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S1 Physiologically based pharmacokinetic
(PBPK) modeling

S1.1 PBPK model building

S1.1.1 PBPK model building

Physiologically based pharmacokinetic (PBPK) modeling and model parameter opti-
mization (Monte Carlo algorithm) were performed using PK-Sim® and MoBi® (Open
Systems Pharmacology Suite 9.1). Published clinical study data were digitized with
GetData Graph Digitizer 2.26.0.20 (©S. Fedorov) according to best practices [56]. For
calculation of pharmacokinetic parameters and model performance metrics as well as
generation of figures Python (version 3.7.4, Python Software Foundation, Wilmington,
DE, USA) and Visual Studio Code (version 1.49.1, Microsoft Corporation, Redmond,
WA, USA) were used. PBPK model building was initiated with an extensive litera-
ture search to gather information on metoprolol absorption, distribution, metabolism
and excretion (ADME) processes, to obtain physicochemical data and to collect clinical
studies of intravenous and oral administration of metoprolol, in single- and multiple-
dose regimens, performed in healthy individuals. Subsequently, plasma concentration-
time profiles from the published clinical studies were digitized and split into a training
dataset, for model building and a test dataset, for model evaluation (see Table S2.2.1
for information on all studies). Studies for model training were selected to include dif-
ferent routes of administration (intravenous and oral), a wide range of administered
doses, single- and multiple-dose regimens as well as stratification for cytochrome P450
2D6 (CYP2D6) genotype or activity score. The training dataset was used for estima-
tion of model input parameters which could not be obtained from literature. The final
model parameters for metoprolol enantiomers and α-hydroxymetoprolol are provided
in Tables S2.3.2 and S2.4.3, respectively. The metoprolol enantiomer PBPK model was
built in a stepwise approach; first, appropriate quantitative structure-activity relation-
ship (QSAR) methods to estimate the cellular permeabilities and partition coefficients
were selected by minimizing the residual sum of squares of simulations of intravenous
metoprolol administration and their observed data. Subsequently, studies of orally ad-
ministered metoprolol in poor metabolizers (PMs) were used to optimize parameters
independent of CYP2D6 metabolism. Finally, (R)- and (S)-enantiomer CYP2D6 catalytic
rate constant (kcat) values were optimized for studies of the training dataset where the
volunteers were either normal metabolizers (NMs) or not phenotyped.
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S1.1.2 Metoprolol formulations

The weibull function was implemented according to Equations S1 and S2 [28] to de-
scribe the dissolution process for different solid metoprolol formulations.

m = 1− exp

(
−(t− Tlag)

β

α

)
(S1)

α = (Td)
β (S2)

where m = fraction of dissolved drug at time t, Tlag = lag time before the onset of disso-
lution, α = scale parameter, β = shape parameter, Td = time needed to dissolve 63% of
the formulation.

The final Weibull shape parameters and Weibull time parameters (50% dissolved) for
all solid formulations used in the metoprolol PBPK-model are given in Table S2.3.2.

S1.1.3 Virtual individuals

The PBPK model was built based on data from healthy individuals, using the reported
sex, ethnicity and mean values for age, weight and height from each study protocol.
If no demographic information was provided, the following default values were sub-
stituted: male, European, 30 years of age, 73 kg body weight and 176 cm body height
(characteristics from the PK-Sim® population database ([35, 49, 52]). CYP2D6 was im-
plemented in accordance with literature, using the PK-Sim® expression database to
define their relative expression in the different organs of the body [38]. Details on the
implementation of CYP2D6 are summarized in Section S4.

S1.1.4 Virtual populations

For population simulations, virtual populations of 100 individuals were created based
on the population characteristics stated in the respective publication. If no informa-
tion was provided in the publication, populations based on european male individu-
als aged 20–50 years were assumed. Metrics were generated (depending on ethnicity)
from one of the following databases; American: Third National Health and Nutrition
Examination Survey (NHANES) [35] database, Asian: Tanaka model [49], European:
International Commission on Radiological Protection (ICRP) database [52]. In the gen-
erated virtual populations, system-dependent parameters such as weight, height, organ
volumes, blood flow rates, tissue compositions, etc. were varied by the implemented
algorithm in PK-Sim® within the limits of the databases listed above [35, 49, 52]. Since
study populations were grouped by their CYP2D6 activity score or phenotype, no vari-
ability in CYP2D6 reference concentrations was assumed for population simulations.
Reference concentrations of implemented proteins as well as their relative expression
are provided in Section S4.
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S1.2 PBPK model evaluation

S1.2.1 PBPK model evaluation

Model evaluation was carried out with different methods based on the clinical data
of the test dataset. The population predicted plasma concentration-time profiles were
compared to the data observed in the clinical studies. Furthermore, predicted plasma
concentration values of all studies were compared to the observed plasma concen-
trations in goodness-of-fit plots. In addition, the model performance was evaluated
by comparison of predicted to observed area under the plasma concentration-time
curve (AUC) from the time of the first concentration measurement to the last time point
of concentration measurement (AUClast) and peak plasma concentration (Cmax) values.
As quantitative performance measures, a mean relative deviation (MRD) of the pre-
dicted plasma concentrations for all observed and the corresponding predicted plasma
concentrations as well as geometric mean fold errors (GMFEs) of the AUClast and Cmax
values were calculated according to Equation S3 and Equation S4, respectively.

MRD = 10x; x =

√
∑k

i=1(log10 ĉi − log10 ci)2

k
(S3)

where ĉi = ith predicted plasma concentration, ci = ith observed plasma concentration
and k = number of observed values.

GMFE = 10x; x =
∑m

i=1

∣∣∣log10

(
ρ̂i
ρi

)∣∣∣
m

(S4)

where ρ̂i = ith predicted plasma AUClast or Cmax value, ρi = ith observed plasma AUClast
or Cmax value and m = number of studies.

S1.2.2 PBPK model sensitivity analysis

Sensitivity of the final models to single parameter changes (local sensitivity analysis)
was calculated as relative change of the AUC0–24. Sensitivity 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 have been optimized, if they
are associated with optimized parameters or if they might have a strong impact due to
calculation methods used in the model. Sensitivity to a parameter was calculated as the
ratio of the relative change of the simulated AUC0–24 h to the relative variation of the
parameter according to Equation S5:

S =
∆AUC0−24 h

∆p
× p

AUC0−24 h
(S5)

where S = sensitivity of the AUC to the examined model parameter, ∆AUC0−24 h =
change of the AUC0–24 h, AUC0−24 h = simulated AUC0–24 h with the original parameter
value, ∆p = change of the examined parameter value, p = original parameter value.



Pharmaceutics 2020, 12, 1200; doi.org/10.3390/pharmaceutics12121200 7 of 53

A sensitivity of +1.0 signifies that a 10% increase of the examined parameter value
causes a 10% increase of the simulated AUC0–24 h. The results of the sensitivity anal-
ysis are provided in Section S2.6.7

S1.3 CYP2D6 DGI Modeling

S1.3.1 Implementation of CYP2D6 DGI

The model training dataset included 11 plasma concentration-time profiles from studies
that reported the CYP2D6 activity scores of their study subjects, ranging from 0 (PM)
to 3 (ultrarapid metabolizer (UM)). These studies were utilized to optimize catalytic
rate constant relative to CYP2D6 activity score (AS)=2 (kcat, rel) values for the different
CYP2D6 activity scores. CYP2D6 poor metabolizers (AS=0) were assumed to show
no CYP2D6 activity (0%), whereas populations with two wildtype alleles (AS=2) were
used as reference (100%) to calculate relative kcat values according to Equation S6:

kcat, rel, AS=i =
kcat, AS=i

kcat, AS=2
· 100% (S6)

where kcat, rel = kcat relative to AS=2 for the investigated AS, kcat, AS=i = kcat for the
investigated AS and kcat, AS=2 = kcat for AS = 2.

The identified values for both CYP2D6 pathways and both metoprolol enantiomers
are listed in Table S3.1.1. CYP2D6 Michaelis-Menten constant (Km) values were kept
constant over the whole range of modeled activity scores. Since study populations
were grouped by their CYP2D6 activity score or phenotype, no variability in CYP2D6
reference concentrations was implemented for population simulations (see Section S4
for details on the implementation of CYP2D6).

S1.3.2 DGI Model Evaluation

The drug-gene interaction (DGI) modeling performance was assessed by comparison
of predicted versus observed plasma concentration-time profiles of racemic metoprolol,
its enantiomers and α-hydroxymetoprolol (see Chapter S3). Furthermore, predicted
DGI AUClast ratios (Equation S7) and DGI Cmax ratios (Equation S8) were evaluated.

DGI AUClast ratio =
AUClast, DGI

AUClast, re f erence
(S7)

where AUClast, DGI = AUClast of variant activity score or phenotype, AUClast, re f erence =
AUClast of AS=2 or normal metabolizer phenotype.

DGI Cmax ratio =
Cmax, DGI

Cmax, re f erence
(S8)
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where Cmax, DGI = Cmax of variant activity score or phenotype, Cmax, re f erence = Cmax of
AS=2 or normal metabolizer phenotype. As a quantitative measure of the prediction
accuracy, GMFE values of the predicted DGI AUClast ratios and DGI Cmax ratios were
calculated according to Equation S4 and are given in Table S3.3.2.
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S2 PBPK modeling of metoprolol

S2.1 Metoprolol model development

Metoprolol is the most frequently administered beta-blocker in the U.S. with well over
50 million total prescriptions per year [10]. It is used in the treatment of hypertension,
angina pectoris, heart failure, arterial fibrillation as well as acute myocardial infarction
[36]. Metoprolol is listed by the U. S. Food and Drug Administration (FDA) as a mod-
erately sensitive substrate for clinical drug-drug interaction (DDI) studies as it is pre-
dominantly metabolized by CYP2D6 [51]. Metoprolol is a Biopharmaceutics Classifica-
tion System (BCS) Class I drug, characterized by high permeability and high solubility.
After its rapid absorption, metoprolol undergoes extensive first-pass metabolism, re-
ducing its bioavailability (BA) to 40% in CYP2D6 NMs, whereas BA approaches 100%
in PMs [25]. Only 12% of metoprolol are bound to plasma proteins, primarily albu-
min [40]. O-demethylation, α-hydroxylation and N-dealkylation by CYP2D6 and, to
lesser extents CYP2B6, CYP2C9, CYP3A4 are described as the pathways of metopro-
lol metabolism [5, 42]. Of the major metabolites, α-hydroxymetoprolol is of particular
clinical interest, as it is pharmacologically active, exhibiting 10% of the β1-blocking ac-
tivity of metoprolol [8], and it is almost exclusively formed via CYP2D6 [29]. Therefore,
α-hydroxymetoprolol/metoprolol urinary metabolic ratios are employed for CYP2D6
phenotyping [7]. Overall, CYP2D6 is estimated to be responsible for 80% of metoprolol
metabolism in normal metabolizers [5]. Depending on the CYP2D6 phenotype, only
1.5–12% of orally administered metoprolol are excreted unchanged in urine [46]. Meto-
prolol is a chiral molecule, marketed as racemic mixture of (R)- and (S)-metoprolol,
even though its enantiomers differ in their pharmacodynamic and pharmacokinetic
properties. The (S)-enantiomer has been shown to be 33-fold more potent in block-
ing β1-adrenoceptors in rats than the (R)-enantiomer [34]. Moreover, in UMs and NMs
but not in PMs, the (S)-metoprolol AUC is significantly higher than the AUC of (R)-
metoprolol, showing the enantiopreference of CYP2D6 towards the (R)-enantiomer
[46].

A total of 48 clinical studies of intravenous or oral administration of metoprolol were
used in the model development process, with doses ranging from 5–200 mg metoprolol
in single or multiple dose regimens. Of the 48 studies, nine included measurements
of the metabolite α-hydroxymetoprolol and 16 studies included measurements of the
metoprolol enantiomers. Details on all studies used for PBPK modeling are given in
Table S2.2.1. The four α-hydroxymetoprolol diastereomers were modeled as one sin-
gle compound, due to a lack of enantiomeric differentiation in the published clinical
data. For both metoprolol enantiomers, enantioselective metabolism via CYP2D6, an
unspecific hepatic clearance (CL) process as well as passive glomerular filtration were
implemented. Each of the metoprolol enantiomers can be metabolized via CYP2D6
to either produce α-hydroxymetoprolol or to generate other metabolites such as O-
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demethylmetoprolol which were not included as separately modeled compounds. The
metabolite α-hydroxymetoprolol is eliminated via an unspecific hepatic CL process.
The drug-dependent model input parameters of the metoprolol enantiomers are pre-
sented in Table S2.3.2; the drug-dependent parameters of the α-hydroxymetoprolol
model are given in S2.4.3.

The performance of the metoprolol model is demonstrated in semilogarithmic (Section
S2.5.1) and linear plots (Section S2.5.2) of population simulations compared to observed
plasma concentration-time profiles of all clinical studies. Furthermore, goodness-of-fit
plots comparing all predicted to their corresponding observed plasma concentrations of
metoprolol enantiomers, racemic metoprolol and α-hydroxymetoprolol (Figures S2.6.9
and S2.6.10) as well as MRD values for each study (see Tables S2.6.4 and S2.6.5) are
presented. Moreover, correlation plots of predicted versus observed AUClast (Figures
S2.6.11 and S2.6.12) and Cmax (Figures S2.6.13 and S2.6.14) values are shown, including
calculated model GMFE values (Tables S2.6.6 and S2.6.7). Finally, a sensitivity analysis
of a simulation of a single oral dose of 100 mg metoprolol tartrate, administered as a
tablet in the fasted state was performed. The results of the sensitivity analysis are given
in Section S2.6.7.
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S2.2 Clinical studies

Table S2.2.1: Metoprolol study table

Route Dose n Females Age Weight Metabolite Enantiomers CYP2D6 Dataset Reference
[mg] [%] [years] [kg] measured measured activity

iv (inf, 150 min, sd) 88.7 6 17 (23–29) - yes no - test Godbillon et al. 1985 [12]
iv (inf, 10 min, sd) 50 12 0 (19–26) (60–98) no no - training Kelly et al. 1985 [23]
iv (inf, 10 min, sd) 20 5 0 (23–28) (62–70) no no - test Johnsson et al. 1975 [22]
iv (inf, 10 min, sd) 15 5 0 (23–28) (62–70) no no - test Johnsson et al. 1975 [22]
iv (inf, 10 min, sd) 10 5 0 (23–28) (62–70) no no - test Johnsson et al. 1975 [22]
iv (inf, 5 min, sd) 10 6 0 (23–28) - no no - test Regårdh et al. 1980 [42]
iv (inf, 10 min, sd) 5 5 0 (23–28) (62–70) no no - training Regårdh et al. 1974 [41]
iv (inf, 10 min, sd) 5 5 0 (23–28) (62–70) no no - test Johnsson et al. 1975 [22]

po (tab, CR, daily) 200 15 27 (21–45) - no no - training Damy et al. 2004 [11]
po (tab, sd) 200 10 0 29 (24–40) 85 no yes p-NM training Johnson et al. 1996 a [20]
po (tab, sd) 200 10 0 29 (24–36) 82 no yes p-NM training Johnson et al. 1996 b [20]
po (tab, CR, sd) 200 15 27 (21–45) - no yes AS=1.5* test Parker et al. 2011 [39]
po (tab, sd) 100 4 0 - - yes no AS=2.0* test Bae et al. 2014 [3]
po (tab, sd) 100 3 0 - - yes no AS=0.5* test Bae et al. 2014 [3]
po (-, sd) 100 12 0 28 (21–35) 71 (62–82) no no - test Bennett et al. 1982 [4]
po (tab, sd) 100 12 50 (22–34) - no no - test Chellingsworth et al. 1988 [9]
po (tab, bid) 100 12 0 (23–32) - no no - test Chellingsworth et al. 1988 [9]
po (tab, sd) 100 10 0 26 (20–36) 73 (59–96) no no p-NM test Hamelin et al. 2000 [14]
po (tab, sd) 100 6 0 26 (20–36) 73 (59–96) no no p-PM test Hamelin et al. 2000 [14]
po (tab, sd) 100 8 0 (20–29) - no yes g-NM test Hemeryck et al. 2000 [15]
po (tab, sd) 100 7 43 52 (29–68) - no no - test Houtzagers et al. 1982 [16]
po (tab, sd) 100 15 0 (19–23) - no no - test Jack et al. 1982 [18]

*: AS calculated from genotype provided in publication, AS: CYP2D6 activity score, bid: twice daily, CR: controlled release, g-: genotyped, inf: infusion,
iv: intravenous, NM: normal metabolizer, p-: phenotyped, PM: poor metabolizer, po: oral, sd: single dose, sol: oral solution, tab: tablet
Values are given as arithmetic means, the range of values are given in parentheses
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Table S2.2.1: Metoprolol study table (continued)

Route Dose n Females Age Weight Metabolite Enantiomers CYP2D6 Dataset Reference
[mg] [%] [years] [kg] measured measured activity

po (tab, sd) 100 5 0 (23–28) (62–70) no no - test Johnsson et al. 1975 [22]
po (tab, sd) 100 16 0 25 65 no yes AS=2* training Huang et al. 1999 [17]
po (tab, sd) 100 12 0 24 65 no yes AS=1.25* training Huang et al. 1999 [17]
po (tab, sd) 100 12 0 24 63 no yes AS=0.5* training Huang et al. 1999 [17]
po (tab, sd) 100 6 22 23 67 yes no AS=2* training Jin et al. 2008 [19]
po (tab, sd) 100 7 22 23 67 yes no AS=1.25* training Jin et al. 2008 [19]
po (tab, sd) 100 15 22 23 67 yes no AS=0.5* training Jin et al. 2008 [19]
po (-, sd) 100 12 0 (19–26) (60–98) no no - training Kelly et al. 1985 [23]
po (-, bid) 100 12 0 (19–26) (60–98) no no - training Kelly et al. 1985 [23]
po (tab, sd) 100 18 0 29 (18–39) 79 (62–100) yes no g-NM test Krösser et al. 2006 [27]
po (-, sd) 100 12 0 33 (19–55) - yes no g-NM test Krauwinkel et al. 2013 [26]
po (tab, bid) 100 10 0 26 (20–36) 84 (66–97) no yes p-NM test Luzier et al. 1999 a [30]
po (tab, bid) 100 10 100 25 (21–35) 62 (54–77) no yes p-NM test Luzier et al. 1999 b [30]
po (tab, bid) 100 15 27 (21–45) - no yes AS=1.5* test Parker et al. 2011 [39]
po (tab, CR, sd) 100 15 27 (21–45) - no yes AS=1.5* test Parker et al. 2011 [39]
po (tab, sd) 100 12 8 28 (25–37) 76 (70–80) no yes AS=3 training Seeringer et al. 2008 [25, 46]
po (tab, sd) 100 13 0 28 (23–34) 77 (69–81) no yes AS=2 training Seeringer et al. 2008 [25, 46]
po (tab, sd) 100 4 0 38 (29–40) 90 (77–101) no yes AS=0 training Seeringer et al. 2008 [25, 46]
po (tab, sd) 100 16 100 27 (18–40) 60 (49–100) no yes AS=1.5* training Sharma et al. 2005 [47]
po (-, sd) 100 4 100 27 (18–40) 60 (49–100) no yes AS=0 training Sharma et al. 2005 [47]
po (tab, sd) 50 5 0 (23–28) (62–70) no no - test Johnsson et al. 1975 [22]
po (-, sd) 50 10 0 28 (18–45) 82 (63–94) no no - test Stout et al. 2011 [48]
po (tab, CR, sd) 50 10 0 28 (18–45) 82 (63–94) no no - test Stout et al. 2011 [48]
po (tab, sd) 50 12 0 31 78 yes no AS=1.5* test Werner et al. 2003 [54]
po (tab, sd) 20 5 0 (23–28) (62–70) no no - test Johnsson et al. 1975 [22]
po (sol, sd) 5 5 0 (23–28) (62–70) no no - training Regårdh et al. 1974 [41]

*: AS calculated from genotype provided in publication, AS: CYP2D6 activity score, bid: twice daily, CR: controlled release, g-: genotyped, inf: infusion,
iv: intravenous, NM: normal metabolizer, p-: phenotyped, PM: poor metabolizer, po: oral, sd: single dose, sol: oral solution, tab: tablet
Values are given as arithmetic means, the range of values are given in parentheses
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S2.3 Drug-dependent parameters: (R)- and (S)-metoprolol

Table S2.3.2: (R)- and (S)-metoprolol drug-dependent parameters

(R)-Metoprolol (S)-Metoprolol

Parameter Unit Value Source Literature Reference Value Source Literature Reference Description

MW g/mol 267.36 Lit. 267.36 [24] 267.36 Lit. 267.36 [24] Molecular weight
pKa (base) - 9.70 Lit. 9.70 [24] 9.70 Lit. 9.70 [24] Acid dissociation constant
Solubility tart. (pH 7.4) g/ml 1.00 Lit. 1.00 [2] 1.00 Lit. 1.00 [2] Solubility
Solubility succ. (pH 5.5) g/ml 0.16 Lit. 0.16 [6] 0.16 Lit. 0.16 [6] Solubility
logP - 1.77 Lit. 1.77 [57] 1.77 Lit. 1.77 [57] Lipophilicity
fu % 88 Lit. 88 [32] 88 Lit. 88 [32] Fraction unbound
CYP2D6 Km → αHM µmol/l 10.08 Lit. 10.08‡ [33] 10.75 Lit. 10.75‡ [33] Michaelis-Menten constant
CYP2D6 kcat

NM → αHM 1/min 6.02 Optim.† 7.50 [33] 6.55 Optim.† 8.27 [33] Catalytic rate constant
CYP2D6 kcat

AS=2 → αHM 1/min 10.17 Optim.† - - 11.19 Optim.† - - Catalytic rate constant
CYP2D6 Km → ODM µmol/l 8.82 Lit. 8.82‡ [33] 12.43 Lit. 12.43‡ [33] Michaelis-Menten constant
CYP2D6 kcat

NM → ODM 1/min 9.87 Optim.† 12.30 [33] 8.21 Optim.† 10.37 [33] Catalytic rate constant
CYP2D6 kcat

AS=2 → ODM 1/min 16.69 Optim.† - - 14.02 Optim.† - - Catalytic rate constant
CLhep, unsp. 1/min 0.08 Optim. - - 0.09 Optim. - - Unspecific hepatic clearance
GFR fraction - 1.00 Asm. - - 1.00 Asm. - - Filtered drug in the urine
EHC continuous fraction - 1.00 Asm. - - 1.00 Asm. - - Bile fraction cont. released
NR Weibull time parameter min 12.31 Optim. - [20, 23] 12.31 Optim. - [20, 23] Dissolution profile time
NR Weibull shape parameter - 0.72 Optim. - [20, 23] 0.72 Optim. - [20, 23] Dissolution profile shape
CR Weibull time parameter min 331.92 Optim. - [11] 331.92 Optim. - [11] Dissolution profile time
CR Weibull shape parameter - 1.53 Optim. - [11] 1.53 Optim. - [11] Dissolution profile shape
Partition coefficients - Diverse Calc. R&R [43, 44] Diverse Calc. R&R [43, 44] Cell to plasma partitioning
Cellular permeability cm/min 4.64E-03 Calc. PK-Sim [37] 4.64E-03 Calc. PK-Sim [37] Perm. into cellular space
Intestinal permeability cm/min 4.14E-05 Optim. 1.12E-05 Calc. [50] 4.14E-05 Optim. 1.12E-05 Calc. [50] Transcellular intestinal perm.

-: not available, †: all CYP2D6 kcat values were optimized in a fixed ratio (kcat → αHM:kcat → ODM) equivalent to the ratio of reported vmax values [33].
‡: in vitro values corrected for binding in the assay using estimated fraction unbound to microsomal protein (fumic, estimated = 84%) [1], αHM: α-hydroxylation,
asm.: assumed, CR: controlled release release tablet, calc.: calculated, cont.: continously, CYP2D6: cytochrome P450 2D6, EHC: enterohepatic circulation, lit.: literature,
GFR: glomerular filtration rate, NR: normal release tablet, NM: normal metabolizer, ODM: O-demethylation, optim.: optimized, PK-Sim: PK-Sim calculation method,
R&R: Rodgers and Rowland calculation method, succ.: metoprolol succinate, tart.: metoprolol tartrate, unsp.: unspecific
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S2.4 Drug-dependent parameters: α-hydroxymetoprolol

Table S2.4.3: α-hydroxymetoprolol drug-dependent parameters

Parameter Unit Value Source Literature Reference Description

MW g/mol 283.36 Lit. 283.36 [24] Molecular weight
pKa (strongest basic) - 9.67 Lit. 9.67 [55] Acid dissociation constant
pKa (strongest acidic) - 13.55 Lit. 13.55 [55] Acid dissociation constant
Solubility g/ml 1.43 Lit. 1.43 [55] Solubility
logP - 0.87 Optim. 0.84 [55] Lipophilicity
fu % 63 Calc. 63 [53] Fraction unbound
CLhep, unsp. 1/min 0.34 Optim. - - Unspecific hepatic clearance
GFR fraction - 1.00 Asm. - - Filtered drug in the urine
EHC continuous fraction - 1.00 Asm. - - Bile fraction cont. released
Partition coefficients - Diverse Calc. R&R [43, 44] Cell to plasma partitioning
Cellular permeability cm/min 4.08E-04 Calc. PK-Sim [37] Perm. into the cellular space
Intestinal permeability cm/min 1.08E-06 Calc. 1.08E-06 Calc. [50] Transcellular intestinal perm.

-: not available, calc.: calculated, cont.: continuously, EHC: enterohepatic circulation, intest.: intestinal,
GFR: glomerular filtration rate, perm.: permeability, PK-Sim: PK-Sim calculation method,
R&R: Rodgers and Rowland calculation method, unsp.: unspecific
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S2.5 Plasma profiles

S2.5.1 Semilogarithmic plots
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Figure S2.5.1: Metoprolol plasma concentrations. Model predictions of metoprolol and
its metabolite α-hydroxymetoprolol plasma concentration-time profiles of intravenous
studies of the training and test datasets, compared to observed data (semilogarithmic
representation). Population predictions (n=100) are shown as lines with ribbons (arith-
metic mean± standard deviation (SD)), symbols represent the corresponding observed
data ± SD. iv: intravenous
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Figure S2.5.2: Metoprolol plasma concentrations. Model predictions of metoprolol and
its metabolite α-hydroxymetoprolol plasma concentration-time profiles of oral studies
of the training and test datasets, compared to observed data (semilogarithmic repre-
sentation). Population predictions (n=100) are shown as lines with ribbons (arithmetic
mean ± standard deviation (SD)), symbols represent the corresponding observed data
± SD. NM: normal metabolizer, po: oral
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Figure S2.5.3: Metoprolol plasma concentrations. Model predictions of metoprolol and
its metabolite α-hydroxymetoprolol plasma concentration-time profiles of oral studies
of the training and test datasets, compared to observed data (semilogarithmic repre-
sentation). Population predictions (n=100) are shown as lines with ribbons (arithmetic
mean ± standard deviation (SD)), symbols represent the corresponding observed data
± SD. NM: normal metabolizer, po: oral
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Figure S2.5.4: Metoprolol enantiomers plasma concentrations. Model predictions of
(R)-metoprolol and (S)-metoprolol plasma concentration-time profiles of oral studies of
the training and test datasets, compared to observed data (semilogarithmic representa-
tion). Population predictions (n=100) are shown as lines with ribbons (arithmetic mean
± standard deviation (SD)), symbols represent the corresponding observed data ± SD.
NM: normal metabolizer, po: oral
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S2.5.2 Linear plots
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Figure S2.5.5: Metoprolol plasma concentrations. Model predictions of metoprolol and
its metabolite α-hydroxymetoprolol plasma concentration-time profiles of intravenous
studies of the training and test datasets, compared to observed data (linear representa-
tion). Population predictions (n=100) are shown as lines with ribbons (arithmetic mean
± standard deviation (SD)), symbols represent the corresponding observed data ± SD.
iv: intravenous
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Figure S2.5.6: Metoprolol plasma concentrations. Model predictions of metoprolol and
its metabolite α-hydroxymetoprolol plasma concentration-time profiles of oral studies
of the training and test datasets, compared to observed data (linear representation).
Population predictions (n=100) are shown as lines with ribbons (arithmetic mean ±
standard deviation (SD)), symbols represent the corresponding observed data ± SD.
NM: normal metabolizer, po: oral
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Figure S2.5.7: Metoprolol plasma concentrations. Model predictions of metoprolol and
its metabolite α-hydroxymetoprolol plasma concentration-time profiles of oral studies
of the training and test datasets, compared to observed data (linear representation).
Population predictions (n=100) are shown as lines with ribbons (arithmetic mean ±
standard deviation (SD)), symbols represent the corresponding observed data ± SD.
NM: normal metabolizer, po: oral
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Figure S2.5.8: Metoprolol enantiomers plasma concentrations. Model predictions of
(R)-metoprolol and (S)-metoprolol plasma concentration-time profiles of oral studies
of the training and test datasets, compared to observed data (linear representation).
Population predictions (n=100) are shown as lines with ribbons (arithmetic mean ±
standard deviation (SD)), symbols represent the corresponding observed data ± SD.
NM: normal metabolizer, po: oral
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S2.6 Model evaluation

S2.6.1 Plasma concentrations goodness-of-fit plots
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Figure S2.6.9: Plasma concentrations goodness-of-fit plots of the final metoprolol
model. Predicted versus observed plasma concentrations for (a) metoprolol and (b)
α-hydroxymetoprolol for all studies. The solid black line indicates the line of identity,
solid grey lines show 2-fold deviation, dashed grey lines indicate 1.25-fold deviation.
AS: CYP2D6 activity score, gof: goodness-of-fit, NM: normal metabolizer, PM: poor
metabolizer, vs: versus
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Figure S2.6.10: Plasma concentrations goodness-of-fit plots of the final metoprolol
model. Predicted versus observed plasma concentrations for (a) (R)-metoprolol and
(b) (S)-metoprolol for all studies. The solid black line indicates the line of identity, solid
grey lines show 2-fold deviation, dashed grey lines indicate 1.25-fold deviation. AS:
CYP2D6 activity score, gof: goodness-of-fit, NM: normal metabolizer, vs: versus
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S2.6.2 Mean relative deviation of plasma concentration predictions
(metoprolol, α-hydroxymetoprolol)

Table S2.6.4: Mean relative deviation of plasma concentration predictions (metoprolol, α-
hydroxymetoprolol)

CYP2D6
Dosing Molecule status MRD Reference

iv, inf, 88.7 mg α-hydroxymetoprolol - 3.12 Godbillon et al. 1985 [12]
po, tab, 100 mg α-hydroxymetoprolol AS=2.0 1.99 Bae et al. 2014 [3]
po, tab, 100 mg α-hydroxymetoprolol AS=0.5 3.25 Bae et al. 2014 [3]
po, tab, 100 mg α-hydroxymetoprolol AS=2.0 1.79 Jin et al. 2008 [19]
po, tab, 100 mg α-hydroxymetoprolol AS=1.25 1.85 Jin et al. 2008 [19]
po, tab, 100 mg α-hydroxymetoprolol AS=0.5 2.02 Jin et al. 2008 [19]
po, -, 100 mg α-hydroxymetoprolol NM 1.62 Krauwinkel et al. 2013 [26]
po, tab, 100 mg α-hydroxymetoprolol NM 1.54 Kroesser et al. 2006 [27]
po, tab, 50 mg α-hydroxymetoprolol AS=1.5 1.46 Werner et al. 2003 [54]
iv, inf, 88.7 mg metoprolol - 1.11 Godbillon et al. 1985 [12]
iv, inf, 50 mg metoprolol - 1.51 Kelly et al. 1985 [23]
iv, inf, 20 mg metoprolol - 1.11 Johnsson et al. 1975 [22]
iv, inf, 15 mg metoprolol - 1.11 Johnsson et al. 1975 [22]
iv, inf, 10 mg metoprolol - 1.13 Johnsson et al. 1975 [22]
iv, inf, 10 mg metoprolol - 1.31 Regardh et al. 1980 [42]
iv, inf, 5 mg metoprolol - 1.23 Johnsson et al. 1975 [22]
iv, inf, 5 mg metoprolol - 1.20 Regardh et al. 1974 [41]
po, CR, tab, 200 mg, daily metoprolol NM 1.25 Damy et al. 2004 [11]
po, tab, 100 mg metoprolol AS=2.0 1.53 Bae et al. 2014 [3]
po, tab, 100 mg metoprolol AS=0.5 1.77 Bae et al. 2014 [3]
po, -, 100 mg metoprolol - 1.29 Bennett et al. 1982 [4]
po, tab, 100 mg metoprolol - 1.67 Chellingsworth et al. 1988 [9]
po, tab, 100 mg, bid metoprolol - 1.99 Chellingsworth et al. 1988 [9]
po, tab, 100 mg metoprolol NM 1.95 Hamelin et al. 2000 [14]
po, tab, 100 mg metoprolol PM 1.90 Hamelin et al. 2000 [14]
po, tab, 100 mg metoprolol - 1.09 Houtzagers et al. 1982 [16]
po, tab, 100 mg metoprolol - 1.51 Jack et al. 1982 [18]
po, tab, 100 mg metoprolol AS=2.0 1.24 Jin et al. 2008 [19]
po, tab, 100 mg metoprolol AS=1.25 1.24 Jin et al. 2008 [19]
po, tab, 100 mg metoprolol AS=0.5 1.34 Jin et al. 2008 [19]
po, tab, 100 mg metoprolol - 1.50 Johnsson et al. 1975 [22]
po, -, 100 mg, bid metoprolol - 1.33 Kelly et al. 1985 [23]
po, -, 100 mg metoprolol - 2.13 Kelly et al. 1985 [23]
po, -, 100 mg metoprolol NM 2.06 Krauwinkel et al. 2013 [26]
po, tab, 100 mg metoprolol NM 1.68 Kroesser et al. 2006 [27]
po, -, 100 mg metoprolol AS=1.5 1.26 Sharma et al. 2005 [47]
po, -, 100 mg metoprolol AS=0.0 1.67 Sharma et al. 2005 [47]
po, CR, tab, 100 mg metoprolol NM 1.66 Stout et al. 2011 [48]

-: not available, AS: CYP2D6 activity score, bid: twice daily, CR: controlled release, inf: infusion, iv: intravenous
NM: normal metabolizer, PM: poor metabolizer, po: oral,sol: oral solution, tab: tablet
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Table S2.6.4: Mean relative deviation of plasma concentration predictions (metoprolol, α-
hydroxymetoprolol)

CYP2D6
Dosing Molecule status MRD Reference

po, tab, 50 mg metoprolol - 1.37 Johnsson et al. 1975 [22]
po, tab, 50 mg metoprolol NM 1.52 Stout et al. 2011 [48]
po, tab, 50 mg metoprolol AS=1.5 2.06 Werner et al. 2003 [54]
po, tab, 20 mg metoprolol - 1.55 Johnsson et al. 1975 [22]
po, sol, 5 mg metoprolol - 1.29 Regardh et al. 1974 [41]

MRD 1.61 (1.09–3.25)
37/43 with MRD ≤ 2

-: not available, AS: CYP2D6 activity score, bid: twice daily, CR: controlled release, inf: infusion, iv: intravenous
NM: normal metabolizer, PM: poor metabolizer, po: oral,sol: oral solution, tab: tablet
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S2.6.3 Mean relative deviation of plasma concentration predictions
((R)-metoprolol, (S)-metoprolol)

Table S2.6.5: Mean relative deviation of plasma concentration predictions ((R)-
metoprolol, (S)-metoprolol)

CYP2D6
Dosing Molecule status MRD Reference

po, tab, 200 mg (R)-metoprolol NM 1.13 Johnson et al. 1996 a [20]
po, tab, 200 mg (R)-metoprolol NM 1.13 Johnson et al. 1996 b [21]
po, CR, tab, 200 mg (R)-metoprolol NM 1.50 Parker et al. 2011 [39]
po, tab, 100 mg (R)-metoprolol NM 1.93 Hemeryck et al. 2000 [15]
po, tab, 100 mg (R)-metoprolol AS=2.0 1.34 Huang et al. 1999 [17]
po, tab, 100 mg (R)-metoprolol AS=1.25 1.39 Huang et al. 1999 [17]
po, tab, 100 mg (R)-metoprolol AS=0.5 1.24 Huang et al. 1999 [17]
po, tab, 100 mg, bid (R)-metoprolol NM 1.36 Luzier et al. 1999 a [30]
po, tab, 100 mg, bid (R)-metoprolol NM 1.55 Luzier et al. 1999 b [31]
po, tab, 100 mg, bid (R)-metoprolol NM 1.52 Parker et al. 2011 [39]
po, CR, tab, 100 mg (R)-metoprolol NM 1.24 Parker et al. 2011 [39]
po, tab, 100 mg (R)-metoprolol AS=3.0 1.41 Seeringer et al. 2008 [46]
po, tab, 100 mg (R)-metoprolol AS=2.0 1.62 Seeringer et al. 2008 [46]
po, tab, 100 mg (R)-metoprolol AS=0.0 1.37 Seeringer et al. 2008 [46]
po, -, 100 mg (R)-metoprolol AS=1.5 1.28 Sharma et al. 2005 [47]
po, -, 100 mg (R)-metoprolol AS=0.0 1.55 Sharma et al. 2005 [47]
po, tab, 200 mg (S)-metoprolol NM 1.14 Johnson et al. 1996 a [20]
po, tab, 200 mg (S)-metoprolol NM 1.09 Johnson et al. 1996 b [21]
po, CR, tab, 200 mg (S)-metoprolol NM 1.42 Parker et al. 2011 [39]
po, tab, 100 mg (S)-metoprolol NM 1.56 Hemeryck et al. 2000 [15]
po, tab, 100 mg (S)-metoprolol AS=2.0 1.20 Huang et al. 1999 [17]
po, tab, 100 mg (S)-metoprolol AS=1.25 1.20 Huang et al. 1999 [17]
po, tab, 100 mg (S)-metoprolol AS=0.5 1.17 Huang et al. 1999 [17]
po, tab, 100 mg, bid (S)-metoprolol NM 1.35 Luzier et al. 1999 a [30]
po, tab, 100 mg, bid (S)-metoprolol NM 1.44 Luzier et al. 1999 b [31]
po, tab, 100 mg, bid (S)-metoprolol NM 1.46 Parker et al. 2011 [39]
po, CR, tab, 100 mg (S)-metoprolol NM 1.29 Parker et al. 2011 [39]
po, tab, 100 mg (S)-metoprolol AS=3.0 1.31 Seeringer et al. 2008 [46]
po, tab, 100 mg (S)-metoprolol AS=2.0 1.29 Seeringer et al. 2008 [46]
po, tab, 100 mg (S)-metoprolol AS=0.0 1.43 Seeringer et al. 2008 [46]
po, -, 100 mg (S)-metoprolol AS=1.5 1.31 Sharma et al. 2005 [47]
po, -, 100 mg (S)-metoprolol AS=0.0 1.64 Sharma et al. 2005 [47]

MRD 1.37 (1.09–1.93)
32/32 with MRD ≤ 2

Overall MRD (all four compounds) 1.51 (1.09–3.25)
69/75 with MRD ≤ 2

-: not available, AS: CYP2D6 activity score, bid: twice daily, CR: controlled release, po: oral, tab: tablet.
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S2.6.4 AUClast and Cmax values goodness-of-fit plots
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Figure S2.6.11: AUClast values goodness-of-fit plots for the final metoprolol model.
Predicted versus observed AUClast values for racemic (a) metoprolol and (b) α-
hydroxymetoprolol for all studies. The solid black line marks the line of identity, the
dotted grey lines mark the 0.8- to 1.25-fold range, the dashed black lines indicate the
0.5- to 2-fold range. AS: CYP2D6 activity score, gof: goodness-of-fit, NM: normal me-
tabolizer, PM: poor metabolizer, vs: versus
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Figure S2.6.12: AUClast goodness-of-fit plots for the final metoprolol model. Predicted
versus observed AUClast values for (a) (S)-metoprolol and (b) (R)-metoprolol for all
studies. The solid black line marks the line of identity, the dotted grey lines mark the
0.8- to 1.25-fold range, the dashed black lines indicate the 0.5- to 2-fold range. AS:
CYP2D6 activity score, gof: goodness-of-fit, NM: normal metabolizer, vs: versus

101 102

Observed Cmax [ng/ml]

101

102

Pr
ed

ict
ed

 C
m

ax
 [n

g/
m

l]

(a) GOF plot - Cmax 
 metoprolol 

Kelly 1985, 50 mg
Kelly 1985, 100 mg
Kelly 1985, 100 mg
Regardh 1974, 5 mg
Regardh 1974, 5 mg
Regardh 1980, 10 mg
Godbillon 1985, 88.7 mg
Johnsson 1975, 5 mg
Johnsson 1975, 10 mg

Johnsson 1975, 15 mg
Johnsson 1975, 20 mg
Johnsson 1975, 20 mg
Johnsson 1975, 50 mg
Johnsson 1975, 100 mg
Chellingsworth 1988, 100 mg
Chellingsworth 1988, 100 mg
Hamelin 2000, 100 mg, NM

Hamelin 2000, 100 mg, PM
Werner 2003, 50 mg, AS=1.5
Jin 2008, 100 mg, AS=2.0
Jin 2008, 100 mg, AS=1.25
Jin 2008, 100 mg, AS=0.5
Stout 2011, 50 mg, NM
Stout 2011, 100 mg, NM
Jack 1982, 100 mg
Sharma 2005, 100 mg, AS=1.5

Sharma 2005, 100 mg, AS=0.0
Kroesser 2006, 100 mg, NM
Bennett 1982, 100 mg
Houtzagers 1982, 100 mg
Krauwinkel 2013, 100 mg, NM
Bae 2014, 100 mg, AS=2.0
Bae 2014, 100 mg, AS=0.5
Damy 2004, 200 mg, NM

101 102

Observed Cmax [ng/ml]

101

102

Pr
ed

ict
ed

 C
m

ax
 [n

g/
m

l]

(b) GOF plot - Cmax 
 -hydroxymetoprolol

Godbillon 1985, 88.7 mg
Werner 2003, 50 mg, AS=1.5
Jin 2008, 100 mg, AS=2.0
Jin 2008, 100 mg, AS=1.25
Jin 2008, 100 mg, AS=0.5

Kroesser 2006, 100 mg, NM
Krauwinkel 2013, 100 mg, NM
Bae 2014, 100 mg, AS=2.0
Bae 2014, 100 mg, AS=0.5

Figure S2.6.13: Cmax values goodness-of-fit plots for the final metoprolol model.
Predicted versus observed Cmax values for racemic (a) metoprolol and (b) α-
hydroxymetoprolol for all studies. The solid black line marks the line of identity, the
dotted grey lines mark the 0.8- to 1.25-fold range, the dashed black lines indicate the
0.5- to 2-fold range. AS: CYP2D6 activity score, gof: goodness-of-fit, NM: normal me-
tabolizer, PM: poor metabolizer, vs: versus
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Figure S2.6.14: AUClast goodness-of-fit plots for the final metoprolol model. Predicted
versus observed AUClast values for (a) (S)-metoprolol and (b) (R)-metoprolol for all
studies. The solid black line marks the line of identity, the dotted grey lines mark the
0.8- to 1.25-fold range, the dashed black lines indicate the 0.5- to 2-fold range. AS:
CYP2D6 activity score, gof: goodness-of-fit, NM: normal metabolizer, vs: versus
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S2.6.5 Geometric mean fold error of predicted AUClast and Cmax values (metoprolol, α-hydroxymetoprolol)

Table S2.6.6: Predicted and observed AUClast and Cmax values (metoprolol, α-hydroxymetoprolol)

CYP2D6 AUClast Cmax
Dosing Molecule status Pred [h·ng/ml] Obs [h·ng/ml] Pred/Obs Pred [ng/ml] Obs [ng/ml] Pred/Obs Reference

iv, inf, 88.7 mg α-hydroxymetoprolol - 617.20 265.13 2.33 - - - Godbillon et al. 1985 [12]
po, tab, 100 mg α-hydroxymetoprolol AS=2.0 1028.84 501.89 2.05 152.15 80.13 1.90 Bae et al. 2014 [3]
po, tab, 100 mg α-hydroxymetoprolol AS=0.5 607.99 206.78 2.94 55.34 18.64 2.97 Bae et al. 2014 [3]
po, tab, 100 mg α-hydroxymetoprolol AS=2.0 886.17 1131.93 0.78 148.83 149.04 1.00 Jin et al. 2008 [19]
po, tab, 100 mg α-hydroxymetoprolol AS=1.25 843.16 1212.70 0.70 123.06 108.88 1.13 Jin et al. 2008 [19]
po, tab, 100 mg α-hydroxymetoprolol AS=0.5 542.62 662.97 0.82 54.84 51.41 1.07 Jin et al. 2008 [19]
po, -, 100 mg α-hydroxymetoprolol NM 775.17 564.03 1.37 100.67 78.25 1.29 Krauwinkel et al. 2013 [26]
po, tab, 100 mg α-hydroxymetoprolol NM 765.96 534.92 1.43 96.50 65.12 1.48 Kroesser et al. 2006 [27]
po, tab, 50 mg α-hydroxymetoprolol AS=1.5 421.10 429.62 0.98 56.25 46.25 1.22 Werner et al. 2003 [54]
iv, inf, 88.7 mg metoprolol - 1251.70 1310.03 0.96 - - - Godbillon et al. 1985 [12]
iv, inf, 50 mg metoprolol - 692.12 501.71 1.38 - - - Kelly et al. 1985 [23]
iv, inf, 20 mg metoprolol - 179.84 192.31 0.94 - - - Johnsson et al. 1975 [22]
iv, inf, 15 mg metoprolol - 136.42 145.74 0.94 - - - Johnsson et al. 1975 [22]
iv, inf, 10 mg metoprolol - 90.64 100.45 0.90 - - - Johnsson et al. 1975 [22]
iv, inf, 10 mg metoprolol - 109.25 82.28 1.33 - - - Regardh et al. 1980 [42]
iv, inf, 5 mg metoprolol - 44.91 38.63 1.16 - - - Johnsson et al. 1975 [22]
iv, inf, 5 mg metoprolol - 63.61 59.56 1.07 - - - Regardh et al. 1974 [41]
po, CR, tab, 200 mg, daily metoprolol NM 10470.95 10087.41 1.04 104.92 130.54 0.80 Damy et al. 2004 [11]
po, tab, 100 mg metoprolol AS=2.0 580.39 535.59 1.08 126.63 179.95 0.70 Bae et al. 2014 [3]
po, tab, 100 mg metoprolol AS=0.5 2410.05 3570.91 0.67 259.49 499.36 0.52 Bae et al. 2014 [3]
po, -, 100 mg metoprolol - 682.28 580.40 1.18 133.15 130.30 1.02 Bennett et al. 1982 [4]
po, tab, 100 mg bid metoprolol - 936.86 1401.85 0.67 166.91 221.75 0.75 Chellingsworth et al. 1988 [9]
po, tab, 100 mg metoprolol - 792.38 1250.28 0.63 171.58 157.08 1.09 Chellingsworth et al. 1988 [9]
po, tab, 100 mg metoprolol NM 812.74 798.21 1.02 132.33 134.26 0.99 Hamelin et al. 2000 [14]
po, tab, 100 mg metoprolol PM 4569.86 3861.13 1.18 266.39 384.09 0.69 Hamelin et al. 2000 [14]
po, tab, 100 mg metoprolol - 620.28 640.42 0.97 145.05 154.54 0.94 Houtzagers et al. 1982 [16]
po, tab, 100 mg metoprolol - 968.18 1213.24 0.80 161.20 163.49 0.99 Jack et al. 1982 [18]
po, tab, 100 mg metoprolol AS=2.0 514.07 423.56 1.21 122.15 104.49 1.17 Jin et al. 2008 [19]
po, tab, 100 mg metoprolol AS=1.25 934.51 1009.15 0.93 164.11 177.83 0.92 Jin et al. 2008 [19]
po, tab, 100 mg metoprolol AS=0.5 2095.14 2367.57 0.88 254.16 332.72 0.76 Jin et al. 2008 [19]
po, tab, 100 mg metoprolol - 444.47 437.96 1.01 121.90 117.92 1.03 Johnsson et al. 1975 [22]
po, -, 100 mg bid metoprolol - 980.20 1208.41 0.81 174.50 207.73 0.84 Kelly et al. 1985 [23]
po, -, 100 mg metoprolol - 737.05 416.18 1.77 146.25 69.54 2.10 Kelly et al. 1985 [23]
po, -, 100 mg metoprolol NM 681.74 408.75 1.67 129.35 121.20 1.07 Krauwinkel et al. 2013 [26]
po, tab, 100 mg metoprolol NM 835.96 594.21 1.41 126.23 121.97 1.03 Kroesser et al. 2006 [27]
po, -, 100 mg metoprolol AS=1.5 795.72 965.96 0.82 177.69 183.30 0.97 Sharma et al. 2005 [47]
po, -, 100 mg metoprolol AS=0.0 5585.63 4612.83 1.21 368.73 447.28 0.82 Sharma et al. 2005 [47]
po, CR, tab, 100 mg metoprolol NM 439.65 323.13 1.36 25.96 17.62 1.47 Stout et al. 2011 [48]
po, tab, 50 mg metoprolol - 323.70 289.99 1.12 59.99 49.54 1.21 Johnsson et al. 1975 [22]
po, tab, 50 mg metoprolol NM 319.14 225.06 1.42 65.57 52.93 1.24 Stout et al. 2011 [48]
po, tab, 50 mg metoprolol AS=1.5 421.32 240.97 1.75 66.95 47.34 1.41 Werner et al. 2003 [54]
po, tab, 20 mg metoprolol - 87.44 56.33 1.55 23.74 15.96 1.49 Johnsson et al. 1975 [22]
po, sol, 5 mg metoprolol - 28.19 24.18 1.17 7.23 7.35 0.98 Regardh et al. 1974 [41]

Overall GMFE 1.31 (1.01–2.94) 1.27 (1.00–2.97)
-: not available, AUClast : AUC from the time of the first concentration measurement to the last time point of concentration measurement, bid: twice daily, CR: controlled release, GMFE: geometric mean fold error,
inf: infusion, iv: intravenous, po: oral, Pred: predicted, Obs: observed, sol: oral solution, tab: tablet
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Table S2.6.6: Predicted and observed AUClast and Cmax values (metoprolol, α-hydroxymetoprolol) (continued)

CYP2D6 AUClast Cmax
Dosing Molecule status Pred [h·ng/ml] Obs [h·ng/ml] Pred/Obs Pred [ng/ml] Obs [ng/ml] Pred/Obs Reference

40/43 with GMFE ≤ 2 32/34 with GMFE ≤ 2

-: not available, AUClast : AUC from the time of the first concentration measurement to the last time point of concentration measurement, bid: twice daily, CR: controlled release, GMFE: geometric mean fold error,
inf: infusion, iv: intravenous, po: oral, Pred: predicted, Obs: observed, sol: oral solution, tab: tablet
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S2.6.6 Geometric mean fold error of predicted AUClast and Cmax values ((R)-metoprolol, (S)-metoprolol)

Table S2.6.7: Predicted and observed AUClast and Cmax values ((R)-metoprolol, (S)-metoprolol)

CYP2D6 AUClast Cmax
Dosing Molecule status Pred [h·ng/ml] Obs [h·ng/ml] Pred/Obs Pred [ng/ml] Obs [ng/ml] Pred/Obs Reference

po, tab, 200 mg (R)-metoprolol NM 598.16 669.28 0.89 113.26 130.14 0.87 Johnson et al. 1996 a [20]
po, tab, 200 mg (R)-metoprolol NM 610.43 569.08 1.07 120.72 113.42 1.06 Johnson et al. 1996 b [21]
po, CR, tab, 200 mg (R)-metoprolol NM 584.15 378.38 1.54 34.06 20.67 1.65 Parker et al. 2011 [39]
po, tab, 100 mg (R)-metoprolol NM 230.19 124.91 1.84 76.01 46.90 1.62 Hemeryck et al. 2000 [15]
po, tab, 100 mg (R)-metoprolol AS=2.0 232.98 210.57 1.11 52.48 44.64 1.18 Huang et al. 1999 [17]
po, tab, 100 mg (R)-metoprolol AS=1.25 385.55 286.63 1.35 79.93 53.02 1.51 Huang et al. 1999 [17]
po, tab, 100 mg (R)-metoprolol AS=0.5 656.06 593.93 1.10 101.14 98.46 1.03 Huang et al. 1999 [17]
po, tab, 100 mg, bid (R)-metoprolol NM 461.34 366.57 1.26 72.56 64.46 1.13 Luzier et al. 1999 a [30]
po, tab, 100 mg, bid (R)-metoprolol NM 557.74 865.88 0.64 92.11 112.25 0.82 Luzier et al. 1999 b [31]
po, tab, 100 mg, bid (R)-metoprolol NM 418.97 453.99 0.92 79.58 67.56 1.18 Parker et al. 2011 [39]
po, CR, tab, 100 mg (R)-metoprolol NM 284.50 256.35 1.11 16.90 14.36 1.18 Parker et al. 2011 [39]
po, tab, 100 mg (R)-metoprolol AS=3.0 68.78 63.90 1.08 27.15 21.16 1.28 Seeringer et al. 2008 [46]
po, tab, 100 mg (R)-metoprolol AS=2.0 167.96 162.85 1.03 41.22 40.60 1.02 Seeringer et al. 2008 [46]
po, tab, 100 mg (R)-metoprolol AS=0.0 1471.47 1248.95 1.18 115.72 136.60 0.85 Seeringer et al. 2008 [46]
po, -, 100 mg (R)-metoprolol AS=1.5 360.85 385.76 0.94 82.29 72.24 1.14 Sharma et al. 2005 [47]
po, -, 100 mg (R)-metoprolol AS=0.0 2701.57 2291.56 1.18 182.75 215.01 0.85 Sharma et al. 2005 [47]
po, tab, 200 mg (S)-metoprolol NM 742.75 832.00 0.89 131.15 156.19 0.84 Johnson et al. 1996 a [20]
po, tab, 200 mg (S)-metoprolol NM 758.90 730.46 1.04 139.53 142.40 0.98 Johnson et al. 1996 b [21]
po, CR, tab, 200 mg (S)-metoprolol NM 739.36 512.79 1.44 42.03 28.11 1.50 Parker et al. 2011 [39]
po, tab, 100 mg (S)-metoprolol NM 280.28 191.91 1.46 87.63 76.15 1.15 Hemeryck et al. 2000 [15]
po, tab, 100 mg (S)-metoprolol AS=2.0 309.70 328.25 0.94 65.03 64.97 1.00 Huang et al. 1999 [17]
po, tab, 100 mg (S)-metoprolol AS=1.25 476.96 416.56 1.14 92.01 68.17 1.35 Huang et al. 1999 [17]
po, tab, 100 mg (S)-metoprolol AS=0.5 749.80 712.83 1.05 108.67 111.98 0.97 Huang et al. 1999 [17]
po, tab, 100 mg, bid (S)-metoprolol NM 602.11 446.50 1.35 86.88 81.12 1.07 Luzier et al. 1999 a[30]
po, tab, 100 mg, bid (S)-metoprolol NM 727.77 991.69 0.73 109.92 130.35 0.84 Luzier et al. 1999 b[31]
po, tab, 100 mg, bid (S)-metoprolol NM 541.62 581.77 1.29 93.65 79.62 1.34 Parker et al. 2011 [39]
po, CR, tab, 100 mg (S)-metoprolol NM 360.97 279.26 0.93 20.88 15.58 1.18 Parker et al. 2011 [39]
po, tab, 100 mg (S)-metoprolol AS=3.0 89.57 101.02 0.89 33.56 36.43 0.92 Seeringer et al. 2008 [46]
po, tab, 100 mg (S)-metoprolol AS=2.0 232.74 245.02 0.95 51.27 61.24 0.84 Seeringer et al. 2008 [46]
po, tab, 100 mg (S)-metoprolol AS=0.0 1552.77 1280.16 1.21 117.90 142.52 0.83 Seeringer et al. 2008 [46]
po, -, 100 mg (S)-metoprolol AS=1.5 452.28 580.03 0.78 95.42 97.80 0.98 Sharma et al. 2005 [47]
po, -, 100 mg (S)-metoprolol AS=0.0 2885.08 2387.00 1.21 186.00 232.43 0.80 Sharma et al. 2005 [47]

GMFE 1.21 (1.03–1.84) 1.19 (1.00–1.65)
32/32 with GMFE ≤ 2 32/32 with GMFE ≤ 2

Overall GMFE (all four compounds) 1.27 (1.01–2.94) 1.23 (1.00–2.97)
72/75 with GMFE ≤ 2 64/66 with GMFE ≤ 2

-: not available, AS: CYP2D6 activity score, AUClast : AUC from the time of the first concentration measurement to the last time point of concentration measurement, bid: twice daily, CR: controlled release,
GMFE: geometric mean fold error, NM: normal metabolizer, po: oral, Pred: predicted, Obs: observed, tab: tablet.
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S2.6.7 Sensitivity analysis

Sensitivity of the final metoprolol model to single parameters (local sensitivity anal-
ysis) was calculated as the relative change of the AUC0–24 h of a 100 mg single dose
of metoprolol tartrate administered as tablet in the fasted state. 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 (CYP2D6 kcat, unspecific clearance, weibull shape and dissolution time (50%
dissolved), intestinal permeability), if they were associated with optimized parameters
(CYP2D6 Km) or if they might have had a strong impact due to calculation methods
used in the model (solubility, lipophilicity, fraction unbound).
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Figure S2.6.15: Sensitivity analysis of the (R)-metoprolol (upper panel) and (S)-
metoprolol (lower panel) model. A sensitivity of +1.0 signifies that a 10% increase
of the examined parameter value causes a 10% increase of the simulated AUC0–24 h.
αHM: α-hydroxymetoprolol, CYP2D6: cytochrome P450 2D6, fu: fraction unbound,
GFR: glomerular filtration rate, kcat: catalytic rate constant, Km: Michaelis-Menten con-
stant, ODM: O-desmethylmetoprolol.
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S3 Metoprolol CYP2D6 DGI model

S3.1 Metoprolol kcat values for the modeled activity scores

Table S3.1.1: kcat, rel values for the different CYP2D6 activity scores

(R)-metoprolol (S)-metoprolol

Activity score kcat → αHM kcat → ODM kcat → αHM kcat → ODM kcat, rel

0 0.00 1/min 0.00 1/min 0.00 1/min 0.00 1/min 0%
0.5 1.65 1/min 2.70 1/min 1.82 1/min 2.27 1/min 19%
1.25 5.73 1/min 9.40 1/min 6.30 1/min 7.89 1/min 64%
1.5 6.38 1/min 10.48 1/min 7.03 1/min 8.81 1/min 72%
2 10.17 1/min 16.69 1/min 11.19 1/min 14.02 1/min 100%
3 19.03 1/min 31.22 1/min 20.93 1/min 26.23 1/min 213%

αHM: α-hydroxylation, kcat: catalytic rate constant, kcat, rel: kcat relative to AS=2,
ODM: O-demethylation
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S3.2 Plasma profiles

S3.2.1 Semilogarithmic plots
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Figure S3.2.1: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of metoprolol and α-hydroxymetoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [3]
(semilogarithmic representation). Population predictions (n=100) are shown as lines
with ribbons (arithmetic mean ± standard deviation (SD)), symbols represent the cor-
responding observed data ± SD. AS: activity score, oral (po): oral
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Figure S3.2.2: Metoprolol plasma concentrations of the modeled CYP2D6 drug-gene
interaction. Model predictions of metoprolol plasma concentration-time profiles of the
CYP2D6 DGI study, compared to observed data [14] (semilogarithmic representation).
Population predictions (n=100) are shown as lines with ribbons (arithmetic mean ±
standard deviation (SD)), symbols represent the corresponding observed data ± SD.
NM: normal metabolizer, PM: poor metabolizer, po: oral
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Figure S3.2.3: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of (S)-metoprolol and (R)-metoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [17]
(semilogarithmic representation). Population predictions (n=100) are shown as lines
with ribbons (arithmetic mean ± standard deviation (SD)), symbols represent the cor-
responding observed data ± SD. AS: activity score, po: oral
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Figure S3.2.4: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of metoprolol and α-hydroxymetoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [19]
(semilogarithmic representation). Population predictions (n=100) are shown as lines
with ribbons (arithmetic mean ± standard deviation (SD)), symbols represent the cor-
responding observed data ± SD. AS: activity score, po: oral
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Figure S3.2.5: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of (S)-metoprolol and (R)-metoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [46]
(semilogarithmic representation). Population predictions (n=100) are shown as lines
with ribbons (arithmetic mean ± standard deviation (SD)), symbols represent the cor-
responding observed data ± SD. AS: activity score, po: oral
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Figure S3.2.6: Metoprolol plasma concentrations of the modeled CYP2D6 drug-gene in-
teraction. Model predictions of metoprolol, (S)-metoprolol and (R)-metoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [47]
(semilogarithmic representation). Population predictions (n=100) are shown as lines
with ribbons (arithmetic mean ± standard deviation (SD)), symbols represent the cor-
responding observed data ± SD. AS: activity score, po: oral
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S3.2.2 Linear plots

0 10 20
Time [hours]

0

200

400

600
Pl

as
m

a 
co

nc
en

tra
tio

n 
[n

g/
m

l] (b) Metoprolol tartrate - 
po 100 mg, single dose

Bae  2014, n=3, AS=0.5
metoprolol 

-hydroxymetoprolol

0 10 20
Time [hours]

0

200

400

600

Pl
as

m
a 

co
nc

en
tra

tio
n 

[n
g/

m
l] (c) Metoprolol tartrate - 

po 100 mg, single dose
Bae  2014, n=4, AS=2.0
metoprolol 

-hydroxymetoprolol

Figure S3.2.7: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of metoprolol and α-hydroxymetoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [3]
(linear representation). Population predictions (n=100) are shown as lines with ribbons
(arithmetic mean ± standard deviation (SD)), symbols represent the corresponding ob-
served data ± SD. AS: activity score, po: oral
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Figure S3.2.8: Metoprolol plasma concentrations of the modeled CYP2D6 drug-gene
interaction. Model predictions of metoprolol plasma concentration-time profiles of the
CYP2D6 DGI study, compared to observed data [14] (linear representation). Population
predictions (n=100) are shown as lines with ribbons (arithmetic mean ± standard de-
viation (SD)), symbols represent the corresponding observed data ± SD. NM: normal
metabolizer, PM: poor metabolizer, po: oral
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Figure S3.2.9: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of (S)-metoprolol and (R)-metoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [17]
(linear representation). Population predictions (n=100) are shown as lines with ribbons
(arithmetic mean ± standard deviation (SD)), symbols represent the corresponding ob-
served data ± SD. AS: activity score, po: oral
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Figure S3.2.10: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of metoprolol and α-hydroxymetoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [19]
(linear representation). Population predictions (n=100) are shown as lines with ribbons
(arithmetic mean ± standard deviation (SD)), symbols represent the corresponding ob-
served data ± SD. AS: activity score, po: oral
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Figure S3.2.11: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of (S)-metoprolol and (R)-metoprolol plasma
concentration-time profiles of the CYP2D6 DGI study, compared to observed data [46]
(linear representation). Population predictions (n=100) are shown as lines with ribbons
(arithmetic mean ± standard deviation (SD)), symbols represent the corresponding ob-
served data ± SD. AS: activity score, po: oral
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Figure S3.2.12: Metoprolol plasma concentrations of the modeled CYP2D6 drug-
gene interaction. Model predictions of metoprolol, (S)-metoprolol and (R)-metoprolol
plasma concentration-time profiles of the CYP2D6 DGI study, compared to observed
data [47] (linear representation). Population predictions (n=100) are shown as lines
with ribbons (arithmetic mean ± standard deviation (SD)), symbols represent the cor-
responding observed data ± SD. AS: activity score, po: oral
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S3.3 Model evaluation

S3.3.1 Metoprolol CYP2D6 DGI AUClast and Cmax ratio plots
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Figure S3.3.13: Predicted versus observed metoprolol DGI ratios. Comparison of pre-
dicted versus observed AUClast ratios (a) and Cmax ratios (b) for metoprolol CYP2D6
DGI-studies. The straight black line indicates the line of identity, curved black lines
show prediction success limits proposed by Guest et al. including 1.25-fold variability
[13]. Solid light grey lines indicate 2-fold deviation, dashed light grey lines show 1.25-
fold deviation. AUClast: AUC from the time of the first concentration measurement to
the last time point of concentration measurement, Cmax: peak plasma concentration,
DGI: drug-gene interaction
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S3.3.2 Geometric mean fold error of predicted metoprolol DGI AUClast and Cmax ratios

Table S3.3.2: Geometric mean fold error of predicted metoprolol DGI AUClast and Cmax ratios

Activity CYP2D6 CYP2D6 DGI AUClast ratio DGI Cmax ratio
Molecule Dosing score Genotype Phenotype Pred Obs Pred/Obs Pred Obs Pred/Obs Reference

α-hydroxymetoprolol 100 mg, tab, sd 0.5 *10/*10 IM 0.46 0.31 1.46 0.36 0.23 1.56 Bae et al. 2014 [3]
α-hydroxymetoprolol 100 mg, tab, sd 1.25 *1/*10 NM 0.93 1.00 0.92 0.83 0.73 1.14 Jin et al. 2008 [19]
α-hydroxymetoprolol 100 mg, tab, sd 0.5 *10/*10 IM 0.54 0.49 1.09 0.37 0.34 1.06 Jin et al. 2008 [19]
metoprolol 100 mg, tab, sd 0.5 *10/*10 IM 3.30 5.58 1.69 2.08 2.77 0.75 Bae et al. 2014 [3]
metoprolol 100 mg, tab, sd - - PM 3.66 3.36 1.09 2.17 2.86 0.76 Hamelin et al. 2000 [14]
metoprolol 100 mg, tab, sd 1.25 *1/*10 NM 1.50 2.08 0.72 1.33 1.70 0.78 Jin et al. 2008 [19]
metoprolol 100 mg, tab, sd 0.5 *10/*10 IM 3.07 4.49 0.68 2.09 3.18 0.66 Jin et al. 2008 [19]
metoprolol 100 mg, -, sd 0 † PM 3.79 3.12 1.22 2.14 2.44 0.88 Sharma et al. 2005 [47]
(R)-metoprolol 100 mg, tab, sd 1.25 *1/*10 NM 1.65 1.36 1.22 1.52 1.19 1.28 Huang et al. 1999 [17]
(R)-metoprolol 100 mg, tab, sd 0.5 *10/*10 IM 2.82 2.82 1.00 1.95 2.21 0.89 Huang et al. 1999 [17]
(R)-metoprolol 100 mg, tab, sd 3 † UM 0.41 0.39 1.04 0.62 0.52 1.18 Seeringer et al. 2008 [46]
(R)-metoprolol 100 mg, tab, sd 0 † PM 8.76 7.67 1.14 3.37 3.36 1.00 Seeringer et al. 2008 [46]
(R)-metoprolol 100 mg, -, sd 0 † PM 4.09 3.79 1.08 2.33 2.98 0.78 Sharma et al. 2005 [47]
(S)-metoprolol 100 mg, tab, sd 1.25 *1/*10 NM 1.54 1.27 1.21 1.41 1.05 1.34 Huang et al. 1999 [17]
(S)-metoprolol 100 mg, tab, sd 0.5 *10/*10 IM 2.42 2.17 1.11 1.71 1.72 0.99 Huang et al. 1999 [17]
(S)-metoprolol 100 mg, tab, sd 3 † UM 0.38 0.41 0.93 0.61 0.59 1.02 Seeringer et al. 2008 [46]
(S)-metoprolol 100 mg, tab, sd 0 † PM 6.67 5.22 1.28 2.68 2.33 1.15 Seeringer et al. 2008 [46]
(S)-metoprolol 100 mg, -, sd 0 † PM 3.38 2.72 1.25 2.07 2.38 0.87 Sharma et al. 2005 [47]

Overall GMFE 1.21 (1.00–1.69) 1.21 (1.00–1.56)
18/18 with GMFE ≤ 2 18/18 with GMFE ≤ 2

Ratios within the limits of Guest et al. [13] (including 1.25-fold deviation) 18/18 17/18

-: not available, †: mixed genotype (given in publication), AUClast: AUC from the time of the first concentration measurement to the last time point of concentration measurement,
Cmax: peak plasma concentration, CYP2D6: cytochrome P450 2D6, IM: intermediate metabolizer, NM: normal metabolizer, Obs: observed, PM: poor metabolizer, Pred: predicted,
sd: single dose, tab: tablet, UM: ultrarapid metabolizer
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S4 System-dependent parameters
Details on the implementation of CYP2D6 are summarized in Table S4.0.1.

Table S4.0.1: System-dependent parameters

Enyzme Reference concentration Localization Half-life
Meana Relative expressionb Liver [h] Intestine [h]

CYP2D6 0.40 [45] RT-PCR [38] intracellular 51 [38] 23 [38]

EHC fraction: Fraction of biliary secreted compound directly entering the duodenum = 1

a: µmol protein/l in the tissue of highest expression
b: In the different organs (PK-Sim expression database profile)
CYP2D6: cytochrome P450 2D6, EHC: enterohepatic circulation, RT-PCR: reverse transcription-
polymerase chain reaction profile
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S5 Abbreviations
ρi ith observed plasma AUClast or Cmax value

ρ̂i ith predicted plasma AUClast or Cmax value

ADME Absorption, distribution, metabolism and excretion

AS CYP2D6 activity score

AUC Area under the plasma concentration-time curve

AUClast AUC from the time of the first concentration measurement to the last time
point of concentration measurement

BA Bioavailability

bid Twice daily

BCS Biopharmaceutics Classification System

ci ith observed plasma concentration

ĉi ith predicted plasma concentration

CL Clearance

CLhep, unsp. Unspecific hepatic clearance

Cmax Peak plasma concentration

CR Controlled release
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CYP2B6 Cytochrome P450 2B6

CYP2C9 Cytochrome P450 2C9

CYP2D6 Cytochrome P450 2D6

CYP3A4 Cytochrome P450 3A4

DDI Drug-drug interaction

DGI Drug-gene interaction

EHC Enterohepatic circulation

FDA U. S. Food and Drug Administration

fu Fraction unbound

g- Genotyped

GFR Glomerular filtration rate

GMFE Geometric mean fold error

ICRP International Commission on Radiological Protection

IM Intermediate metabolizer

inf Infusion

iv Intravenous

kcat Catalytic rate constant
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kcat, rel Catalytic rate constant relative to AS=2

Km Michaelis-Menten constant

MRD Mean relative deviation

MW Molecular weight

NHANES Third National Health and Nutrition Examination Survey

NM Normal metabolizer

NR Normal release

p- Phenotyped

PBPK Physiologically based pharmacokinetic

pKa Acid dissociation constant

PM Poor metabolizer

po Oral

QSAR Quantitative structure-activity relationship

sd Single dose

sol Oral solution

tab Tablet

UM Ultrarapid metabolizer
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vmax Maximum reaction velocity
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