meta-
bolite model includes (1) metabolism by EPHX1 [11, 13] and (2) renal elimination via passive
glomerular filtration. The metabolic processes implemented in the parent-metabolite PBPK
model are summarized in Figure S1. The drug-dependent parameters of carbamazepine and
carbamazepine-10,11-epoxide are listed in Table S2, details on the distribution and localization
of the implemented enzymes are provided in Table S45.

The carbamazepine-10,11-epoxide PBPK model was developed first, based on the three clin-
ical studies (10 plasma concentration-time profiles) that administered carbamazepine-10,11-
epoxide. Metabolism by EPHX1 was implemented as a first-order clearance process, and pass-
ive glomerular filtration was described using a GFR fraction < 1. The metabolite carbamazepine-
10,11-epoxide model was subsequently combined with the parent carbamazepine model and
the parameter values were used as starting values for the establishment of the parent-metabolite
model. Metabolic pathways of carbamazepine were implemented using Michaelis-Menten kin-
etics. All Ky, and kg values were taken from literature, except for the two implemented CYP3A4
processes where k¢at was optimized. As CYP induction by carbamazepine is mediated via ac-
tivation of the CAR [14], the same EC5y = 20.0 umol/l was applied to describe the CYP3A4,
CYP2B6 as well as the EPHX1 induction by carbamazepine. The associated Enax values were
optimized. To inform the optimization of the CYP3A4 Enax, the carbamazepine-alprazolam DDI
study was added to the training dataset. Renal elimination was described using an estimated
GFR fraction < 1. Oral dosage forms of carbamazepine in the analyzed clinical studies include
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solutions, suspensions, immediate release tablets and extended release tablets or capsules.
To simulate solutions and suspensions, carbamazepine was modeled as dissolved drug. The
dissolution kinetics of the other formulations were described using Weibull functions. Differ-
ent Weibull functions were optimized for fasted or fed state, as an increased carbamazepine
absorption was observed for ingestion with food [15, 16].

~ CYP2B6
Carbamazepine

v

Carbamazepine
-10,11-epoxide

v

Metabolism =—p»  Induction ———»

Figure S1: Metabolic pathways of carbamazepine. Carbamazepine is metabolized by CYP3A4
and CYP2C8 to its main metabolite carbamazepine-10,11-epoxide, which is then further meta-
bolized via EPHX1. Other metabolic pathways of carbamazepine clearance are metabolism by
CYP2B6 and CYP3A4 to 3-hydroxycarbamazepine and by UGT2B7 to glucuronide metabolites.
Carbamazepine is an inducer of CYP3A4, CYP2B6 and EPHX1

Figures S2 and S3 show the good performance of the carbamazepine-10,11-epoxide model
after oral application of carbamazepine-10,11-epoxide in linear and semi-logarithmic plots of
predicted compared to observed plasma concentration-time profiles. Goodness-of-fit plots
comparing all predicted to the corresponding observed plasma concentration values are presen-
ted in Figure S7 and correlation of predicted and observed AUC,,st and Cmax values is presen-
ted in Figure S10.

The precise performance of the carbamazepine parent-metabolite model is demonstrated
in linear and semi-logarithmic plots of predicted compared to observed plasma and saliva
concentration-time profiles in Figures S4 and S5. Predicted fraction excreted unchanged in
urine profiles in comparison to observed values are presented in Figure S6. Goodness-of-fit
plots for plasma concentrations and fractions excreted to urine values are presented in Figures
S8 and S9, respectively. The correlation of predicted and observed AUC ¢t and Cpax values
is presented in Figure S11. MRD values of plasma concentration predictions for all studies are
given in Table S3 . Predicted and observed AUC st and Cpax values and overall GMFE values
of all studies are listed in Table S4.
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2.4 Profiles

2.4.1 Carbamazepine-10,11-epoxide model

(a) (b) ()

Carbamazepine-10,11-epoxide - 50 mg, sd, susp (tr) Carbamazepine-10,11-epoxide - 50 mg, sd, susp (te) Carbamazepine-10,11-epoxide - 100 mg, sd, susp (tr)
© 7 ~e— Carbamazepine-10,11-epoxide, Tomson 1983 © 1 e~ Carbamazepine-10,11-epoxide, Tomson 1983 © e~ Carbamazepine-10,11-epoxide, Tomson 1983
n=1 n=1 n=1
E v+ Ew E w0+
=) E) E)
=1 = =
§ ¥ s v § ¥
g g B
T k=3 T
g g° g°
e e e
<3 3 3
O O « O oo
© © ©
= £ £ .
@ @ O @
o QS & o
o [\\\‘\.\A‘A‘ & {\\'\4\“ &
oA o - oA
0 6 12 18 24 30 0 6 12 18 24 30 0 6 12 18 24 30
Time [h] Time [h] Time [h]
(d) (e) ()
Carbamazepine-10,11-epoxide - 100 mg, sd, susp (te) Carbamazepine-10,11-epoxide - 100 mg, sd, susp (te) Carbamazepine-10,11-epoxide - 150 mg, sd, sol
© 7 —e— Carbamazepine-10,11-epoxide, Tomson 1983 © 1 —e— Carbamazepine-10,11-epoxide, Tomson 1983 ©q —e— Carbamazepine-10,11-epoxide, Sumi 1987
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© e~ Carbamazepine-10,11-epoxide, Tomson 1983 —e— Carbamazepine-10,11-epoxide, Tomson 1983 © —e— Carbamazepine-10,11-epoxide, Pisani 1990
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© 1 —e— Carbamazepine-10,11-epoxide, Pisani 1992
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L
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A

Plasma Concentration [ug/ml]
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?

Time [h]

Figure S2: Predicted compared to observed carbamazepine-10,11-epoxide plasma
concentration-time profiles (linear) after oral administration of carbamazepine-10,11-epoxide.
Observed data are shown as dots + standard deviation; model predictions are shown as solid
lines. Details on dosing regimens, study populations and literature references are listed in Table
S1. sd: single dose, sol: solution, susp: suspension, tab: tablet
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(a) (b) (c)

Carbamazepine-10,11-epoxide - 50 mg, sd, susp (tr) Carbamazepine-10,11-epoxide - 50 mg, sd, susp (te) Carbamazepine-10,11-epoxide - 100 mg, sd, susp (tr)
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Figure S3: Predicted compared to observed carbamazepine-10,11-epoxide plasma
concentration-time profiles (semi-logarithmic) after oral administration of carbamazepine-
10,11-epoxide. Observed data are shown as dots + standard deviation; model predictions
are shown as solid lines. Details on dosing regimens, study populations and literature refer-
ences are listed in Table S1. sd: single dose, sol: solution, susp: suspension, tab: tablet
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Figure S4: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (linear) after intravenous and oral ad-
ministration of carbamazepine. Observed data are shown as dots + standard deviation; model
predictions are shown as solid lines. Details on dosing regimens, study populations and liter-
ature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv: intravenous,
qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*; tablet with
concomitant food intake, tid: three times daily, XR: extended release

18



122 SUPPLEMENTARY INFORMATION

Carbamazepine - 200 mg, sd, tab (te) Carbamazepine - 200 mg, sd, tab (te) Carbamazepine - 200 mg, sd, tab (te)

| —e— Carbamazepine-10,11-epoxide, Bedada 2015 —e— Carbamazepine-10,11-epoxide, Bedada 2016 {-o— C: 10,11-epoxide, 1975
—e— Carbamazepine, Bedada 2015 —e— Carbamazepine, Bedada 2016 _e— Carbamazepine, Eichelbaum 1975

n=12 n=12 n=1
"] J’

25

20
L

Plasma Concentration [ug/ml]
1.0

Plasma Concentration [ug/ml]
3
.
—eo—i
Plasma Concentration [ug/ml]
5
.
)

24 48 72 96 0 60 120
Time [h] Time [h] Time [h]

(m) (n) (0)

Carbamazepine - 200 mg, sd, tab (te) Carbamazepine - 200 mg, sd, tab (te) Carbamazepine - 200 mg, sd, tab (te)

o
N
kN
I
3
~N
N
©
=3
o

25

—e— Carbamazepine, Gerardin 1976 —e— Carbamazepine-10,11-epoxide, Kim 2005 —e— Carbamazepine, Meyer 1992
n=6 —e— Carbamazepine, Kim 2005 z 4 n=24
n=10
L]

20
L

s

15

1.0

Plasma Concentration [ug/ml]
Plasma Concentration [ug/ml]
Plasma Concentration [ug/ml]

0.5
.

0.0
:
0
.

60 120 180 0 24 48 72 9 120 144 0 24 48 72 9 120
Time [h] Time [h] Time [h]

(p) (a) (n

Carbamazepine - 200 mg, sd, tab (te) Carbamazepine - 200 mg, sd, tab (te) Carbamazepine - 200 mg, sd, tab (te)

o

12
|
3.0

—e— Carbamazepine, Meyer 1998 —e— Carbamazepine, Shahzadi 2011 —e— Carbamazepine, Uclaf 1987
n=24 n=8 n=12
*

b 5

20
|

10
L
°

25
L

1.5
.

20
L

1.0

L

1.0

Plasma Concentration [ug/ml]
0.5
L

Plasma Concentration [ug/ml]
6
L
Plasma Concentration [ug/ml]
15
L

0.0
.
0 2
. .
2

00 05

o
N
ES
EN
®
~
N
©
=3
o
N
EN
N
®
~
N
o
N}
EN

48 72 96 120
Time [h] Time [h] Time [h]

Figure S4: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (linear) after intravenous and oral ad-
ministration of carbamazepine. Observed data are shown as dots + standard deviation; model
predictions are shown as solid lines. Details on dosing regimens, study populations and liter-
ature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv: intravenous,
qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*; tablet with
concomitant food intake, tid: three times daily, XR: extended release (continued)
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Figure S4: Predicted compared to observed carbamazepine and carbamazepine-10,11-

epoxide plasma (and saliva) concentration-time profiles (linear) after intravenous and oral ad-

ministration of carbamazepine. Observed data are shown as dots + standard deviation; model
predictions are shown as solid lines. Details on dosing regimens, study populations and liter-
ature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv: intravenous,
qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*; tablet with
concomitant food intake, tid: three times daily, XR: extended release (continued)
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Figure S4: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (linear) after intravenous and oral ad-
ministration of carbamazepine. Observed data are shown as dots + standard deviation; model
predictions are shown as solid lines. Details on dosing regimens, study populations and liter-
ature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv: intravenous,
qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*; tablet with
concomitant food intake, tid: three times daily, XR: extended release (continued)
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Figure S4: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (linear) after intravenous and oral ad-
ministration of carbamazepine. Observed data are shown as dots + standard deviation; model
predictions are shown as solid lines. Details on dosing regimens, study populations and liter-
ature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv: intravenous,
qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*; tablet with
concomitant food intake, tid: three times daily, XR: extended release (continued)
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concomitant food intake, tid: three times daily, XR: extended release (continued)
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Figure S5: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (semi-logarithmic) after intravenous
and oral administration of carbamazepine. Observed data are shown as dots + standard devi-
ation; model predictions are shown as solid lines. Details on dosing regimens, study popula-
tions and literature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv:
intravenous, qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*:
tablet with concomitant food intake, tid: three times daily, XR: extended release
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Figure S5: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (semi-logarithmic) after intravenous
and oral administration of carbamazepine. Observed data are shown as dots + standard devi-
ation; model predictions are shown as solid lines. Details on dosing regimens, study popula-
tions and literature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv:
intravenous, qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*:
tablet with concomitant food intake, tid: three times daily, XR: extended release (continued)
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Figure S5: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (semi-logarithmic) after intravenous
and oral administration of carbamazepine. Observed data are shown as dots + standard devi-
ation; model predictions are shown as solid lines. Details on dosing regimens, study popula-
tions and literature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv:
intravenous, qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*:
tablet with concomitant food intake, tid: three times daily, XR: extended release (continued)
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Figure S5: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (semi-logarithmic) after intravenous
and oral administration of carbamazepine. Observed data are shown as dots + standard devi-
ation; model predictions are shown as solid lines. Details on dosing regimens, study popula-
tions and literature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv:
intravenous, qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*:
tablet with concomitant food intake, tid: three times daily, XR: extended release (continued)
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Figure S5: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (semi-logarithmic) after intravenous
and oral administration of carbamazepine. Observed data are shown as dots + standard devi-
ation; model predictions are shown as solid lines. Details on dosing regimens, study popula-
tions and literature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv:
intravenous, qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*:
tablet with concomitant food intake, tid: three times daily, XR: extended release (continued)
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Figure S5: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide plasma (and saliva) concentration-time profiles (semi-logarithmic) after intravenous
and oral administration of carbamazepine. Observed data are shown as dots + standard devi-
ation; model predictions are shown as solid lines. Details on dosing regimens, study popula-
tions and literature references are listed in Table S1. bid: twice daily, cap: capsule, D: day, iv:
intravenous, qd: once daily, sd: single dose, sol: solution, susp: suspension, tab: tablet, tab*:
tablet with concomitant food intake, tid: three times daily, XR: extended release (continued)

29




A PROJECT I - PBPK MODELING OF CARBAMAZEPINE 133

(a) (b) (c)

Carbamazepine - 200 mg, sd, susp (te) Carbamazepine - 400 mg, sd, tab (tr) Carbamazepine - 400 mg, sd, tab (te)
o | o | o
N e C 10,11-epoxide, 1985 « —e— Carbamazepine-10,11-epoxide, Faigle 1975 « —e— Carbamazepine-10,11-epoxide, Faigle 1975
n=1 —e— Carbamazepine, Faigle 1975 —e— Carbamazepine, Faigle 1975
IS IS n=1 X n=1
L | 0 v | 0 v |
£ - £ - £ -
5 5 5
£ £ £
o o o
L o L o 2 o |
S S S
o o o
x x x
) e ) o)
c - c c
g w0 -~ 2 w0 e Sl  aeee=---
& - g LT . g e
s i s e - s = i
p - -
e ° JRg _e*
o~ o - o~
T T T T T T T T T T T T
0 60 120 180 0 60 120 180 0 60 120 180
Time [h] Time [h] Time [h]
(d) (e)
Carbamazepine - 400 mg, sd, tab (te) Carbamazepine - 600 mg, md, tab (tr)
o | o
« —e— Carbamazepine-10,11-epoxide, Morselli 1975 « —e— Carbamazepine-10,11-epoxide, Bermus 1994
—e— Carbamazepine, Morselli 1975 —e— Carbamazepine, Bernus 1994
= n=5 IS n=6
© 1 P
£ - £ -
5 5
£ £
o o
L o 2 o |
S S
o o
x x
) )
5 5
g v g w P
© - © .
[ e [y - - - -
. e ce--- T
P B L s o --F
T T T T T T T T T T T T
0 12 24 36 48 60 0 60 120 180 240 300
Time [h] Time [h]

Figure S6: Predicted compared to observed carbamazepine and carbamazepine-10,11-
epoxide fractions excreted unchanged in urine profiles (linear). Observed data are shown as
dots + standard deviation; model predictions are shown as solid lines. Details on dosing re-
gimens, study populations and literature references are listed in Table S1. md: multiple dose,
susp: suspension, sd: single dose, tab: tablet
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2.5 Model evaluation

2.5.1 Plasma concentration goodness-of-fit plots
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Figure S7: Predicted compared to observed carbamazepine-10,11-epoxide plasma con-
centrations after oral administration of carbamazepine-10,11-epoxide, predicted with the
carbamazepine-10,11-epoxide PBPK model. The solid line marks the line of identity. Dot-
ted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation.
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Figure S8: Predicted compared to observed (a) carbamazepine plasma concentrations (b)
carbamazepine-10,11-epoxide plasma concentrations and (c) carbamazepine saliva concen-
trations after intravenous and oral administration of carbamazepine. The solid line marks the
line of identity. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation.
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2.5.3 AUC st and Cax goodness-of-fit plots

(a)

10? 1

Predicted AUC 5 [g - h/ml]

e Carbamazepine-10,11-epoxide (tr)
A Carbamazepine-10,11-epoxide (te)

10° 1,

Figure S10: Predicted compared to observed carbamazepine-10,11-epoxide (a) AUC st and
(b) Cmax values after oral administration of carbamazepine-10,11-epoxide. The solid line marks
the line of identity. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation.
AUC,¢t: area under the plasma concentration-time curve from the time of drug administra-
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Figure S11: Predicted compared to observed (a,c) AUCi5st and (b,d) Cmax values of car-
bamazepine and carbamazepine-10,11-epoxide after intravenous and oral administration of
carbamazepine. The solid line marks the line of identity. Dotted lines indicate 1.25-fold, dashed
lines indicate 2-fold deviation. AUC ,st: area under the plasma concentration-time curve from
the time of drug administration to the last concentration measurement, Cmax: maximum plasma
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2.5.5 Sensitivity analysis

Sensitivity of the final carbamazepine-10,11-epoxide PBPK model to single parameters (local
sensitivity analysis) was calculated as the relative change of the predicted carbamazepine-
10,11-epoxide AUCq.o4 following a single dose of 100 mg carbamazepine-10,11-epoxide as
tablet. Sensitivity analysis was carried out using a relative parameter perturbation of 1000%
(variation range 10.0, maximum number of 9 steps). Parameters were included into the analysis
if they were optimized (lipophilicity, EPHX1 clearance, GFR fraction, intestinal permeability, dis-
solution shape, dissolution time) or if they might have a strong impact due to calculation meth-
ods used in the model (solubility, fraction unbound in plasma). Results of the sensitivity analysis
are illustrated in Figure S12. The carbamazepine-10,11-epoxide model is mainly sensitive to
the value fraction unbound in plasma (literature), and to the EPHX1 clearance (optimized).

Sensitivity of the carbamazepine parent-metabolite PBPK model to single parameters (local
sensitivity analysis) was calculated as the relative change of the predicted carbamazepine and
carbamazepine-10,11-epoxide AUC at steady-state (AUCgs) of 400 mg carbamazepine three
times daily as immediate release tablet. Sensitivity analysis was carried out using a relative
parameter perturbation of 1000% (variation range 10.0, maximum number of 9 steps). Para-
meters were included into the analysis if they were optimized (lipophilicity, CYP3A4 kcq; val-
ues, carbamazepine hepatic clearance, EPHX1 clearance, GFR fraction, CYP3A4, CYP2B6
and EPHX1 Enax values, intestinal permeability (carbamazepine-10,11-epoxide), dissolution
shape, dissolution time), if they are associated with optimized parameters (CYP3A4, CYP2C8,
CYP2B6 and UGT2B7 K, values, CYP2C8, CYP2B6 and UGT2B7 k. values, CYP3A4,
CYP2B6 and EPHX1 ECsq values) or if they might have a strong impact due to calculation
methods used in the model (solubility, fraction unbound in plasma, intestinal permeability (car-
bamazepine)). Results of the sensitivity analysis are illustrated in Figure S13. Sensitivity ana-
lysis of the carbamazepine parent-metabolite model revealed that the carbamazepine AUCgs
is mainly sensitive to the carbamazepine fraction unbound in plasma (literature), while the
carbamazepine-10,11-epoxide AUCs;s is sensitive to carbamazepine-10,11-epoxide fraction un-
bound in plasma (literature), EPHX1 clearance of carbamazepine-10,11-epoxide (optimized),
Km and k¢at of carbamazepine CYP3A4 metabolism to carbamazepine-10,11-epoxide (literat-
ure and optimized, respectively) and carbamazepine EPHX1 Enax (optimized).

Carbamazepine-10,11-epoxide PBPK model sensitivity analysis
(carbamazepine-10,11-epoxide administration)

Fraction unbound - CBZE

Clspec (EPHX1) - CBZE -0.95
Lipophilicity - CBZE -0.18
GFR fraction - CBZE -0.12
Dissolution time (50% dissolved) | -0.05

Intestinal permeability - CBZE |0
Solubility - CBZE |0

0 1 2 3 4
Sensitivity, ranked by absolute value

Figure S12: Carbamazepine-10,11-epoxide PBPK model sensitivity analysis. Sensitivity
of the carbamazepine-10,11-epoxide model to single parameters, calculated as change of
the simulated carbamazepine-10,11-epoxide AUCq.p4 following a single dose of 100 mg
carbamazepine-10,11-epoxide as tablet. CBZE: carbamazepine-10,11-epoxide, CLgpec: spe-
cific clearance, EPHX1: epoxide hydroxylase 1, GFR: glomerular filtration rate
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(@)

Fraction unbound - CBZ

Km (CYP3A4) CBZE - CBZ
keat (CYP3A4) CBZE - CBZ
Emax (CYP3A4) - CBZ

Km (CYP2B6) - CBZ

ECso (CYP3A4) - CBZ

Km (CYP3A4) - CBZ
Lipophilicity - CBZ

keat (CYP2B6) — CBZ

Emax (CYP2B6) — CBZ

Clpep - CBZ

keat (CYP3A4) - CBZ

ECs (CYP2B6) - CBZ

Km (CYP2C8) CBZE - CBZ
Dissolution time (50% dissolved)
keat (CYP2C8) CBZE - CBZ
GFR fraction - CBZ

Kn (UGT2B7) - CBZ

Kcat gUGTZB?) - CBZ

ClLgpec (EPHX1) = CBZE
Intestinal permeability - CBZE
Intestinal permeability - CBZ
Solubility - CBZE
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Figure S13: Carbamazepine parent-metabolite PBPK model sensitivity analysis. Sensitivity of
the carbamazepine parent-metabolite PBPK model to single parameters, calculated as change
of the simulated (a) carbamazepine AUC¢s and (b) carbamazepine-10,11-epoxide AUCgs of
400 mg carbamazepine three times daily as immediate release tablet. CBZ: carbamazepine,
CBZE: carbamazepine-10,11-epoxide, ClLnep: hepatic clearance, Clgpec: specific clearance,
CYP: cytochrome P450, ECsg: half-maximal effective concentration, Emax: maximum effect,
EPHX1: epoxide hydroxylase 1, GFR: glomerular filtration rate, kea: catalytic rate constant,
Km: Michaelis-Menten constant, UGT: UDP-glucuronosyltransferase
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3 Efavirenz

3.1 PBPK model building

The antiretroviral drug efavirenz is a non-nucleoside reverse transcriptase inhibitor and used
for the treatment of human immunodeficiency virus infections [82]. Its major metabolizing en-
zyme is CYP2B6, but CYP3A4, CYP3A5, CYP1A2 and CYP2A6 are also involved in efavienz
metabolism [83, 84]. By activation of nuclear receptors (PXR and CAR), efavirenz increases
the expression of CYP2B6 and CYP3A4. As a consequence, efavirenz induces its own meta-
bolism and the metabolism of other drugs after multiple-dose administration [66, 85, 86]. The
drug is classified by the FDA as moderate inducer (50-80% AUC decrease of the victim drug)
of CYP2B6 and CYP3A4, and as moderately sensitive substrate of CYP2B6 [10].

CYP2B6 polymorphisms are a major determinant of clinical efavirenz disposition. CYP2B6
is highly polymorphic with more than 30 known alleles. The most frequent decreased function
allele is CYP2B6*6. Heterozygosity (CYP2B6*1|*6, intermediate metabolizer (IM)) and ho-
mozygosity (CYP2B6*6|*6, poor metabolizer (PM)) for this allele are associated with elevated
efavirenz plasma levels caused by decreased efavirenz metabolism. Little to no auto-induction
was observed for CYP2B6*6|*6 [86].

The efavirenz PBPK model was downloaded from the Open Systems Pharmacology (OSP)
GitHub model repository (https://github.com/Open-Systems-Pharmacology/Efavirenz-Model).
This model includes (1) metabolism by CYP2B6 (2) metabolism via CYP1A2, CYP2A6, CYP3A4
and CYP3AS5 and (3) glomerular filtration [87]. All metabolic processes are illustrated in Figure
S14.

CYP2B6
Efavirenz

D D
\/@@

Metabolism =— Induction ——> Polymorphism &

Figure S14: Metabolic pathways of efavirenz. Efavirenz is metabolized by CYP1A2, CYP2A6,
CYP3A4, CYP3A5 and CYP2B6 (black arrow), while the latter is the main enzyme catalyz-
ing efavirenz metabolism. Therefore, polymorphisms of CYP2B6 are a major determinant of
efavirenz pharmacokinetics. Furthermore, efavirenz induces its own metabolism by induction
of CYP2B6 and CYP3A4 (green arrows)
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Prior to predicting the carbamazepine-efavirenz interaction, the DDI potential of efavirenz as a
CYP2B6 substrate and inducer was evauated, using data of clinical DDI studies of efavirenz
with rifampin, voriconazole (perpetrators) and bupropion (victim) as interaction partners. Based
on this evaluation, the efavirenz model was updated using plasma concentration-time profiles of
13 publications, covering a dosing range of 50-600 mg administered in single- or multiple-dose
regimens. All studies used are listed in Table S5.

All metabolic and inductive processes were retained, but literature values for Michaelis-
Menten constants - used to describe enzymatic metabolism - and ECsq values - used to de-
scribe enzyme induction - were corrected for unspecific binding of efavirenz in microsomal
preparations (fUincubation)- If NO fUincubation Was reported for the in vitro assay, it was calculated
according to Equation S12 [55], using logP and microsomal protein concentration (Cpic). If no
microsomal protein concentration was reported for the in vitro assay, a low protein concentration
of 0.25 mg/ml was assumed.

1
Chic * 100-56%logP-1.41 4 |

(S12)

S Uincuvation =

where C,,,;. = microsomal protein concentration [mg/ml] and logP = lipophilicity of the molecule.

Furthermore, a competitive inhibition of CYP2B6 and CYP3A4 was implemented in the model,
according to literature [74, 88], using in vitro values that were also corrected for fuincupation-
Drug-dependent parameters of efavirenz used in the model, compared to literature values and
the values used in the original model, are listed in Table S6.

The good descriptive and predictive performance of the updated efavirenz model is demon-
strated in linear (Figure S15) as well as semi-logarithmic plots (Figure S16) of predicted com-
pared to observed plasma concentration-time profiles of all clinical studies. Goodness-of-
fit plots comparing all predicted to their corresponding observed plasma concentrations are
presented in Figure S17 and corresponding MRD values for each study are given in Table S7.
Furthermore, the correlation of predicted to observed AUC .5t and Crax values is shown in Fig-
ure S18 and Table S8 lists the corresponding predicted and observed AUC ¢t and Cpax values
of all clinical studies including calculated GMFE values.
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3.4 Profiles
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Figure S15: Predicted compared to observed efavirenz plasma concentration-time profiles (lin-
ear) predicted with the updated model (upper rows) or the original model (lower rows). Ob-
served data are shown as dots + standard deviation; model predictions are shown as solid
lines. Details on dosing regimens, study populations and literature references are listed in
Table S5.EM: extensive metabolizer, IM: intermediate metabolizer, md: multiple-dose, PM: poor
metabolizer, tab: tablet, sd: single dose
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Figure S15: Predicted compared to observed efavirenz plasma concentration-time profiles (lin-
ear) predicted with the updated model (upper rows) or the original model (lower rows). Ob-
served data are shown as dots + standard deviation; model predictions are shown as solid
lines. Details on dosing regimens, study populations and literature references are listed in
Table S5. EM: extensive metabolizer, IM: intermediate metabolizer, md: multiple-dose, PM:
poor metabolizer, tab: tablet, sd: single dose (continued)
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Figure S15: Predicted compared to observed efavirenz plasma concentration-time profiles (lin-
ear) predicted with the updated model (upper rows) or the original model (lower rows). Ob-
served data are shown as dots + standard deviation; model predictions are shown as solid
lines. Details on dosing regimens, study populations and literature references are listed in
Table S5. EM: extensive metabolizer, IM: intermediate metabolizer, md: multiple-dose, PM:
poor metabolizer, tab: tablet, sd: single dose (continued)
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Figure S15: Predicted compared to observed efavirenz plasma concentration-time profiles (lin-
ear) predicted with the updated model (upper rows) or the original model (lower rows). Ob-
served data are shown as dots + standard deviation; model predictions are shown as solid
lines. Details on dosing regimens, study populations and literature references are listed in
Table S5. EM: extensive metabolizer, IM: intermediate metabolizer, md: multiple-dose, PM:
poor metabolizer, tab: tablet, sd: single dose (continued)
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Figure S16: Predicted compared to observed efavirenz plasma concentration-time profiles
(semi-logarithmic) predicted with the updated model (upper rows) or the original model (lower
rows). Observed data are shown as dots + standard deviation; model predictions are shown as
solid lines. Details on dosing regimens, study populations and literature references are listed
in Table S5. EM: extensive metabolizer, IM: intermediate metabolizer, md: multiple-dose, PM:
poor metabolizer, tab: tablet, sd: single dose
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Figure S16: Predicted compared to observed efavirenz plasma concentration-time profiles
(semi-logarithmic) predicted with the updated model (upper rows) or the original model (lower
rows). Observed data are shown as dots + standard deviation; model predictions are shown as
solid lines. Details on dosing regimens, study populations and literature references are listed
in Table S5. EM: extensive metabolizer, IM: intermediate metabolizer, md: multiple-dose, PM:
poor metabolizer, tab: tablet, sd: single dose (continued)

56



160 SUPPLEMENTARY INFORMATION

(m) (n) (0)
Efavirenz - 600 mg, md, tab Efavirenz - 600 mg, md, tab Efavirenz - 600 mg, md, tab
tO_ < —e— Efavirenz, Damle 2008 27 —e— Efavirenz, Garg 2013 27 —e— Efavirenz, Huang 2013

n=16 n=21 n=12

Plasma Concentration [ng/ml]
10°
% o
rd
Plasma Concentration [ng/ml]
10°
Plasma Concentration [ng/ml]
10°

T

0 60 120 180 180 192 204 216 228 240 204 216 228 240 252
Time [h] Time [h] Time [h]
Efavirenz - 600 mg, md, tab Efavirenz - 600 mg, md, tab Efavirenz - 600 mg, md, tab
< <
tO_ < —e— Efavirenz, Damle 2008 21 —e— Efavirenz, Garg 2013 27 —e— Efavirenz, Huang 2013

n=16 n=21 n=12

Plasma Concentration [ng/ml]
10°

;%f

Fd
Plasma Concentration [ng/ml]
10°
Plasma Concentration [ng/ml]

10°

0 60 120 180 180 192 204 216 228 240 204 216 228 240 252
Time [h] Time [h] Time [h]
(p) (a) r
Efavirenz - 600 mg, md, tab Efavirenz - 600 mg, md, tab Efavirenz - 600 mg, md, tab
<
2 —e— Efavirenz, Ji 2008 i? 9 —e— Efavirenz, Kharasch 2012 o —e— Efavirenz, Kwara 2011

n=36 n=12 n=11

Plasma Concentration [ng/ml]
10°
Plasma Concentration [ng/ml]
10° 10°
——o—1
Plasma Concentration [ng/ml]
10°

T

240 300 360 420 0 120 240 360 144 156 168 180 192
Time [h] Time [h] Time [h]
Efavirenz - 600 mg, md, tab Efavirenz - 600 mg, md, tab Efavirenz - 600 mg, md, tab

10*
10*

—e— Efavirenz, Ji 2008
n=36

—e— Efavirenz, Kharasch 2012
n=12

—e— Efavirenz, Kwara 2011
n=11

10*

Plasma Concentration [ng/ml]
10°
Plasma Concentration [ng/ml]
10°
——o—1
Plasma Concentration [ng/ml]
10°

10?

240 300 360 420 120 240 360 144 156 168 180 192
Time [h] Time [h] Time [h]

o

Figure S16: Predicted compared to observed efavirenz plasma concentration-time profiles
(semi-logarithmic) predicted with the updated model (upper rows) or the original model (lower
rows). Observed data are shown as dots + standard deviation; model predictions are shown as
solid lines. Details on dosing regimens, study populations and literature references are listed
in Table S5. EM: extensive metabolizer, IM: intermediate metabolizer, md: multiple-dose, PM:
poor metabolizer, tab: tablet, sd: single dose (continued)
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Figure S16: Predicted compared to observed efavirenz plasma concentration-time profiles
(semi-logarithmic) predicted with the updated model (upper rows) or the original model (lower
rows). Observed data are shown as dots + standard deviation; model predictions are shown as
solid lines. Details on dosing regimens, study populations and literature references are listed
in Table S5. EM: extensive metabolizer, IM: intermediate metabolizer, md: multiple-dose, PM:

poor metabolizer, tab: tablet, sd: single dose (continued)
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3.5 Model evaluation

3.5.1 Plasma concentration goodness-of-fit plots
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Figure S17: Predicted compared to observed efavirenz plasma concentrations of the train-
ing (triangles) and test (circles) datasets. (a) shows the updated model, (b) shows the ori-
ginal efavirenz model goodness-of-fit plot. The solid line marks the line of identity. Dotted
lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. IM: intermediate metabolizers
(CYP2B6*1|*6), PM: poor metabolizers (CYP2B6*6|*6)
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3.5.2 Mean relative deviation of predicted plasma concentrations

Table S7: Mean relative deviation values of predicted efavirenz plasma concentrations of the
updated model in comparison to the original model

Route Dose [mg] MRD updated MRD original Reference

po, sd 50 1.19 2.42 Derungs 2015 [89]

po, qd (D1) 200 1.25 1.47  Mouly 2002 [90]

po, qd (D10) 200 1.23 2.14  Mouly 2002 [90]

po, qd 400 1.39 1.13 Liu 2013 [91]

po, qd (D1) 400 1.20 1.19  Mouly 2002 [90]

po, qd (D10) 400 1.39 1.94  Mouly 2002 [90]

po, sd 600 1.33 1.27 Cho 2016 [92]

po, sd 600 1.78 1.72  Ogburn 2010 [84]

po, sd 600 1.33 1.27  Xu 2013 (EM) [93]

po, sd 600 1.28 1.21  Xu 2013 (IM) [93]

po, sd 600 1.52 1.47  Xu 2013 (PM) [93]

po, qd 600 1.1 1.48 Dooley 2012 (EM) [94]
po, qd 600 1.15 1.26  Dooley 2012 (IM) [94]
po, qd 600 1.16 1.47 Dooley 2012 (PM) [94]
po, qd 600 1.96 1.40 Damle 2008 [95]

po, ad 600 1.06 1.28 Garg 2013 [96]

po, qd 600 1.44 1.09 Huang 2012 [97]

po, qd 600 1.51 1.18 Ji 2008 [44]

po, qd (D1) 600 1.30 1.22  Kharasch 2012 [98]
po, qd (D14) 600 1.48 1.99 Kharasch 2012 [98]
po, aqd 600 1.51 1.26  Kwara 2011 [99]

po, aqd 600 1.16 1.42 Malvestutto 2014 [100]
po, qd 600 1.89 1.46  Soon 2010 [101]
mean MRD (range) 1.38 (1.06-1.96) 1.47 (1.09-2.42)

23/23 with MRD <2  21/23 with MRD < 2

D: day, EM: extensive metabolizer, IM: intermediate metabolizer, MRD: mean relative deviation, po: oral, PM: poor meta-
bolizer, qd: once daily, sd: single dose
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3.5.3 AUC,,st and Cpax goodness-of-fit plots
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Figure S18: Predicted compared to observed (a,b) efavirenz AUC,5; and (c,d) Cmax values of
the training (triangles) and test (circles) datasets. (a,c) show the updated efavirenz model, (b,d)
show the original model. The solid line marks the line of identity. Dotted lines indicate 1.25-fold,
dashed lines indicate 2-fold deviation. AUC,¢t: area under the plasma concentration-time curve
from the time of drug administration to the last concentration measurement, Cpax: maximum
plasma concentration, IM: intermediate metabolizers (CYP2B6*1|*6), PM: poor metabolizers
(CYP2B6*6/*6)
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3.5.5 Sensitivity analysis

Sensitivity of the updated and original efavirenz PBPK models to single parameters (local
sensitivity analysis) was calculated as the relative change of the predicted efavirenz AUCgs
at steady-state of an oral administration of 600 mg efavirenz once daily as tablet. Sensitiv-
ity analysis was carried out using a relative parameter perturbation of 1000% (variation range
10.0, maximum number of 9 steps). Parameters were included into the analysis if they were
optimized (lipophilicity, solubility, CYP2B6, CYP1A2, CYP2A6, CYP3A4, CYP3AS5 K¢y values,
CYP3A4, CYP2B6 Emax values, intestinal permeability, Weibull tablet dissolution shape and
time), if they are associated with optimized parameters (CYP2B6, CYP1A2, CYP2A6, CYP3A4,
CYP3A5 Ky, values, CYP3A4 and CYP2B6 ECsgq values) or if they might have a strong impact
due to calculation methods used in the model (fraction unbound in plasma, pKa, GFR fraction).

(a)
Efavirenz sensitivity analysis (updated model)
Fraction unbound ? -3.4
Lipophilicity -1.22
Keat (CYP2B6) -1.09
Km (CYP2B6) 0.59
Intestinal permeability 0.43
Emax (CYP2B6) -0.42
Solubility 0.35
ECso (CYP2B6) 0.31
Dissolution shape 0.26
pKa 0.11

Km (CYP1A2) | 0.05
Km (CYP2AB) | 0.02
Dissolution time | -0.02

Keat (CYP1A2) | -0.02
Km (CYP3A4) | 0.01
Keat (CYP2AB) | -0.01
Keat (CYP3A4) | -0.01
ECs (CYP3A4)
GFR fraction
Emax (CYP3A4)
K (CYP3A5)
Keat (CYP3A5)

O O o o o

0 1 2 3
Sensitivity, ranked by absolute value

Figure S19: Efavirenz PBPK model sensitivity analysis. Sensitivity of the updated model to
single parameters, calculated as change of the simulated efavirenz AUCss at steady-state of
an oral administration of 600 mg efavirenz once daily as tablet. CYP: cytochrome P450, ECs:
half-maximal effective concentration, Emax: maximum effect, GFR: glomerular filtration rate,
kcat: catalytic rate constant, Ky,: Michaelis-Menten constant
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(@)

Efavirenz sensitivity analysis (original model)

Fraction unbound -3.37
pKa

keat (CYP2B6)
Emax (CYP2B6)
Lipophilicity

Km (CYP2B6)
Intestinal permeability
Solubility
Dissolution shape
ECso (CYP2B6)
K (CYP2A6) 0.09

Km (CYP1A2) | 0.04
Keat (CYP2AS) || -0.03
Km (CYP3A4) | 0.03
GFR fraction | -0.01
Dissolution time | 0.01
Keat (CYP1A2) | -0.01
Keat (CYP3A4) | -0.01
Emax (CYP3A4) | -0.01
ECso (CYP3A4) |0
K (CYP3A5) |o
Kcat (CYP3AB)

[S)

0 1 2 3
Sensitivity, ranked by absolute value

Figure S20: Efavirenz PBPK model sensitivity analysis. Sensitivity of the original model to
single parameters, calculated as change of the simulated efavirenz AUCgs at steady-state of
an oral administration of 600 mg efavirenz once daily as tablet. CYP: cytochrome P450, ECs:
half-maximal effective concentration, Enax: maximum effect, GFR: glomerular filtration rate,
kcat: catalytic rate constant, Ky,: Michaelis-Menten constant
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4 Efavirenz drug-gene interactions (DGl)

4.1 DGI modeling - general

As CYP2B6 polymorphisms are a major determinant of efavirenz metabolism, the CYP2B6*6
polymorphism was integrated in the efavirenz PBPK model. Carriers of the CYP2B6*6 allele
(either heterozygous or homozygous) show higher plasma concentrations of efavirenz than
CYP2B6*1|*1 (wild type) carriers, due to decreased drug metabolism by CYP2B6 [86]. Para-
metrization of CYP2B6 metabolism in the efavirenz PBPK model describes efavirenz pharma-
cokinetics for the wild type. Intermediate metabolizers (CYP2B6*1|*6) and poor metabolizers
(CYP2B6*6|*6) were described in the model by adjusting keat, assuming the same literature
value vor Kr,. Additionally, for CYP2B6 poor metabolizers no CYP2B6 auto-induction was as-
sumed, as described in literature [86]. Ky and kgt values used for DGI modeling are included in
Table S6. Details on the modeled clinical studies investigating the efavirenz-CYP2B6*6 DGl are
given in Table S9. Predicted efavirenz plasma concentration-time profiles for different CYP2B6
genotypes in comparison to their respective observed data are presented in Figures S21 (lin-
ear) and S22 (semi-logarithmic). The correlation of predicted to observed DGI AUC, st and
Cmax ratios is shown in Figure S23. Tables S10 and S11 list the corresponding predicted and
observed DGI AUC g ratios, DGI Cpax ratios as well as model GMFE values of the updated
model and the original model, respectively.
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4.3 Profiles
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Figure S21: Predicted compared to observed efavirenz plasma concentration-time profiles (lin-
ear) of different CYP2B6 genotypes predicted with the updated model (upper rows) or the
original model (lower rows). Observed data are shown as dots + standard deviation; model
predictions are shown as solid lines. Details on dosing regimens, study populations and literat-
ure references are listed in Table S5. md: multiple-dose, tab: tablet, sd: single dose
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Figure S22: Predicted compared to observed efavirenz plasma concentration-time profiles
(semi-logarithmic) of different CYP2B6 genotypes predicted with the updated model (upper
rows) or the original model (lower rows). Observed data are shown as dots + standard devi-
ation; model predictions are shown as solid lines. Details on dosing regimens, study popula-
tions and literature references are listed in Table S5. md: multiple-dose, tab: tablet, sd: single
dose
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4.4 DGI AUC,,s; and C,,,ax ratio goodness-of-fit plots
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Figure S23: Predicted compared to observed efavirenz (a,b) DGl AUC ¢t and (c,d) DGI Cax
ratios predicted with the updated efavirenz PBPK model (left) or the original PBPK model (right).
The straight solid line marks the line of identity, the curved solid lines show the prediction suc-
cess limits proposed by Guest et al. allowing for 1.25-fold variability of the DGI ratio [109].
Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC,,si: area under the
plasma concentration-time curve from the time of drug administration to the last concentration
measurement, Cmax : maximum plasma concentration, DGI: drug-gene interaction, IM: inter-
mediate metabolizers (CYP2B6*1|*6), PM: poor metabolizers (CYP2B6*6|*6)
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5 Carbamazepine drug-drug interactions
(DDI)

5.1 DDI modeling - general

The accurate prediction of DDIs indicates that the perpetrator model adequately describes
the drug concentrations at the site(s) of interaction and that the victim drug model sufficiently
describes the amount of drug eliminated via the affected pathway. Therefore, DDI predictions
are considered as additional evaluation of both models.

A total number of 7 DDI studies, providing 8 victim drug plasma concentration-time profiles
and 7 metabolite plasma concentration-time profiles, was utilized to evaluate the DDI perform-
ance of the carbamazepine parent-metabolite PBPK model, including studies with a CYP3A4
inhibitor (erythromycin), CYP3A4 victim drugs (alprazolam and simvastatin), a CYP2B6 victim
drug (bupropion) as well as a CYP3A4 and CYP2B6 victim and perpetrator drug (efavirenz).
The carbamazepine DDI network is illustrated in Figure S24.

Carbamazepine Efavirenz

Z_\

CYP3A4 CYP2B6

4

Erythromycin Alprazolam Simvastatin Bupropion

Metabolism ==——) Inhibition == Induction ===

Figure S24: Carbamazepine drug-drug interaction network. Black arrows represent metabol-
ism of the compounds, red and green arrows represent inhibition or induction of the CYP en-
zymes, respectively

The parameters describing the induction of CYP3A4 and CYP2B6 by carbamazepine were
already introduced during carbamazepine model building, as the compound induces its own
metabolism. While the carbamazepine-alprazolam DDI study was used in the training dataset
to inform the parametrization of the carbamazepine CYP3A4 induction, all other DDIs were
purely predicted. The implementation of these DDlIs is described in more detail in the following
sections.
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5.2 Erythromycin-carbamazepine DDI

The erythromycin-carbamazepine DDI was modeled using a previously developed whole-body
PBPK model of erythromycin, available in the OSP GitHub model repository (https://github.com/
Open-Systems-Pharmacology/Erythromycin-Model). Erythromycin is a substrate and mecha-
nism-based inhibitor of CYP3A4. The drug-dependent parameters of the erythromycin model
are reproduced in Table S12.

The erythromycin-carbamazepine DDI was modeled as mechanism-based inhibition of car-
bamazepine CYP3A4 metabolism by erythromycin. K; and Kjnact values, describing the me-
chanism-based CYP3A4 inhibition by erythromycin, were qualified previously in different DDI
preditions [110, 111]. Induction of erythromycin CYP3A4 metabolism by carbamazepine was
also implemented, as significant CYP3A4 induction can be assumed after multiple-dose admin-
istration of carbamazepine, although the effect of carbamazepine on erythromycin metabolism
has not been investigated in clinical studies, yet. CYP3A4 induction by carbamazepine was
described using ECsq = 20.0 umol/I from literature, the carbamazepine-alprazolam DDI study
was used in the training dataset to inform the parametrization of the Emax = 6.0.

Details on the modeled clinical DDI studies are given in Table S13. Model predictions of car-
bamazepine and carbamazepine-10,11-epoxide plasma concentration-time profiles before and
during erythromycin co-administration, compared to observed data, are shown in Figures S25
(linear) and S26 (semi-logarithmic). The correlation of predicted to observed DDI AUC,,5t and
Cmax ratios is shown in Figure S27. Table S14 lists the corresponding predicted and observed
DDI AUC,4st ratios, DDI Cyay ratios, as well as GMFE values.
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5.2.3 Profiles

(a)

Carbamazepine - 357 mg, qd, tab

(b)

Carbamazepine - 400 mg, sd, tab*
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Figure S25: Predicted compared to observed carbamazepine (upper row) and carbamazepine-
10,11-epoxide (lower row) plasma concentration-time profiles (linear) before and during eryth-
romycin co-administration. Observed data are shown as dots + standard deviation; model
predictions are shown as solid lines. Details on dosing regimens, study populations and literat-
ure references are listed in Table S13. qd: once daily, sd: single dose, tab: tablet, tab*: tablet
with concomitant food intake
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Figure S26: Predicted compared to observed carbamazepine (upper row) and carbamazepine-
10,11-epoxide (lower row) plasma concentration-time profiles (semi-logarithmic) before and
during erythromycin co-administration. Observed data are shown as dots + standard deviation;
model predictions are shown as solid lines. Details on dosing regimens, study populations and
literature references are listed in Table S13. qd: once daily, sd: single dose, tab: tablet, tab*:
tablet with concomitant food intake
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5.2.4 DDI AUC,st and Cpax ratio goodness-of-fit plots

(a)

101 - Barzaghi 1987 — Carbamazepine
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Figure S27: Predicted compared to observed erythromycin-carbamazepine (a) DDI AUC, gt
and (b) DDI Cnax ratios. The straight solid line marks the line of identity, the curved solid lines
show the prediction success limits proposed by Guest et al. allowing for 1.25-fold variability
of the DDI ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation.
AUC,t: area under the plasma concentration-time curve from the time of drug administration
to the last concentration measurement, Crmax: maximum plasma concentration, DDI: drug-drug

interaction
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5.3 Carbamazepine-alprazolam DDI

The carbamazepine-alprazolam DDI was modeled using a previously developed whole-body
PBPK model of alprazolam, available in the OSP GitHub model repository (https://github.com/
Open-Systems-Pharmacology/Alprazolam-Model). The metabolism of the CYP3A4 substrate
alprazolam is described using Michaelis-Menten kinetics [137]. The drug-dependent paramet-
ers of the alprazolam model are reproduced in Table S15.

The carbamazepine-alprazolam DDI was modeled as induction of alprazolam CYP3A4 meta-
bolism by carbamazepine. CYP3A4 induction by carbamazepine was described using ECsg =
20.0 umol/l from literature, the carbamazepine-alprazolam DDI study was used in the training
dataset to inform the parametrization of the Ejnax = 6.0.

Details on the modeled clinical DDI study are given in Table S16. Model predictions of al-
prazolam plasma concentration-time profiles before and during carbamazepine co-administra-
tion, compared to observed data, are shown in Figures S28 (linear) and S29 (semi-logarithmic).
The correlation of predicted to observed DDI AUC ¢t and Cpax ratios is shown in Figure S30.
Table S17 lists the corresponding predicted and observed DDI AUC,4g; ratios, DDI Cyax ratios,
as well as GMFE values.
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5.3.3 Profiles

Alprazolam - 0.8 mg, sd, tab (tr)

0
-
o —e— Alprazolam, Furukori 1998
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Figure S28: Predicted compared to observed alprazolam plasma concentration-time profiles
(linear) before and during carbamazepine co-administration. Observed data are shown as dots;
model predictions are shown as solid lines. Details on dosing regimens, study population and
literature reference are listed in Table S16. sd: single dose, tab: tablet

Alprazolam - 0.8 mg, sd, tab (tr)

—e— Alprazolam, Furukori 1998
with Carbamazepine, Furukori 1998
n=7

Plasma Concentration [ug/ml]
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Figure S29: Predicted compared to observed alprazolam plasma concentration-time profiles
(semi-logarithmic) before and during carbamazepine co-administration. Observed data are
shown as dots; model predictions are shown as solid lines. Details on dosing regimens, study
population and literature reference are listed in Table S16. sd: single dose, tab: tablet
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5.3.4 DDI AUC,s; and Cpax ratio goodness-of-fit plots

(a) (b)
]_0:l -1 « Furukori 1998 - Alprazolam . lOl = « Furukori 1998 - Alprazolam
2
© )
S g
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Q kel
° <
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Figure S30: Predicted compared to observed carbamazepine-alprazolam (a) DDI AUC ¢t and
(b) DDI Cinax ratios. The straight solid line marks the line of identity, the curved solid lines show
the prediction success limits proposed by Guest et al. allowing for 1.25-fold variability of the
DDl ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC,ag;:
area under the plasma concentration-time curve from the time of drug administration to the last
concentration measurement, Cmax: maximum plasma concentration, DDI: drug-drug interaction
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5.4 Carbamazepine-simvastatin DDI

The carbamazepine-simvastatin DDI was modeled using a previously established whole-body
parent-metabolite PBPK model of simvastatin [150]. Simvastatin is metabolized by CYP3A4,
with simvastatin acid as the main metabolite. Simvastatin acid is also a substrate of CYP3A4.
Metabolism of simvastatin and simvastatin acid by CYP3A4 is described in the model using
Michaelis-Menten kinetics. Both compounds are also competitive inhibitors of CYP3A4 as well
as CYP2C8. The drug-dependent parameters of the simvastatin model are reproduced in Table
S18.

The carbamazepine-simvastatin DDI was modeled as induction of simvastatin and simvast-
atin acid CYP3A4 metabolism by carbamazepine. CYP3A4 induction by carbamazepine was
described using ECgsg = 20.0 umol/l from literature, Emax = 6.0 was identified during the car-
bamazepine parameter identification. Competitive inhibition of carbamazepine CYP3A4 and
CYP2C8 metabolism by simvastatin and simvastatin acid was also implemented, although the
effect of simvastatin and simvastatin acid on carbamazepine metabolism has not been investig-
ated in clinical studies, yet. K; values, describing the competitive CYP3A4 and CYP2C8 inhib-
ition by simvastatin and simvastatin acid, were qualified previously in different DDI preditions
[150].

Details on the modeled clinical DDI study are given in Table S19. Model predictions of
simvastatin and simvastatin acid plasma concentration-time profiles before and during car-
bamazepine co-administration, compared to observed data, are shown in Figures S31 (linear)
and S32 (semi-logarithmic). The correlation of predicted to observed DDI AUC ¢t and Cpmax
ratios is shown in Figure S33. Table S20 lists the corresponding predicted and observed DDI
AUC ¢t ratios, DDI Cpax ratios, as well as GMFE values.
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5.4.3 Profiles
(a) (b)
Simvastatin - 80 mg, sd, tab

o

N

S —e— Simvastatin, Ucar 2004 7 —e— Simvastatin acid, Ucar 2004
. °© —e— with Carbamazepine, Ucar 2004 — with Carbamazepine, Ucar 2004
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8 ° 8
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Figure S31: Predicted compared to observed (a) simvastatin and (b) simvastatin acid plasma
concentration-time profiles (linear) before and during carbamazepine co-administration. Ob-
served data are shown as dots + standard deviation; model predictions are shown as solid
lines. Details on dosing regimens, study population and literature reference are listed in Table
S19. sd: single dose, tab: tablet

(a) (b)

Simvastatin - 80 mg, sd, tab

—e— Simvastatin, Ucar 2004 —e— Simvastatin acid, Ucar 2004
—e— with Carbamazepine, Ucar 2004 with Carbamazepine, Ucar 2004
n=12 n=12
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10°®
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Figure S32: Predicted compared to observed (a) simvastatin and (b) simvastatin acid
plasma concentration-time profiles (semi-logarithmic) before and during carbamazepine co-
administration. Observed data are shown as dots + standard deviation; model predictions are
shown as solid lines. Details on dosing regimens, study population and literature reference are
listed in Table S19. sd: single dose, tab: tablet
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5.4.4 DDI AUC,s; and Cpax ratio goodness-of-fit plots

(a) (b)

10" - « Ucar 2004 - Simvastatin R4 10% - « Ucar 2004 - Simvastatin
Ucar 2004 - Simvastatin acid ] ¢ Ucar 2004 - Simvastatin acid

Predicted DDI AUC, ratio
5O
Il
Predicted DDI C,o ratio
5
o
Il

T = T
107" 10° 10* 107t 10° 10"
Observed DDI AUC, ratio Observed DDI C, ratio

Figure S33: Predicted compared to observed carbamazepine-simvastatin (a) DDI AUC ¢ and
(b) DDI Cinax ratios. The straight solid line marks the line of identity, the curved solid lines show
the prediction success limits proposed by Guest et al. allowing for 1.25-fold variability of the
DDl ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC,ag;:
area under the plasma concentration-time curve from the time of drug administration to the last
concentration measurement, Cmax: maximum plasma concentration, DDI: drug-drug interaction

91



195

A PROJECT I - PBPK MODELING OF CARBAMAZEPINE

Arep sawiy @a1y) :p1 ‘esop a|buls

:ps ‘pajoipaid :paid ‘jeio :0d ‘paAISSAO :SQO ‘I0JIS PlO} UBSW dU}eW0ab :q4 Y ‘uondesaiul Bnip-Bnip ;jgQ ‘uolresusduod ewseld wnwixew :Xewn
‘Airep 8o1m} :pIq JUSWSINSESW UOIIBIIUSOUOD ISB| 8] 0} uoneilSiulwpe Bnip JO swil 8yl WoJy dAIND SWil-UOleljusouod ewse|d ay} Japun ease :Eiony

¢ > 3d4IND yum /0

¢ > 34IND yum /1

16 0S’tL (p1oe unelseawls) 34O ueaw

2> 34D Yyum /L 2> 34D Yum L/L
09'L ve'L (uneyseawis) 34D ueaw
[9611v002 'eon  vE0 90 210 190 020 %10 2 gl pioeujelseawis  ps ‘od ‘6w 08  pu/pig ‘od ‘B 00€/002
[961]1 v002 feON €90 060 610 S0 920 020 2 4! upelseawls  ps ‘od ‘6w 08 pi/pIq ‘od ‘Bw 00£/002
QJual9ey sqo/paid SAO pald sqo/pdid SqO paid u [y] deb asoq punodwo) uljejseAwIS auidezeweqie)
ones X4y |gq onels *¥¥ony |aq WHOIA Jojenadiad

SJ0JJ8 P|O} uBSBW J11BWO08b yum soiel XeWn pue Elnny |qQ unelseAwls-auidazeweqed paAIasqo pue paloipald :02S dlqel

soljel XeWn pue €Ny 1gq poloipaid Jo 10413 pjO} uedW JLI}BWOdL) GH'S

92



196 SUPPLEMENTARY INFORMATION

5.5 Carbamazepine-bupropion DDI

The carbamazepine-bupropion interaction was modeled using a previously established whole-
body parent-metabolite PBPK model of bupropion [197]. Bupropion is a sensitive CYP2B6
substrate, with hydroxybupropion as the main metabolite. CYP2B6 metabolism is described in
the model using Michaelis-Menten kinetics. The drug-dependent parameters of the bupropion
model are reproduced in Table S21. The kcat for bupropion CYP2B6 metabolism was slightly
adjusted (kcat = 40.0 1/min), assuming variability of the CYP2B6 expression in the relatively
small DDI study population, to better match the plasma concentration-time profile. The adjusted
kcat Was then applied for the control and the DDI simulations of this study.

The carbamazepine-bupropion DDI was modeled as induction of bupropion CYP2B6 meta-
bolism by carbamazepine. Induction of CYP2B6 by carbamazepine was described using ECsg
= 20.0 umol/l from literature and Enax = 17.0 identified during the carbamazepine parameter
identification.

Details on the modeled clinical DDI study are given in Table S22. Model predictions of bupro-
pion, hydroxybupropion, erythrohydrobupropion and threohydrobupropion plasma concentration-
time profiles before and during carbamazepine co-administration, compared to observed data,
are shown in Figures S34 (linear) and S35 (semi-logarithmic). The correlation of predicted to
observed DDI AUC,5t and Cpax ratios is shown in Figure S36. Table S23 lists the correspond-
ing predicted and observed DDI AUC,,g; ratios, DDI Cinax ratios, as well as GMFE values.
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5.5.3 Profiles

(a) (b)
Bupropion - 150 mg, sd, tab
~ —e— Bupropion, Ketter 1995 o —e— Hydroxybupropion, Ketter 1995
~ —e— with Carbamazepine, Ketter 1995 o | ° —e— with Carbamazepine, Ketter 1995
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(c) (d)
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Figure S34: Predicted compared to observed (a) bupropion, (b) hydroxybupropion, (c) erythro-
hydrobupropion and (d) threohydrobupropion plasma concentration-time profiles (linear) before
and during carbamazepine co-administration. Observed data are shown as dots + standard
deviation; model predictions are shown as solid lines. Details on dosing regimens, study popu-
lations and literature reference are listed in Table S22. sd: single dose, tab: tablet
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Figure S35: Predicted compared to observed (a) bupropion, (b) hydroxybupropion, (c) eryth-
rohydrobupropion (d) and threohydrobupropion plasma concentration-time profiles (semi-
logarithmic) before and during carbamazepine co-administration. Observed data are shown
as dots + standard deviation; model predictions are shown as solid lines. Details on dosing
regimens, study populations and literature reference are listed in Table S22. sd: single dose,

tab: tablet
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5.5.4 DDI AUC,st and Cpax ratio goodness-of-fit plots
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Figure S36: Predicted compared to observed carbamazepine-bupropion (a) DDI AUC,,st and
(b) DDI Cinax ratios. The straight solid line marks the line of identity, the curved solid lines show
the prediction success limits proposed by Guest et al. allowing for 1.25-fold variability of the
DDl ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC,ag;:
area under the plasma concentration-time curve from the time of drug administration to the last
concentration measurement, Cmax: maximum plasma concentration, DDI: drug-drug interaction
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5.6 Efavirenz-carbamazepine DDI

The efavirenz-carbamazepine DDI was modeled using a previously developed whole-body
PBPK model of efavirenz, available in the OSP GitHub model repository (https://github.com/
Open-Systems-Pharmacology/Efavirenz-Model), which was updated prior to DDl modeling
with carbamazepine as described in Sections 3 and 6. Efavirenz is substrate and inducer
of CYP3A4 and CYP2B6. The drug-dependent parameters of the updated efavirenz model are
shown in Table S6.

The efavirenz-carbamazepine DDI was modeled as induction and simultaneous competitive
inhibition of carbamazepine CYP3A4 and CYP2B6 metabolism by efavirenz and as induction
of efavirenz CYP3A4 and CYP2B6 metabolism by carbamazepine. K; = 9.67 pumol/l and K; =
0.40 pmol/l, describing the competitive CYP3A4 and CYP2B6 inhibition by efavirenz, respect-
ively, were taken from literature and corrected for binding in the in vitro assay, as described in
Section 3. ECgsg = 0.23 pmol/l to describe the CYP3A4 and CYP2B6 induction by efavirenz
was taken from literature and corrected for binding in the in vitro assay, Emax = 12.0 (CYP3A4)
and Emax = 8.13 (CYP2B6), were identified during parameter identification. ECgg = 20.0 umol/I
describing CYP3A4 and CYP2B6 induction by carbamazepine was taken from literature. Emnax
= 6.0 (CYP3A4) and Enax = 17.0 (CYP2B6), were optimized during parameter identification.

Details on the modeled clinical DDI study are given in Table S24. Model predictions of car-
bamazepine, carbamazepine-10-11-epoxide and efavirenz plasma concentration-time profiles
before and during co-administration, compared to observed data, are shown in Figures S37
(linear) and S38 (semi-logarithmic). The correlation of predicted to observed DDI AUC,,5; and
Cmax ratios is shown in Figure S39. Table S25 lists the corresponding predicted and observed
DDI AUC, 4t ratios, DDI Cynay ratios, as well as GMFE values.
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5.6.2 Profiles
(a) (b)
Carbamazepine - 200/400 mg, qd/bid, tab
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Figure S37: Predicted compared to observed (a) carbamazepine, (b) carbamazepine-10-11-
epoxide and (c) efavirenz plasma concentration-time profiles (linear) before and during co-
administration. Observed data are shown as dots + standard deviation; model predictions are
shown as solid lines. Details on dosing regimens, study population and literature reference are
listed in Table S24. bid: twice daily, qd: once daily, tab: tablet

104



208 SUPPLEMENTARY INFORMATION
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Figure S38: Predicted compared to observed (a) carbamazepine, (b) carbamazepine-10-11-
epoxide and (c) efavirenz plasma concentration-time profiles (semi-logarithmic) before and dur-
ing co-administration. Observed data are shown as dots + standard deviation; model predic-
tions are shown as solid lines. Details on dosing regimens, study population and literature
reference are listed in Table S24. bid: twice daily, qd: once daily, tab: tablet

105



A PROJECT I - PBPK MODELING OF CARBAMAZEPINE 209

5.6.3 DDI AUC,st and Cpax ratio goodness-of-fit plots
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Figure S39: Predicted compared to observed efavirenz-carbamazepine (a) DDI AUC ¢t and
(b) DDI Cinax ratios. The straight solid line marks the line of identity, the curved solid lines show
the prediction success limits proposed by Guest et al. allowing for 1.25-fold variability of the
DDl ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC,ag;:
area under the plasma concentration-time curve from the time of drug administration to the last
concentration measurement, Cmax: maximum plasma concentration, DDI: drug-drug interaction
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6 Efavirenz drug-drug interactions (DDI)

6.1 DDI modeling - general

A total number of 9 different clinical DDI studies was utilized to evaluate the DDI performance
of the efavirenz PBPK model, including studies with CYP3A4 victim drugs (midazolam and
alfentanil), a CYP2B6 victim drug (bupropion), a CYP3A4 and CYP2B6 perpetrator (rifampin)
and a simultaneous CYP3A4 substrate and inhibitor and CYP2B6 inhibitor (voriconazole). The
efavirenz DDI network is illustrated in Figure S40. The implementation of the DDlIs is described
in more detail in the following sections.

Rifampin Efavirenz

CYP3A4 CYP2B6

Midazolam Alfentanil Voriconazole Bupropion

Metabolism =——) Inhibition =—— Induction ==—p>

Figure S40: Efavirenz drug-drug interaction network. Black arrows represent metabolism of
the compounds, red and green arrows represent inhibition or induction of the CYP enzymes,
respectively

The parameters describing the induction of CYP3A4 and CYP2B6 by efavirenz were already
introduced during efavirenz model building, as the compound induces its own metabolism.
While the efavirenz-midazolam DDI study by Mikus et al. 2017 [208] was used in the training
dataset to inform the parametrization of the efavirenz CYP3A4 induction, all other DDIs were
purely predictive.
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6.2 Efavirenz-midazolam DDI

The ability of the efavirenz model to predict the available clinical efavirenz-midazolam DDI data
was already evaluated with the original efavirenz PBPK model [87], using a previously de-
veloped whole-body PBPK model of midazolam, available in the OSP GitHub model repository
(https://github.com/Open-Systems-Pharmacology/Midazolam-Model). The metabolism of the
sensitive CYP3A4 substrate midazolam is described using Michaelis-Menten kinetics [209].
The drug-dependent parameters of the midazolam model are reproduced in Table S26.

The efavirenz-midazolam DDI was modeled as induction with simultaneous competitive in-
hibition of midazolam CYP3A4 metabolism by efavirenz. The inhibition was described using K;
= 9.67 umol/l from literature, corrected for binding in the in vitro assay, as described in Section
3. The induction was described using ECsq = 0.23 umol/l (taken from literature and correc-
ted for fuincubation)- The efavirenz-midazolam DDI study by Mikus et al. [208] was used in the
training dataset to inform the parametrization of CYP3A4 Eqax = 12.0.

Details on the modeled clinical DDI studies are given in Table S27. Model predictions of
midazolam plasma concentration-time profiles before and during efavirenz co-administration,
compared to observed data, are shown in Figures S41 (linear) and S42 (semi-logarithmic).
The correlation of predicted to observed DDI AUC ¢t and Cpax ratios is shown in Figure S43.
Tables S28 and S29 list the corresponding predicted and observed DDI AUC 4 ratios, DDI
Cmax ratios, as well as GMFE values for the updated and the original efavirenz PBPK model,
respectively.
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6.2.3 Profiles
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Figure S41: Predicted compared to observed midazolam plasma concentration-time profiles
(linear) before and during efavirenz co-administration, predicted with the updated efavirenz
model (upper row) or the original efavirenz model (lower row). Observed data are shown as dots
+ standard deviation; model predictions are shown as solid lines. Details on dosing regimens,
study populations and literature references are listed in Table S27. iv: intravenous, sd: single

dose, sol: solution
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Figure S42: Predicted compared to observed midazolam plasma concentration-time profiles
(semi-logarithmic) before and during efavirenz co-administration, predicted with the updated
efavirenz model (upper row) or the original efavirenz model (lower row). Observed data are
shown as dots + standard deviation; model predictions are shown as solid lines. Details on
dosing regimens, study populations and literature references are listed in Table S27. iv: intra-
venous, sd: single dose, sol: solution
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6.2.4 DDI AUC,,s;t and Cax ratio goodness-of-fit plots
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Figure S43: Predicted compared to observed efavirenz-midazolam (a,b) DDI AUC ¢t and (c,d)
DDI Cmax ratios, predicted with the updated efavirenz PBPK model (left) or the original PBPK
model (right). The straight solid line marks the line of identity, the curved solid lines show the
prediction success limits proposed by Guest et al. allowing for 1.25-fold variability of the DDI
ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC ,: area
under the plasma concentration-time curve from the time of drug administration to the last con-
centration measurement, Cmax: maximum plasma concentration, DDI: drug-drug interaction, iv:
intravenous, po: oral
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6.3 Efavirenz-alfentanil DDI

The ability of the efavirenz model to predict the available clinical efavirenz-alfentanil DDI data
was already evaluated with the original efavirenz PBPK model [87], using a previously de-
veloped whole-body PBPK model of alfentanil [210, 226] available in the OSP GitHub model re-
pository (https://github.com/Open-Systems-Pharmacology/Alfentanil-Model). The metabolism
of the sensitive CYP3A4 substrate is described in the model by a specific first-order CYP3A4
clearance (CLgpec). The drug-dependent parameters of the alfentanil model are reproduced in
Table S30.

The efavirenz-alfentanil DDI was modeled as induction with simultaneous competitive inhib-
ition of alfentanil CYP3A4 metabolism by efavirenz. The inhibition was described using K; =
9.67 umol/l from literature, corrected for binding in the in vitro assay, as described in Section 3.
The induction was described using ECsg = 0.23 pmol/l (taken from literature and corrected for
fUincubation)-

Details on the modeled clinical DDI studies are given in Table S31. Model predictions of
alfentanil plasma concentration-time profiles before and during efavirenz co-administration,
compared to observed data, are shown in Figures S44 (linear) and S45 (semi-logarithmic).
The correlation of predicted to observed DDI AUC ¢t and Cpax ratios is shown in Figure S52.
Tables S32 and S33 list the corresponding predicted and observed DDI AUC 4 ratios, DDI
Cmax ratios, as well as GMFE values for the updated and the original efavirenz PBPK model,
respectively.
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6.3.3 Profiles
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Figure S44: Predicted compared to observed alfentanil plasma concentration-time profiles (lin-
ear) before and during efavirenz co-administration, predicted with the updated efavirenz model
(upper row) or the original efavirenz model (lower row). Observed data are shown as dots +
standard deviation; model predictions are shown as solid lines. Details on dosing regimens,
study populations and literature references are listed in Table S31. iv: intravenous, sd: single
dose, sol: solution
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Figure S45: Predicted compared to observed alfentanil plasma concentration-time profiles
(semi-logarithmic) before and during efavirenz co-administration, predicted with the updated
efavirenz model (upper row) or the original efavirenz model (lower row). Observed data are
shown as dots + standard deviation; model predictions are shown as solid lines. Details on
dosing regimens, study populations and literature references are listed in Table S31. iv: intra-
venous, sd: single dose, sol: solution
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6.3.4 DDI AUC,s; and Cpax ratio goodness-of-fit plots
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Figure S46: Predicted compared to observed efavirenz-alfentanil (a,b) DDI AUC,,st and (c,d)
DDI Cmax ratios, predicted with the updated efavirenz PBPK model (left) or the original PBPK
model (right). The straight solid line marks the line of identity, the curved solid lines show the
prediction success limits proposed by Guest et al. allowing for 1.25-fold variability of the DDI
ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC ,: area
under the plasma concentration-time curve from the time of drug administration to the last con-
centration measurement, Cmax: maximum plasma concentration, DDI: drug-drug interaction, iv:

T
10°
Observed DDI C, ratio

intravenous, po: oral

(b)

Predicted DDI AUC,; ratio

Predicted DDI Ca ratio

10% - « Kharasch 2012 - Alfentanil (iv)
1 « Kharasch 2012 - Alfentanil (po)

=

(=]
©
L

T
10° 10t

Observed DDI AUC, ratio

101 - o Kharasch 2012 - Alfentanil (iv)
1 « Kharasch 2012 - Alfentanil (po)

T
10° 10t

Observed DDI C,y ratio

121



225

A PROJECT I - PBPK MODELING OF CARBAMAZEPINE

asop 9|buis :ps ‘Ajrep aouo :pb ‘pajoipaid
:paid ‘|eso :0d ‘paAIBSOO SO ‘SNOUBABIUI (Al ‘10118 PO} UBBW d11BWoab (34D ‘uonoelalul Bnup-Bnip :jaQ ‘uonesuadsuod ewse|d wnwixew :Xewn
‘JuswaINseawW UO[Je/jusdu0d 1se| 8y} 0} uofeJlsiujwpe Bnip Jo swi} 8y} Woly SAIND SW-UOoKBIIU8ouUod ewse|d ay} Japun Bale :¥Elony ‘uaalb jou :-

2> 34D yum g/ 25 34dNO yum g/
(Fe'1-#0"1L) v1L°L (se'1-10°1) 81°1L (abuel) 34D ueaw
[g6] 210z yoseseyy  ¥0'I 8€0 0¥0 L0 8¢0 880 2! - ps‘ABw 90’ pb ‘od ‘6w 009
[s6] 210z yoseseyy 180 650 10 v.0 €20 LL'0 2 - ps‘od ‘Bw 50°¢ pb ‘od ‘6w 009
2Jduaiajay sSqQ/paid sqo paid sqQ/paid sqo poid u _”_.: deb 9soqg |luelusy|y ZUudline)3
ones XUy |qq onel ¥¥Igny |aa WwnoIA Jojenadiad

[opow [eulblio ay) jo
SJ0JJ9 P|O} uBSW J11BWO086 Yyum solel XeWn pue BNy |qQ [IUBIUSB-ZUBIIARID POAISSUO PUB paldlpald :€€S dlqel

asop 9|buis :ps ‘Ajrep aouo :pb ‘pajoipaid
:paid ‘[eso :0d ‘PaAISSQO :SQO ‘SNOUSBABIUI Al ‘10118 PO} UBdW du1BwWoab :34\D ‘uonoelalul Bnup-Bnip :jaQ ‘uonesuadsuod ewse|d wnwixew :Xewn
‘JuswiaINsealW UOIIeAUSdUO0D JSB| 8y} O] UoleJlsiuiwpe Bnip Jo awi} 8yl Wolj 8AIND SWi-UolelIusouod ewse|d 8yl Japun eate :¥Blony ‘uaalb jou :-

2> 34N yumg/e 2> 34dNO yumg/e
(60°1-80°L) 60°L (eri-gLr) erL (aBues) 34D ueaw

[s6l'le 10 2102 Yosereyy  60°L 80 2v0 €Ll 80 €v0 2 - ps‘A‘Bw 9oL pb ‘od ‘6w 009
[s6]'1e 10 210z Yoseseyy €60 60 920 68°0 €20 020 ¢l - ps ‘od ‘Bw G0 pb ‘od ‘Bw 009
Qoualgyey sqo/paid SAO  paid sqo/paid SAO0 paid u [y] deb asoq JluBjUSY Y PAVEY [Tl

ones X4y |gq onel ¥Egny |aq WHoIA Jojenadied

[opow pajepdn ay} jo
SJ04J9 PO} uBSW J1}BWO08H6 Ylum soljel XeWn pue BNy |qQ [IUBIUSB-ZUBIIARIS POAISSUO PUB paldlpald :2ES dlqel

soljel XeWn pue €Ny 1ag poloipaid Jo 10413 pjO} uBdW JLI}BWOAL) G '€ 9

122



226 SUPPLEMENTARY INFORMATION

6.4 Efavirenz-bupropion DDI

The efavirenz-bupropion DDI was modeled using a previously established whole-body PBPK
model of bupropion [197]. Bupropion is a sensitive CYP2B6 substrate, with hydroxybupropion
as the main metabolite. CYP2B6 metabolism is described in the model using Michaelis-Menten
kinetics. The drug-dependent parameters of the bupropion model are reproduced in Table S21.

The efavirenz-bupropion DDI was modeled as induction with simultaneous competitive inhib-
ition of bupropion CYP2B6 metabolism by efavirenz. Inhibition was described using K; = 0.4
umol/l from literature. The value was corrected for binding in the in vitro assay, as described in
section 3.1. Induction of CYP2B6 by efavirenz was described using an ECsq = 0.23 pmol/l and
Emax = 8.13. EC5q was taken from literature and corrected for fUincupbation, Emax was optimized
during the efavirenz parameter identification.

Details on the modeled clinical DDI studies are given in Table S34. Model predictions of
bupropion plasma concentration-time profiles before and during efavirenz co-administration,
compared to observed data, are shown in Figures S47 (linear) and S48 (semi-logarithmic).
The correlation of predicted to observed DDI AUC ¢t and Cpax ratios is shown in Figure S49.
Tables S35 and S36 list the corresponding predicted and observed DDI AUC,,g ratios, DDI
Cmax ratios, as well as GMFE values for the updated and the original efavirenz PBPK model,
respectively.
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6.4.2 Profiles
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Figure S47: Predicted compared to observed bupropion plasma concentration-time profiles
(linear) before and during efavirenz co-administration, predicted with the updated efavirenz
model (upper row) or the original efavirenz model (lower row). Observed data are shown as dots
+ standard deviation; model predictions are shown as solid lines. Details on dosing regimens,
study population and literature reference are listed in Table S34. sd: single dose, tab: tablet
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Figure S48: Predicted compared to observed bupropion plasma concentration-time profiles
(semi-logarithmic) before and during efavirenz co-administration, predicted with the updated
efavirenz model (upper row) or the original efavirenz model (lower row). Observed data are
shown as dots + standard deviation; model predictions are shown as solid lines. Details on
dosing regimens, study population and literature reference are listed in Table S34. sd: single
dose, tab: tablet
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6.4.3 DDI AUC,st and Cax ratio goodness-of-fit plots
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Figure S49: Predicted compared to observed efavirenz-bupropion (a,b) DDI AUC,,¢t and (c,d)
DDI Cmax ratios, predicted with the updated efavirenz PBPK model (left) or the original PBPK
model (right). The straight solid line marks the line of identity, the curved solid lines show
the prediction success limits proposed by Guest et al. allowing for 1.25-fold variability of the
DDl ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC,4st:
area under the plasma concentration-time curve from the time of drug administration to the last
concentration measurement, Cmax: maximum plasma concentration, DDI: drug-drug interaction
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6.5 Rifampin-efavirenz DDI

The rifampin-efavirenz DDl was modeled using a previously developed whole-body PBPK model
of rifampin [210]. Rifampin induces the expression of CYP3A4 and CYP2B6. The drug-
dependent parameters of the rifampin model are reproduced in Table S37.

The rifampin-efavirenz DDI was modeled as induction with simultaneous competitive inhib-
ition of efavirenz CYP3A4 and CYP2B6 metabolism by rifampin. Parameters describing the
CYP3A4 induction and inhibition were previously implemented and have been qualified in sev-
eral different DDI predictions [210]. The K; = 118.5 umol/I describing the competitive CYP2B6
inhibition and Enax = 3.6 describing the CYP2B6 induction by rifampin were taken from lit-
erature. ECsg = 0.34 umol/l was adopted from induction processes already implemented in
the rifampin PBPK model (see Table S37), as induction of 3A4 and 2B6 by rifampin is both
mediated via activation of the nuclear receptor PXR [210].

Details on the modeled clinical DDI studies are given in Table S38. Model predictions of
efavirenz plasma concentration-time profiles before and during rifampin co-administration, com-
pared to observed data, are shown in Figures S50 (linear) and S51 (semi-logarithmic). The cor-
relation of predicted to observed DDI AUC ¢t and Cpax ratios is shown in Figure S46. Tables
S39 and S40 list the corresponding predicted and observed DDI AUC ¢ ratios, DDI Cpax ratios,
as well as GMFE values for the updated and the original efavirenz PBPK model, respectively.
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6.5.3 Profiles
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Figure S50: Predicted compared to observed efavirenz plasma concentration-time profiles (lin-
ear) before and during rifampin co-administration, predicted with the updated efavirenz model
(upper row) or the original efavirenz model (lower row). Observed data are shown as dots +
standard deviation; model predictions are shown as solid lines. Details on dosing regimens,
study populations and literature references are listed in Table S38. qd: once daily, sd: single
dose, sol: solution, tab: tablet
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Figure S51: Predicted compared to observed efavirenz plasma concentration-time profiles
(semi-logarithmic) before and during rifampin co-administration, predicted with the updated
efavirenz model (upper row) or the original efavirenz model (lower row). Observed data are
shown as dots + standard deviation; model predictions are shown as solid lines. Details on
dosing regimens, study populations and literature references are listed in Table S38. qd: once
daily, sd: single dose, sol: solution, tab: tablet
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6.5.4 DDI AUC,,s;t and Cpax ratio goodness-of-fit plots
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Figure S52: Predicted compared to observed rifampin-efavirenz (a,b) DDI AUC,,st and (c,d)
DDI Cmax ratios, predicted with the updated efavirenz PBPK model (left) or the original PBPK
model (right). The straight solid line marks the line of identity, the curved solid lines show
the prediction success limits proposed by Guest et al. allowing for 1.25-fold variability of the
DDl ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation. AUC,4st:
area under the plasma concentration-time curve from the time of drug administration to the last
concentration measurement, Cmax: maximum plasma concentration, DDI: drug-drug interaction
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6.6 Efavirenz-voriconazole DDI

The efavirenz-voriconazole DDI was modeled using a previously established whole-body PBPK
model of voriconazole [247]. The metabolism of the CYP2C19 and CYP3A4 substrate voriconazole
is described in the model using Michaelis-Menten kinetics. The drug-dependent parameters of
the voriconazole model are reproduced in Table S41.

To adequately describe the voriconazole plasma concentration-time profiles, the CYP2C19
kcat Was adjusted (kcat = 0.20 1/min) to match the control group of the modeled DDI study,
assuming variability of the CYP2C19 expression in the small DDI study population.

The efavirenz-voriconazole DDI was modeled as induction with simultaneous competitive
inhibition of voriconazole CYP3A4 metabolism by efavirenz and as competitive inhibition of efa-
virenz CYP2B6 metabolism by voriconazole. Inhibition of CYP3A4 by efavirenz was described
using Ki = 9.67 umol/l from literature, corrected for binding in the in vitro assay, as described
in Section 3. The induction was described using EC5q = 0.23 umol/l (taken from literature and
corrected for binding in the in vitro assay). Inhibition of CYP2B6 by voriconazole was described
using a Kj = 0.3 umol/l from literature, corrected for binding in the in vitro assay.

Details on the modeled clinical DDI studies are given in Table S42. Model predictions of
voriconazole and efavirenz plasma concentration-time profiles before and during co-administra-
tion, compared to observed data, are shown in Figure S53 (linear) and S54 (semi-logarithmic).
The correlation of predicted to observed DDI AUC ¢t and Cpax ratios is shown in Figure S55.
Tables S43 and S44 list the corresponding predicted and observed DDI AUC ¢ ratios, DDI
Cmax ratios, as well as GMFE values for the updated and the original efavirenz PBPK model,
respectively.
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6.6.3 Profiles
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Figure S53: Predicted compared to observed voriconazole and efavirenz plasma
concentration-time profiles (linear) before and during co-administration, predicted with the up-
dated efavirenz model (upper row) or the original efavirenz model (lower row). Observed data
are shown as dots + standard deviation; model predictions are shown as solid lines. Details on
dosing regimens, study population and literature reference are listed in Table S42. bid: twice
daily, cap: capsule, qd: once daily, tab: tablet
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Figure S54: Predicted compared to observed efavirenz and voriconazole plasma
concentration-time profiles (semi-logarithmic) before and during efavirenz and voriconazole co-
administration, predicted with the updated efavirenz model (upper row) or the original efavirenz
model (lower row). Observed data are shown as dots + standard deviation; model predictions
are shown as solid lines. Details on dosing regimens, study population and literature reference
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are listed in Table S42. bid: twice daily, cap: capsule, qd: once daily, tab: tablet
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6.6.4 DDI AUC,,st and Cpax ratio goodness-of-fit plots
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Figure S55: Predicted compared to observed efavirenz-voriconazole (a,b) DDl AUC, ¢t and
(c,d) DDI Cpax ratios predicted with the updated efavirenz PBPK model (left) or the original
PBPK model (right). The straight solid line marks the line of identity, the curved solid lines
show the prediction success limits proposed by Guest et al. allowing for 1.25-fold variability
of the DDI ratio [109]. Dotted lines indicate 1.25-fold, dashed lines indicate 2-fold deviation.
AUC,,st: area under the plasma concentration-time curve from the time of drug administration
to the last concentration measurement, Crax: maximum plasma concentration, DDI: drug-drug
interaction
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7 System-dependent parameters

Details on the expression of metabolizing enzymes, transport proteins and protein binding part-
ners implemented to model the pharmacokinetics of carbamazepine, carbamazepine-10,11-
epoxide, efavirenz, alfentanil, alprazolam, bupropion, erythromycin, rifampin, simvastatin and
voriconazole are summarized in Table S45. As enterohepatic circulation is active under physiolo-
gical conditions, the parameter EHC continuous fraction was set to 1 in all individuals.

Table S45: System-dependent parameters

Reference concentration Half-life

Enzyme/

Transporter Mean? [umol/l]  Relative expression® Localization Direction Liver [h] Intestine [h]
Binding partner

118-HSD 1.00¢ [263] Array [265] Intracellular - 36 23
AADAC 1.00° [263] RT-PCR [266] Intracellular - 36 23
CYP1A2 1.80[267] RT-PCR [268] Intracellular - 39 23
CYP2A6 2.72[267] RT-PCR [268] Intracellular - 26 23
CYP3A4 4.32[267] RT-PCR [268] Intracellular - 36 [269] 23[139]
CYP3A5 0.04 [267] RT-PCR [268] Intracellular - 36 23
CYP2B6 1.56 [267] RT-PCR [268] Intracellular - 32 23
CYP2C8 2.56 [267] RT-PCR [268] Intracellular - 23 23
CYP2C19 0.76 [267] RT-PCR [268] Intracellular - 26 23
EPHX1 1.00¢ [263] RT-PCR [266] Intracellular - 36 23
PON3 1.00¢ [263] Array [265] Intracellular - 36 23
UGT1A1 1.00° [263] RT-PCR [266] Intracellular - 36 23
UGT1A3 1.00° [263] RT-PCR [266] Intracellular - 36 23
UGT1A4 2.32[53] liver only [209] Intracellular - 36 -
UGT2B7 2.78[270] EST [271] Intracellular - 36 23
BCRP 1.00° [263] RT-PCRY [272] Apical Efflux 36 23
OATP1B1 1.00° [263] RT-PCR[272] Basolateral Influx 36 -
Pgp 1.41[210] RT-PCRe® [272] Apical Efflux 36 23
GABRG2 1.30[209]  brain only [209] Extracellular - -

membrane
NAT1 1.00° [263] EST [271] Extracellular 36 23
membrane

-: not given, 115-HSD1: 11B-hydroxysteroid dehydrogenase 1, AADAC: arylacetamide deacetylase, array: genome
expression arrays from ArrayExpress, BCRP: breast cancer resistance protein, CYP: cytochrome P450, EPHX1: ep-
oxidehydroxylase 1, EST: expressed sequence tags expression profile, GABRG2: gamma-aminobutyric acid receptor
subunit gamma 2, NAT1: norepinephrine transporter 1, OATP1B1: organic anion transporting polypeptide 1B1, Pgp:
P-glycoprotein, PON3: paraoxonase 3, RT-PCR: reverse transcription-polymerase chain reaction profile, UGT: UDP-
glucuronosyltransferase

a umol/lol protein/l in the tissue of highest expression

b in the different organs (PK-Sim® expression database profile)

¢ if no information was available, the mean reference concentration was set to 1.00 umol/I and the catalytic rate constant
(kcat) was optimized [263]

d with the relative expression in the blood cells set to 0.3046 [264]

€ with the relative expression in the intestinal mucosa increased by factor 3.57 [210]
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Abbreviations

114-HSD1 11 8-hydroxysteroid dehydrogenase 1

AADAC Arylacetamide deacetylase

ADME Absorption, distribution, metabolism and excretion

AUC Area under the concentration-time curve

AUC st AUC values calculated from the time of drug administration to the time of the
last concentration measurement

asm Assumption

BCRP Breast cancer resistance protein

bid Twice daily

CBz Carbamazepine

CBZE Carbamazepine-10,11-epoxide

calc Calculated

cap Capsule

CAR Constitutive androstane receptor

CLhep Hepatic clearance

Chmic Microsomal protein concentration

CLspec Secific clearance

Cmax Maximum plasma concentration

CYP Cytochrome P450

D Day

DDI Drug-drug interaction

DGI Drug-gene interaction

EC50 Concentration for half maximal induction in vivo

EBUP Erythrohydrobupropion

EHC Enterohepatic circulation

EM Extensive metabolizer

Emax Maximal induction effect in vivo

EPHX1 Epoxide hydroxylase 1

EST Expressed sequence tag

FaHIF Fasted human intestinal fluid
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logP
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OATP
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Molecular weight
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Open Systems Pharmacology
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1 Physiologically based
pharmacokinetic/pharmacodynamic
(PBPK/PD) modeling

1.1 Felodipine formulations

The dissolution of oral felodipine formulations was described using the Weibull function accord-
ing to Equations S1 and S2:

~(t-1,)
mzl—exp(T) (S1)

a=(TyP (S2)

where m = fraction of dissolved drug at time ¢, T;,, = lag time before the onset of dissolution,
a = scale parameter, g = shape parameter, T,; = time needed to dissolve 63% of the formulation

1.2 PBPK model evaluation

As quantitative performance measures, the mean relative deviation (MRD) of predicted plasma
concentrations as well as blood pressure and heart rate measurements and the geometric
mean fold error (GMFE) of predicted area under the plasma concentration-time curve values
calculated from the time of drug administration to the time of the last concentration measure-
ment (AUC)5st) and maximum plasma concentration (Cmax) values were calculated according
to Equation S3 and Equation S4, respectively. Values < 2 are considered as adequate model
performance metrics.

. 12
MRD = 10%, with x = \/ — 210919 Cpred,i =10G1q Cobs,i)? (S3)
i=1

where c,r.q,; = predicted plasma concentration, c,s; = corresponding observed plasma con-
centration and m = number of observed values.

GMFE =10%, with x=— Y 1log;f )| (S4)
i=1 i1

where PKqq,; = predicted AUC st or Cmax Value, PKyy, ; = corresponding observed AUC st or

Cmax value and n = the number of studies.

1.3 Drug-drug interaction (DDI) model evaluation

Modeled DDlIs were evaluated by comparison of predicted versus observed plasma concentration-
time profiles of felodipine with and without co-administration of perpetrator drugs. Furthermore,
predicted DDI AUC,,5; ratios (Equation S5) and DDI Cax ratios (Equation S6) were calculated
and compared to observed values.

AU C 4, Victim drug during DDI

DDI AUC44; ratio = —
last AUC 44, victim drug control

(S5)
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Chmax Victim drug during DDI
Cmax Victim drug control

Additionally, GMFE values of the predicted DDI AUC ¢ ratios and DDI Cpax ratios were
calculated according to Equation S4.

DDI Cpay ratio = (S6)

1.4 Sensitivity analysis

Sensitivity of the final models to single parameter values (local sensitivity analysis) was calcu-
lated as relative change of the area under the plasma concentration-time curve (AUC). Sens-
itivity analysis was carried out using a relative perturbation of 1000% (variation range 10.0,
maximum number of 9 steps). Parameters were included into the analysis if they were optim-
ized, if they are associated with optimized parameters or if they might have a strong impact due
to calculation methods used in the model.

The sensitivity to a parameter value was calculated as the ratio of the relative change of the
simulated AUC to the relative variation of the parameter around its value used in the final model
according to Equation S7.

S AAUC A (S7)

AUC Ap
where S = sensitivity of the AUC to the examined model parameter, AAUC = change of the
simulated AUC, AUC = simulated AUC with the original parameter value, Ap = change of the
examined parameter value, p = original parameter value. A sensitivity of +1.0 signifies that a
10% increase of the examined parameter value causes a 10% increase of the simulated AUC.
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1.5 Mathematical implementation of drug-drug interactions (DDIs)

Competitive inhibition

Competitive inhibitors reversibly bind to the active site of an enzyme or transporter and compete
with the substrate for binding. The maximum reaction velocity (vmax) remains unaffected, while
the Michaelis-Menten constant (Ky,) is increased (Km app, Equation S8) in the presence of the
inhibitor. The reaction velocity (v) during administration of a competitive inhibitor is described
by Equation S9 [1]:

Km,app ZKm‘(l+ %) (88)
Umax " [S]

= Ymax' O] S9

Km,app +[S] ( )

where Ky,qpp = Michaelis-Menten constant in the presence of the inhibitor, K;, = Michaelis-
Menten constant, [I] = free inhibitor concentration, K; = dissociation constant of the inhibitor-
enzyme complex, v = reaction velocity, v,,.x = maximum reaction velocity, [S] = free substrate
concentration.

Mechanism-based inactivation

Mechanism-based inactivation is an irreversible type of inhibition. Baseline enzyme activity
will be regained after clearance of the inactivator and de novo synthesis of the enzyme (time-
dependency). The enzyme degradation rate constant (kgeg) is increased (Kgeg,app, Equation
S10), while its synthesis rate (Rsyn) remains unaffected. The enzyme turnover during adminis-
tration of a mechanism-based inactivator is described by Equation S11. As mechanism-based
inactivators are also competitive inhibitors, the Kn in the Michaelis-Menten reaction velocity
equation is substituted by Kny app as shown in Equation S12 [1]:

kinace - ]
kdeg,app = kdeg + (%) (81 0)
dE(t)
dt :Rsyn_kdeg,app'E(t) (811)
Umax * [S] _ kcar- E(1)-[S] (S12)

- Km,app + [S] - Km,app + [S]

where kqeq,qpp = €nZyme degradation rate constant in the presence of the mechanism-based
inactivator, k4., = enzyme degradation rate constant, k;,.c; = maximum inactivation rate con-
stant, [I] = free inactivator concentration, K; = concentration for half-maximal inactivation, E(f)
= enzyme concentration, R, = enzyme synthesis rate, v = reaction velocity, vy, = maximum
reaction velocity, [S] = free substrate concentration, K, 4,, = Michaelis-Menten constant in the
presence of inactivator, k., = catalytic rate constant.
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Induction

Induction of enzymes is mediated by the activation of nuclear receptors, increasing gene ex-
pression. The baseline activity of the enzyme is regained after clearance of the inducer and
degradation of the enzyme (time-dependency). The enzyme synthesis rate (Rsyn) is increased
(Rsyn,app, Equation §13), while its kgeq remains unaffected. The enzyme turnover during ad-
ministration of an inducer is described by Equation S14 [1], the reaction velocity is described
by Equation S15:

B Enax - [Ind]
Rsyn,app = Rsyn |1 m (81 3)
dE(1)
7 :Rsyn,upp_kdeg'E(t) (814)
_ Umax[S] _ Kkcar- E(8)- 18] (S15)
C Kn+[SI Kn+lS]

where Rgy,,qpp = €nzyme synthesis rate in the presence of inducer, R, = enzyme synthesis
rate, E;qx = maximal induction effect in vivo, [Ind] = free inducer concentration, ECsy = concen-
tration for half-maximal induction in vivo, E(f) = enzyme concentration, k. = enzyme degrad-
ation rate constant, v = reaction velocity, v,,, = maximum reaction velocity, [S] = free substrate
concentration, K,,, = Michaelis-Menten constant, k.,; = catalytic rate constant.
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1.6 Pharmacodynamic (PD) model building

The PBPK model of felodipine was extended by a diastolic blood pressure and heart rate PD
model.

As blood pressure and heart rate undergo fluctuations throughout the day, a circadian rhythm
was implemented for blood pressure and heart rate according to models by Chae et al. [2] and
Lott et al. [3], respectively. Circadian variability of blood pressure is described according to
Equations S16 and S17.

X 271 27
circgp(t) = ampoapp- cos(ﬁ -(t— phaseaq pp)) + ampiopp- cos(ﬁ * (t—phaseypgp)) (S16)

BP(t) = BPyean-(1+circpp(?)) (817)

where circgp = circadian rythm of blood pressure at t, t = time, ampaspp / ampiapp =
amplitudes, for period 24 h and 12 h, respectively, phasezs,gp and phase;z gp = shift over time
for period 24 h and 12 h, respectively, BP,.4, = mean blood pressure over 24 h.

Similarly, circadian variability of heart rate is described according to Equations S18 and S19.

2
circyr(t) =ampyg- cos(£ -(t—phasegg)) (818)

HR(t) = HRpean- (1 + circyr(1) (819)

where circypg = circadian rhythm of heart rate at t, r = time, ampyg = amplitude, phaseyr =
shift over time, HR,,,.., = mean heart rate over 24h.

The effect was described using a direct maximum effect ( Emax) model without lag time ac-
cording to Equation S20.

Emax : C(t)h

E(t)= —F——
® ECl +C(h

(S20)

where E = effect, t = time, E;,.x = maximum effect of felodipine on heart rate or blood
pressure, ECsy = concentration necessary to achieve half of Enax, k = hill coefficient and C
= felodipine plasma concentration.

Subsequently, blood pressure and heart rate are defined according to Equations S21 and
S22, respectively.

BP(t) = BPpean-(1+circpp()) — E(2) (S21)
HR(t) = HRppean - (1 +circyr(8)) + E(2) (S22)

The circadian rhythm of blood pressure and heart rate was optimized for each study individu-
ally. The circadian amplitudes (amp24 gp, amp12 gp, @aMpyR) Were adopted from Chae et al. [2]
and Lott et al. [3], while circadian phases (phaseys gp, phasez gp, phaseyr) and mean heart
rate and blood pressure values (HRmean, BPmean) Were optimized using the parameter identi-
fication tool implemented in MoBi. The interval between phaseps gp and phaseqz gp identified
by Chae et al. [2] was maintained. If clinical studies provided placebo profiles, the circadian
parameters were optimized based on the placebo profiles and subsequently transferred to the
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corresponding effect-time profiles measured during felodipine administration. If no placebo
profiles were available, the parameters were carefully optimized based on the effect-time pro-
files during felodipine administration. For studies that displayed changes from baseline blood
pressure instead of absolute blood pressure data in the effect-time profiles, absolute values
were calculated based on the indicated baseline value before felodipine administration (BPg).
The parameters of the Emax model (ECsq and Enax) were optimized based on the blood pres-
sure and heart rate training datasets, preserving the previously optimized parameters of the
circadian model.
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2 Felodipine
2.1 PBPK model building

All clinical studies used for model building, including information on participant demographics,
the study protocol and assignment to training and test dataset, are listed in Table S1.

Felodipine has a chiral center at C4 [4], and is administered as racemic mixture. The two
enantiomers are enantioselectively metabolized by cytochrome P450 (CYP) 3A4 to dehydro-
felodipine, resulting in 2-fold higher maximum plasma concentrations of (S)-felodipine [4]. The
stereoselective pharmacokinetics of the enantiomers could be described assuming different
Km values, without changing other drug-dependent parameters. Estimated K, values are in
accordance with literature, where approximately 2-fold higher K, values were reported for (S)-
felodipine [5]. Due to the small size of studies investigating the pharmacokinetics of (R)- and
(S)-felodipine, the ability of the model to predict the stereoselective pharmacokinetics could no
be thoroughly evaluated. All processes implemented in the final model are illustrated in Fig-
ure S1 and drug-dependent parameters used in the final model in comparison to parameters
obtained from literature are listed in Table S2.

S

GFRhacuon
d»’sso/‘,e 5
D oo R
tab Weibull Jissolution
tsow S
\;\'\0(\
“ SO ility Ko, Keat ‘icw%ww
s so\ub

e

Clypep

Figure S1: Implemented metabolic pathways of felodipine and dehydrofelodipine. The model
describes intravenous and oral administration of felodipine. Dissolution of solid oral for-
mulations (conventional and extended release tablets) is described using Weibull functions.
Felodipine is metabolized by CYP3A4 to dehydrofelodipine and eliminated by passive glomer-
ular filtration. Dehydrofelodipine undergoes CYP3A4 mediated clearance as well as unspecific
hepatic clearance and is also eliminated by passive glomerular filtration. CLgypsas: CYP3A4
mediated clearance, Clnep: unspecific hepatic clearance, CYP3A4: cytochrome P450 3A4,
GFRyaction: Fraction of filtered drug in the urine, iv: intravenous, Kn: Michaelis-Menten con-
stant, keat: catalytic rate constant, s: dissolution shape, sol: solution, tsge,: dissolution time
(50% dissolved), tab: tablet, tabER: extended release tablet.

Predicted compared to observed plasma concentration-time profiles of felodipine and dehyd-
rofelodipine are displayed in Figures S2 (linear) and S3 (semi-logarithmic). Goodness-of-fit
plots for plasma concentrations are presented in Figure S5, corresponding MRD values are lis-
ted in Table S3. The correlation of predicted and observed AUC ¢t and Crnax values is presen-
ted in Figure S6. Corresponding values and overall GMFE values of all studies are listed in
Table S4.
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2.4 Plasma concentration-time profiles
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Figure S2: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, Rl: renal impairment, sol: solution, sd:
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Figure S2: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, Rl: renal impairment, sol: solution, sd:
single dose, tab: tablet, tabER: extended release tablet. (continued)
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Figure S2: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, Rl: renal impairment, sol: solution, sd:
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Figure S2: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, Rl: renal impairment, sol: solution, sd:
single dose, tab: tablet, tabER: extended release tablet. (continued)
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Figure S2: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, Rl: renal impairment, sol: solution, sd:
single dose, tab: tablet, tabER: extended release tablet. (continued)
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Figure S2: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, Rl: renal impairment, sol: solution, sd:
single dose, tab: tablet, tabER: extended release tablet. (continued)
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Figure S2: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, Rl: renal impairment, sol: solution, sd:
single dose, tab: tablet, tabER: extended release tablet. (continued)
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Figure S2: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, Rl: renal impairment, sol: solution, sd:
single dose, tab: tablet, tabER: extended release tablet. (continued)
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concentration-time profiles (linear) after intravenous and oral administration of felodipine. Ob-
served data are shown as dots and triangles + standard deviation (if available); model predic-
tions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
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_~
o
<

-

40 mg, tabER, sd (healthy)

15

—e— Felodipine
Hasselgren 1990, n = 12

10

L

Plasma Concentration [ng/ml]
5

0

Time [h]
(by)
5 mg, tabER, qd (healthy)
—e— Felodipine
g [t} Dresser 2000, n =6
D N
i)
c
kel
g @
£ -
@
o 4
c
S
O
g [S)
1z}
8 4
o
[to)
168 174 180 186 192 198
Time [h]
(cb)
20 mg, tabER, qd (HT)
o)
- —e— Felodipine
Blychert 1990, n = 12
e B

Plasma Concentration [ng/ml]

336 342 348 354 360 366
Time [h]

(bw)
2x2.5 mg, tabER, qd (healthy)
=
™ —e— Felodipine
g 0 | Bioequivalence 1994, n = 20
g o~
c o
S
g
T |
@
o
S o
O <1
©
5o
T o
o
=
< T T T T
192 198 204 210
Time [h]
(b2)
10 mg, tabER, qd (healthy)
< 4

Plasma Concentration [ng/ml]

—e— Felodipine
Blychert 1990a, n = 15

3

2
.

1
.

0

120 126 132 138 144
Time [h]

—
(2]
(3

~

Plasma Concentration [ng/ml]

20 mg, tabER, qd (HT)

12
.

—e— Felodipine
Hedner 1987, n =9

10
L

©

<«

o

o]

33 342 348 354 360 366
Time [h]

single dose, tab: tablet, tabER: extended release tablet. (continued)

24



300

SUPPLEMENTARY INFORMATION

2.4.2 Semi-logarithmic

(a)

10"

Plasma Concentration [ng/ml]
10°

1 mg, iv (20 min) (healthy)

—e— Felodipine
Bengtsson 1988, n = 10

10’

Plasma Concentration [ng/ml]
10°

T T T

Time [h]

1 mg, iv (30 min) (healthy)

—e— Felodipine
Sutfin 1990, n =4

10° 10’

Plasma Concentration [ng/ml]
10

102

T T T

Time [h]

2.25 mg, iv (112.5 min) (HT)

—e— Felodipine
Blychert 1990, n = 12

Figure S3: Predicted compared to observed felodipine and dehydrofelodipine plasma
concentration-time profiles (semi-logarithmic) after intravenous and oral administration of
felodipine. Observed data are shown as dots and triangles + standard deviation; model pre-
dictions are shown as solid lines. Details on dosing regimens, study populations and literature
references are listed in Table S1. bid: twice daily, HT: hypertension, iv: intravenous, md: mul-
tiple dose, n: number of individuals, qd: once daily, RI: renal impairment, sol: solution, sd:
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