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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 (1–40 mg) of the intravenous and oral adminis-
tration of felodipine. The final model describes the metabolism of felodipine to dehydrofelodipine
by CYP3A4, 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 Emax 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 AUClast and Cmax 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®. R 3.6.3 (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 (fm,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 Emax model
without lag time according to Equation (1).

E =
Emax × Ch

ECh
50 + Ch

(1)

where Emax is the maximum effect of felodipine on diastolic blood pressure or heart rate,
EC50 is the concentration necessary to achieve half of Emax, h is the hill coefficient, and C is
the felodipine plasma concentration.

Emax and EC50 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 (AUClast))
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 AUClast and Cmax 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 S10, 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 AUClast ratios and DDI
Cmax 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,
GMFEs of the predicted DDI AUClast and Cmax 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) n
(DBP) 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 (Km) was acquired from the literature, while
the catalytic rate constant (kcat) 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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Itraconazole

Erythromycin

Felodipine Dehydrofelodipine
CYP3A4

PBPK model structure Felodipine pharmacokinetic model

PD model structure

Blood pressure

Heart rate

Drug plasma 
concentration

a) b)

c)

CYP3A4

Carbamazepine/
Phenytoin

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

Solubility (pH) mg/L 7.15 (6.5)

1.2 (7)
7.15 (6.5)
14.3 (7.1)
19.7 (7)

[80–82] Solubility at reference pH

Solubility-tabER
(pH) mg/L 0.89 (7) - -

Solubility at reference pH
used for

extended-release tablets

logP - 4.36

3.44
3.80
4.36
4.46
4.64

[78,81–83] Lipophilicity

Intestinal
permeability cm/min 2.76 × 10−4

4.42 × 10−4

3.06 × 10−4

2.64 × 10−4
[81,84] Transcellular intestinal

permeability
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Table 2. Cont.

Parameter Unit Model Literature Reference Description

Felodipine

GFR fraction - 1 - - Fraction of filtered drug
in the urine

Km-CYP3A4 µmol/L 2.81
0.94
2.81
26.4

[9,81,85]
CYP3A4

Michaelis–Menten
constant

kcat-CYP3A4 1/min 250.44 - - CYP3A4 catalytic
rate constant

Weibull time-tab min 54.86 - - Tablet dissolution
profile shape

Weibull
shape-tab - 1.32 - - Tablet dissolution time

(50% dissolved)

Weibull
time-tabER min 173.04 - - Extended-release tablet

dissolution profile shape

Weibull
shape-tabER - 1.30 - -

Extended-release tablet
dissolution time
(50% dissolved)

Partition
coefficient - Diverse RR Cell to plasma

partition coefficients

Cellular
permeability cm/min 0.42 PK-Sim Permeability into the

cellular space

Dehydrofelodipine

MW g/mol 382.24 382.24 [86] Molecular weight

pKa (base) - 4.06 4.06 [86] Acid dissociation
constant

fu, plasma % 0.68 - - fraction unbound
in plasma

Solubility (pH) mg/L 2.93 2.93 [86] Solubility at reference pH

logP - 3.32 4.24 [86] Lipophilicity

Intestinal
permeability cm/min 1.38 × 10−4 estimated via PK-Sim® Transcellular intestinal

permeability

GFR fraction - 1 - - Fraction of filtered drug
in the urine

CL-CYP3A4 1/min 35.74 - - CYP3A4-mediated
clearance

CL-hepatic 1/min 2.76 - - Unspecific hepatic
clearance

Partition
coefficient - Diverse S Cell to plasma

partition coefficients

Cellular
permeability cm/min 0.04 CDS Permeability into the

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 S4 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 fm,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
kcat 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 AUClast and Cmax 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) AUClast, (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 AUClaxt and Cmax of 1.26 and 1.28, respectively,
indicated a good model performance.
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1Figure 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 AUClast 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. AUClast: area under the plasma concentration−time curve from the time of dosing to the
time of last concentration measurement, Cmax: 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 (BPmean, HRmean) 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 Emax 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

Emax mmHg 56.18 - - Maximum effect on diastolic
blood pressure

EC50 µmol/L 0.04 - - Concentration for
half-maximal effect

amp24 % 2.14 2.14 [28] Amplitude for 24 h period

amp12 % 5.93 5.93 [28] Amplitude for 12 h period

phase24 h 5.28 (2.10) a - - Phase for 24 h period

phase12 h 0.16 (2.10) a - - Phase for 12 h period

BPmean mmHg 70.4 (6.76) a;
91.9 (6.60) a,b 69.5 [28] Mean diastolic blood

pressure over 24 h

Heart Rate Model

Emax bpm 39.71 - - Maximum effect on heart
rate

EC50 µmol/L 0.05 - - Concentration for
half-maximal effect

h - 1.40 - - Hill coefficient

amp % 6.3 6.3 [29] Amplitude

phase h 11.8 (5.13) a 9.2 [29] Phase

HRmean bpm 62.2 (4.21) a;
66.4 (3.32) a,b 66.2 [29] Mean heart rate over 24 h

a 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 S11 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 AUClast and DDI Cmax ratios. All predicted DDI AUClast and DDI Cmax
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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1Figure 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 AUClast ratios
and (g) DDI Cmax ratios. AUClast: 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 AUClast and Cmax 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

https://github.com/Open-Systems-Pharmacology
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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 kcat 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 kcat 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 Emax 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 EC50 value of 40 nmol/L and an Emax value of
56.18 mmHg were estimated for the diastolic blood pressure PD model. In contrast, other
studies reported lower EC50 (~8 nmol/L) and Emax (~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 Emax and related
EC50 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, Cmax
and tmax were slightly overpredicted. Nonetheless, the magnitude of the interaction was
sufficiently explained by the model, illustrated by predicted versus observed DDI AUClast
and Cmax 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 AUClast and Cmax ratios of 1.40 and 0.81 were calculated. Overall, the DDI AUClast
and DDI Cmax effect ratios were within the limits proposed by Guest et al. [33], with mean
GMFE 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
11β-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).

Overall, 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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