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1 Physiologically based pharmacokinetic
(PBPK) modeling

1.1 PBPK model building

1.1.1 PBPK model building

Physiologically based pharmacokinetic (PBPK) modeling was performed with the open source PK-
Sim® and MoBi® modeling software (version 8.0, part of the Open Systems Pharmacology Suite
[1, 2], www.open-systems-pharmacology.org). Published plasma concentration-time profiles were
digitized using GetData Graph Digitizer (version 2.26.0.20, S.Fedorov) [3]. Parameter optimizations
were accomplished with the Monte Carlo algorithm as well as the Levenberg-Marquardt algorithm
using the “multiple random starting values” function implemented in PK-Sim®. The final optimiza-
tions were run using the Levenberg-Marquardt algorithm. Pharmacokinetic (PK) parameter analysis
and calculation of model performance measures was performed with R (version 3.6.2, The R Foun-
dation for Statistical Computing) and graphics were compiled with R and RStudio (version 1.2.5033,
RStudio, Inc., Boston, MA, USA). Sensitivity analysis was performed using the implemented Sen-
sitivity Analysis tool in PK-Sim® [4].
PBPK model building began with an extensive literature search to collect physicochemical param-
eters, information on absorption, distribution, metabolism and excretion (ADME) processes and
clinical studies of intravenous (iv) and oral (po) administration of the drugs in single- and multiple
dose regimens. In addition to drug plasma concentration-time profiles, further clinical data on frac-
tion excreted in urine or feces were integrated whenever available. To build the datasets for PBPK
modeling, the reported observed plasma concentration-time profiles were digitized and divided into
a training dataset for model building and a test dataset for model evaluation (see Tables S2.2.1,
S3.2.1, S5.2.1 and S6.2.1). Model input parameters that could not be informed from experimen-
tal reports were optimized by fitting the model simultaneously to the observed data of all studies
assigned to the training dataset. To limit the parameters to be optimized during model building,
the minimal number of processes necessary to mechanistically describe the pharmacokinetics and
drug-drug interactions (DDIs) of the modeled drugs were implemented into the models. If two trans-
porters show very similar expression patterns and affinity for the same compound, optimizing the
transport rate constants of both transporters would lead to identifiability issues. Therefore, only
the transporter with the higher affinity for the respective substrate was implemented, to describe a
transport that probably is accomplished by both transporters in vivo.

1.1.2 Virtual individuals

The PBPK models were built based on data from healthy individuals, using the reported sex, eth-
nicity, and mean values for age, weight and height from each study protocol. If no demographic
information was provided, the following default values were substituted: male, European, 30 years
of age, 73 kg body weight and 176 cm body height (characteristics from the PK-Sim® population
database [5, 6]). ADME transporters and enzymes were implemented in accordance with literature,
using the PK-Sim® expression database to define their relative expression in the different organs
of the body [7]. Table S7.0.1 summarizes all system-dependent parameters on the implemented
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transporters and enzymes.

1.1.3 Virtual population characteristics

To predict the variability of the simulated plasma concentration-time profiles, virtual populations of
100 individuals were generated, consisting of either European or Asian individuals. The percentage
of female individuals and the ranges of age, weight and height were set according to the reported
demographics. If not specified, virtual populations containing 100 male subjects with 20–50 years
of age were used, with body weight and height restrictions from the PK-Sim® population database
[6]. Details on the respective study populations are provided in the Clinical Study Tables.
In the generated virtual populations, organ volumes, tissue compositions, blood flow rates etc. were
varied by an implemented algorithm within the limits of the International Commission on Radiologi-
cal Protection (ICRP) [5, 6] or Tanaka [8] databases. In addition, the reference concentrations of the
implemented transporters and enzymes were log-normally distributed around their mean values,
using reported variabilities for their expression from the PK-Sim® database [4] or from literature.
The System-dependent parameter Table (Table S7.0.1) summarizes the modeled transporters and
enzymes with their reference concentrations and variabilities. As the clinical plasma concentration
data from literature is mostly reported as arithmetic means ± standard deviations, population pre-
diction arithmetic means and 68% prediction intervals were plotted, that correspond to a range of
± 1 standard deviation around the mean assuming normal distribution.

1.2 PBPK model evaluation

1.2.1 PBPK model evaluation

Model evaluation was carried out with different methods based on the clinical data of the test
dataset. Descriptive (training dataset) and predictive (test dataset) performance of the model for all
analyzed clinical studies is transparently documented in this document. The population predicted
plasma concentration-time profiles were compared to the data observed in the clinical studies. Fur-
thermore, predicted plasma concentration values of all studies were compared to the observed
plasma concentrations in goodness-of-fit plots. In addition, the model performance was evaluated
by comparison of predicted to observed areas under the plasma concentration-time curve (AUC)
from the time of drug administration to the time of the last concentration measurement (AUClast) and
peak plasma concentration (Cmax) values. As quantitative measures of the model performance,
the mean relative deviation (MRD) of all predicted plasma concentrations (Equation S1) and the
geometric mean fold error (GMFE) of all predicted AUClast and Cmax values (Equation S2) were
calculated. MRD and GMFE values ≤ 2 characterize an adequate model performance.

MRD = 10x with x =

√√√√1

k

k∑
i=1

(log10 cpredicted,i − log10 cobserved,i)
2 (S1)

where cpredicted,i = predicted plasma concentration, cobserved,i = corresponding observed plasma con-
centration, k = number of observed values.
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GMFE = 10x with x =
1

m

m∑
i=1

| log10

(
predicted PK parameteri

observed PK parameteri

)
| (S2)

where predicted PK parameteri = predicted AUClast or Cmax value, observed PK parameteri = cor-
responding observed AUClast or Cmax value, m = number of studies.

1.2.2 PBPK model sensitivity analysis

Sensitivity of the final PBPK models to single parameters (local sensitivity analysis) was analyzed,
measured as relative change of the area under the plasma concentration-time curve from 0 to
12 h (AUC0-12) (probenecid) or area under the plasma concentration-time curve from 0 to 24
h (AUC0-24) (furosemide) of the last administration interval for simulations of the highest recom-
mended doses of probenecid (250 mg twice daily for 7 days, followed by 500 mg twice daily for 14
days) and furosemide (80 mg once daily for 14 days).
Sensitivity analysis was carried out with the implemented Sensitivity Analysis tool in PK-Sim® [4]
using a relative perturbation of 1000% (variation range 10.0, maximum number of 9 steps). Pa-
rameters were included into the analysis if they had been optimized, are associated with optimized
parameters or might have a strong impact due to calculation methods used in the model. Sensi-
tivity to a parameter was calculated as the ratio of the relative change of the simulated AUC0-12 or
AUC0-24 of the last administration interval to the relative variation of the parameter around its value
used in the final model according to Equation S3:

S =
∆AUC

AUC
· p

∆p
(S3)

where S = sensitivity of the AUC0-12 or AUC0-24 to the examined model parameter, ∆AUC = change
of the simulated AUC0-12 or AUC0-24, AUC = simulated AUC0-12 or AUC0-24 with the original param-
eter value, ∆p = change of the examined parameter value, p = original parameter value.
A sensitivity value of +0.5 signifies that a 100% increase of the examined parameter value causes
a 50% increase of the simulated AUC0-12 or AUC0-24.

1.3 Drug-drug interaction (DDI) modeling

1.3.1 PBPK DDI modeling

As an additional means of model evaluation, the DDI performance of the developed models was as-
sessed. To model the probenecid-furosemide DDI, inhibition of organic anion transporter 3 (OAT3),
uridine 5’-diphospho-glucuronosyltransferase 1A9 (UGT1A9) and multidrug resistance-associated
protein 4 (MRP4) by probenecid was implemented. To predict the probenecid-rifampicin DDI, inhi-
bition of organic anion transporting polypeptide 1B1 (OATP1B1) by probenecid was incorporated
(Figure S1.3.1). Mathematical implementation of the DDI processes is specified in Section 1.3.3.
Inhibition constants characterizing the inhibition of OAT3, UGT1A9 (in-house measurement) and
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OATP1B1 by probenecid were taken from in vitro experimental reports [9, 10]. To describe the
competitive inhibition of MRP4 by probenecid, the corresponding inhibition constant was optimized
during the furosemide PBPK model parameter identification using the clinical data of one of the
probenecid-furosemide interaction studies [11] (see Table S5.2.1). The DDI parameter values are
listed in the probenecid drug-dependent parameter table (Table S2.3.1).

Figure S1.3.1: Probenecid DDIs. Schematic illustration of the modeled DDIs with probenecid as
OAT3, UGT1A9, MRP4 and OATP1B1 perpetrator drug, furosemide as OAT3, UGT1A9 and MRP4
victim drug and rifampicin as OATP1B1 victim drug. The red solid lines indicate competitive in-
hibition, the red dotted line indicates non-competitive inhibition by probenecid. The black dashed
lines indicate transport or metabolism. Drawings by Servier Medical Art, licensed under CC BY 3.0.
MRP4: multidrug resistance-asociated protein 4, OAT3: organic anion transporter 3, OATP1B1: or-
ganic anion transporting polypeptide 1B1, UGT1A9: uridine 5’-diphospho-glucuronosyltransferase
1A9.
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1.3.2 PBPK DDI performance evaluation

All DDI predictions were evaluated by comparison of predicted versus observed victim drug plasma
concentration-time profiles alone and during co-administration, DDI AUClast ratios and DDI Cmax

ratios (Equation S4).

DDI PK parameter ratio =
PK parametervictim drug during co-administration

PK parametervictim drug alone
(S4)

where PK parameter = AUClast or Cmax.

As a quantitative measure of the DDI prediction accuracy, GMFEs of the predicted DDI AUClast

ratios and DDI Cmax ratios were calculated according to S2. Predicted and observed DDI AUClast

ratios and DDI Cmax ratios and corresponding GMFEs are summarized in Tables S5.4.1 and S6.4.1.

1.3.3 Mathematical implementation of DDIs

The mathematical implementation of DDIs is described in the following section. All presented
interaction processes and the corresponding formulas are implemented in PK-Sim® and are docu-
mented in the Open Systems Pharmacology Suite Manual [4].

Competitive inhibition

Competitive inhibitors reversibly bind to the active site of an enzyme or transporter and compete
with the substrate for binding. Competitive inhibition can be overcome by high substrate con-
centrations (concentration-dependency); therefore, the maximum reaction velocity (vmax) remains
unaffected, while the Michaelis-Menten constant (KM) is increased (Michaelis-Menten constant in
the presence of inhibitor (KM,app), Equation S5). The reaction velocity (v) during co-administration
of substrate and competitive inhibitor is described by Equation S6 [4]:

KM,app = KM ·
(

1 +
[I]

Ki

)
(S5)

v =
vmax · [S]

KM,app + [S]
(S6)

where KM,app = Michaelis-Menten constant in the presence of inhibitor, KM = Michaelis-Menten
constant, [I] = free inhibitor concentration, Ki = dissociation constant of the inhibitor-enzyme/transporter
complex, v = reaction velocity, vmax = maximum reaction velocity, [S] = free substrate concentration.

8



Non-competitive inhibition

Non-competitive inhibitors reversibly bind to a site different from the active site. This reduces the
activity of the enzyme or transporter, but does not affect the substrate binding. The inhibitor binds to
the free enzyme or to the enzyme-substrate complex with the same inhibition constant (Ki) and the
substrate can still bind to the enzyme-inhibitor complex. In the case of non-competitive inhibition,
the vmax is reduced (maximum reaction velocity in the presence of inhibitor (vmax,app), Equation S7),
while the KM remains unaffected. The reaction velocity (v) during co-administration of substrate
and non-competitive inhibitor is described by Equation S8 [4]:

vmax,app =
vmax

1 + [I]
Ki

(S7)

v =
vmax,app · [S]

KM + [S]
(S8)

where vmax,app = maximum reaction velocity in the presence of inhibitor, vmax = maximum reaction
velocity, [I] = free inhibitor concentration, Ki = dissociation constant of the enzyme/transporter-
substrate-inhibitor complex, v = reaction velocity, [S] = free substrate concentration, KM = Michaelis-
Menten constant.
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2 PBPK modeling of probenecid

2.1 PBPK model development

Probenecid is a uricosuric agent to treat gout or hyperuricemia and is also used to increase plasma
concentrations of antibiotics [12]. The recommended dose to treat hyperuricemia is 250 mg twice
daily for one week followed by 500 mg twice daily as maintenance dose [13]. Probenecid is highly
bound to plasma proteins (fraction unbound in plasma (fu) = 12%) [14]. The volume of distribu-
tion (VD) after oral administration is 9.5 to 11.4 l [15]. Metabolic pathways include glucuronidation,
hydroxylation and demethylation [16, 17]. The pharmacokinetics (PK) of orally administered single
doses are nonlinear, due to one or more saturable metabolic pathways [15, 18]. About 72% to 86%
of an orally administered dose are excreted in the urine. Out of this fraction, only 0.3% to 5% are
excreted unchanged [14]. The FDA lists probenecid as a potent clinical OAT1/OAT3 inhibitor [19].
The probenecid PBPK model was developed using 27 different clinical studies including intravenous
(single dose) and oral (single- and multiple dose) administration. Please refer to Table S2.2.1 for
the complete list of clinical studies used in the presented analysis. In addition, five studies reported
fraction excreted unchanged in urine profiles following oral administration.
The final probenecid PBPK model applies uptake into kidney cells via OAT3, glucuronidation mainly
in the renal cells by UGT1A9, glomerular filtration and tubular reabsorption, which was modeled as
a reduction of the glomerular filtration rate (GFR fraction < 1). Due to our current lack of knowledge
regarding transporters that may contribute to probenecid reabsorption, the GFR fraction was opti-
mized to 0.03. This reduced GFR fraction substitutes for the implementation of active reabsorption
processes of probenecid [4] and correctly captures the low probenecid fraction excreted unchanged
in urine. In the clinical studies conducted by Vree et al. [14, 20], the probenecid tablets were broken
in half prior to oral administration. The corresponding plasma concentration-time profiles display an
earlier time to peak plasma concentration (Tmax) of 1.6 h compared to the other clinical studies with
a Tmax of 3.3 h. Given the low solubility of probenecid it is possible that the broken tablets show a
different dissolution behavior, resulting in faster release and absorption. Therefore, a different dis-
solution profile was used to describe the studies by Vree et al. [14, 20]. The parameters to model
the two different dissolution profiles and the drug-dependent parameters of the final probenecid
PBPK model are summarized in Table S2.3.1.
Population predicted compared to observed plasma concentration-time profiles of all 27 clinical
studies included in this analysis are shown in semilogarithmic (Figure S2.4.1) and linear plots (Fig-
ure S2.4.2). Individual predicted compared to observed plasma concentration-time profiles of all
27 clinical studies included in this analysis are shown in semilogarithmic (Figure S2.4.3) and linear
plots (Figure S2.4.4). Population predicted compared to observed fraction excreted unchanged
in urine profiles are shown in Figure S2.4.5. Individual predicted compared to observed fraction
excreted unchanged in urine profiles are shown in Figure S2.4.6. Figure S2.5.1 shows predicted
compared to observed plasma concentration values in a goodness-of-fit plot. Table S2.5.1 lists
the MRD values of all 27 studies. The correlation of predicted compared to observed probenecid
AUClast and Cmax values is presented in Figure S2.5.2, further demonstrating the good model perfor-
mance with 27/27 predicted AUClast and 18/18 predicted Cmax values within 2-fold of the observed
data. The individual values and mean GMFE values and ranges are listed in Table S2.5.2.
The sensitivity analysis results of a simulation of 500 mg probenecid twice daily are illustrated in
Figure S2.5.3. Applying a threshold of 0.5, the probenecid model is sensitive to the values of the
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UGT1A9 catalytic rate constant (optimized) and Michaelis-Menten constant (literature value), the
probenecid fraction unbound in plasma (literature value), the OAT3 catalytic rate constant (opti-
mized) and the probenecid lipophilicity (optimized).
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2.2 Clinical studies

Table S2.2.1: Probenecid study table

Dose [mg] Route n Age [years] Weight [kg] Height [cm] Females [%] Dataset Reference

464.20a iv (-), sd 3b - - - - test/trainingc Dayton 1963 [21]
500 iv (15 min), sd 6 23-36 52-67 - 100 training Emanuelsson 1987 [15]

1860a iv (-), sd 5b - - - - test/trainingd Dayton 1963 [21]
250 po (tab), sd 1 40 - - 0 traininge Vree 1992 [14]
500 po (tab), sd 6 23-36 52-67 - 100 test Emanuelsson 1987 [15]
500 po (tab), sd 5 20-39 53-86 - 0 training Selen 1982 [18]
500 po (tab), sd 1 40 - - 0 test Vree 1992 [14]

500/1000 po (tab), mdf 12 29 (21-38) 67 ± 12 175 50 test Landersdorfer 2010 [22]
1000 po (tab), sd 6 23-36 52-67 - 100 test Emanuelsson 1987 [15]
1000 po (tab), sd 5 20-39 53-86 - 0 training Selen 1982 [18]
1000 po (tab), sd 14 26 (18-45) 63 ± 7 - 0 test Shen 2019 [23]
1000 po (tab), sd 1 40 - - 0 test Vree 1992 [14]
1000 po (tab), sd 1 - - - - test Vree 1993 [20]
1000 po (-), bid 4 21-33 65-77 - 0 test Smith 1980 [24]
1000 po (tab), bid 14 33 (21-51) 79 (62-95) 180 (169-191) 0 training Wiebe 2020 [11]

1000/500/250 po (tab), mdg 17 - 69 ± 13 173 ± 10 47 training Landersdorfer 2009 [25]
1500 po (tab), sd 1 40 - - 0 traininge Vree 1992 [14]
2000 po (tab), sd 2b - - - - test Dayton 1963 [21]
2000 po (tab), sd 6 23-36 52-67 - 100 training Emanuelsson 1987 [15]
2000 po (tab), sd 5 20-39 53-86 - 0 training Selen 1982 [18]

bid: twice daily, iv: intravenous, md: multiple dose, n: number of individuals studied, po: oral, route: route of administration, sd: single dose, tab: tablet, test: test dataset (model

evaluation), training: training dataset (parameter optimization). Values are means ± standard deviation or ranges.
a administration as 500 mg or 2000 mg sodium probenecid
b individual profiles reported
c plasma concentration-time profile of Subject D was assigned to training dataset
d plasma concentration-time profile of Subject E was assigned to training dataset
e plasma concentration-time profiles were used to optimize Weibull parameters for studies of Vree 1992 and Vree 1993 [14, 20]
f probenecid administration: 500 mg (0 h), 1000 mg (8 h) and 500 mg (14.5, 20.5, 26.5 h)
g probenecid administration: 1000 mg (0, 8 h), 250 mg (16, 24 h) and 500 mg (34, 46, 58, 70 h)
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2.3 Drug-dependent parameters

Table S2.3.1: Drug-dependent parameters of the probenecid PBPK model

Parameter Value Unit Source Literature Reference Description

MW 285.36 g/mol Literature 285.36 [26] Molecular weight
pKa (acid) 3.70 - Literature 3.01, 3.70 [27, 28] Acid dissociation constant
Solubility (HIF) 0.74 mg/ml Literature 0.74 (HIF), 1.29 (pH 6.50), [29] Solubility

1.63 (FaSSIF)
logP 1.34 - Optimized - 0.52, -0.23, 0.13, [21, 27, 28, 30] Lipophilicity

3.21, 3.70
fu 11.70 % Literature 6.20, 7.56, 11.70 [14, 20, 23] Fraction unbound in plasma
OAT3 KM 12.18 µmol/l Optimized - - OAT3 Michaelis-Menten constant
OAT3 kcat 1966.57 1/min Optimized - - OAT3 transport rate constant
UGT1A9 KM 198.30 µmol/l Literature 198.30 [16] UGT1A9 Michaelis-Menten constant
UGT1A9 kcat 74.92 1/min Optimized - - UGT1A9 catalytic rate constant
GFR fraction 0.03 - Optimized - [14, 20] Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Ki OAT3 5.41 µmol/l Literature 5.41 [9] Conc. for half-maximal competitive inhibition
Ki UGT1A9 242.00 µmol/l Measureda - - Conc. for half-maximal non-competitive inhibition
Ki MRP4 87.40 µmol/l Optimized - [11] Conc. for half-maximal competitive inhibition
Ki OATP1B1 39.80 µmol/l Literature 39.80 [10] Conc. for half-maximal competitive inhibition
Partition coefficients Diverse - Calculated PK-Sim [4] Cell to plasma partition coefficients
Cellular permeability 1.17E-3 cm/min Calculated CdS norm [4] Permeability into the cellular space
Intestinal permeability (trans.) 3.97E-4 cm/min Optimized 3.12E-6 Calculated Transcellular intestinal permeability
Tablet fasted Weibull shape 0.58 - Optimized - [11, 15, 18, 25] Dissolution profile shape
Tablet fasted Weibull time 44.25 min Optimized - [11, 15, 18, 25] Dissolution time (50% dissolved)
Tablet fasted Weibull shapeb 0.15 - Optimized - [14] Dissolution profile shape
Tablet fasted Weibull timeb 0.08 min Optimized - [14] Dissolution time (50% dissolved)

CdS norm: charge-dependent Schmitt normalized to PK-Sim calculation method, conc.: concentration, EHC: enterohepatic circulation, FaSSIF: fasted state simulated intestinal fluid, GFR: glomerular filtration rate,

HIF: human intestinal fluid, MRP4: multidrug resistance-associated protein 4, OAT3: organic anion transporter 3, PK-Sim: PK-Sim standard calculation method, trans.: transcellular, UGT1A9: uridine 5’-diphospho-

glucuronosyltransferase 1A9.
a The probenecid UGT1A9 Ki was determined using Corning® Supersomes™ Human UGT1A9 with furosemide as the substrate (18-72 µmol/l) and varied probenecid (0-3000 µmol/l) concentrations
b Weibull function used for clinical studies conducted by Vree 1992 and Vree 1993 [14, 20]
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2.4 Profiles

2.4.1 Semilogarithmic plots - Plasma - Population predictions
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Figure S2.4.1: Probenecid plasma concentration-time profiles. Population predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S2.2.1.
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Figure S2.4.1: Probenecid plasma concentration-time profiles. Population predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S2.2.1.
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Figure S2.4.1: Probenecid plasma concentration-time profiles. Population predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S2.2.1.
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2.4.2 Linear plots - Plasma - Population predictions
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Figure S2.4.2: Probenecid plasma concentration-time profiles. Population predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S2.2.1.
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Figure S2.4.2: Probenecid plasma concentration-time profiles. Population predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S2.2.1.
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Figure S2.4.2: Probenecid plasma concentration-time profiles. Population predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S2.2.1.
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2.4.3 Semilogarithmic plots - Plasma - Individual predictions
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Figure S2.4.3: Probenecid plasma concentration-time profiles. Individual predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S2.2.1.
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Figure S2.4.3: Probenecid plasma concentration-time profiles. Individual predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S2.2.1.
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Figure S2.4.3: Probenecid plasma concentration-time profiles. Individual predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S2.2.1.
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2.4.4 Linear plots - Plasma - Individual predictions
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Figure S2.4.4: Probenecid plasma concentration-time profiles. Individual predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S2.2.1..
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Figure S2.4.4: Probenecid plasma concentration-time profiles. Individual predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S2.2.1..
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Figure S2.4.4: Probenecid plasma concentration-time profiles. Individual predictions of
probenecid plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S2.2.1.
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2.4.5 Linear plots - Fraction excreted unchanged in urine - Population
predictions
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Figure S2.4.5: Probenecid fraction excreted unchanged in urine profiles. Population pre-
dictions of probenecid fraction excreted unchanged in urine profiles compared to observed data.
Observed data are shown as dots. Population simulation arithmetic means are shown as lines; the
shaded areas illustrate the corresponding predicted population variation (Q16 − Q84). Details on
dosing regimens, study populations and literature references are summarized in Table S2.2.1.
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2.4.6 Linear plots - Fraction excreted unchanged in urine - Individual
predictions
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Figure S2.4.6: Probenecid fraction excreted unchanged in urine profiles. Individual predic-
tions of probenecid fraction excreted unchanged in urine profiles compared to observed data. Ob-
served data are shown as dots. Simulations are shown as lines. Details on dosing regimens, study
populations and literature references are summarized in Table S2.2.1.
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2.5 Probenecid PBPK model evaluation

2.5.1 Plasma concentration goodness-of-fit plot
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Figure S2.5.1: Probenecid plasma concentrations. Predicted compared to observed probenecid
plasma concentration values of all analyzed clinical studies. The solid line marks the line of identity.
The dotted lines indicate 1.25-fold, the dashed lines indicate 2-fold deviation. Details on dosing
regimens, study populations and literature references are summarized in Table S2.2.1.
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2.5.2 Mean relative deviation (MRD) of predicted plasma concentrations

Table S2.5.1: MRD values of predicted probenecid plasma concentrations

Route Dose [mg] MRD Reference

Intravenous

iv (-), sd 464.2 1.60 Dayton 1963 – Subject C [21]
iv (-), sd 464.2 1.14 Dayton 1963 – Subject D [21]
iv (-), sd 464.2 1.40 Dayton 1963 – Subject E [21]
iv (15 min), sd 500 1.53 Emanuelsson 1987 [15]
iv (-), sd 1860 1.15 Dayton 1963 – Subject A [21]
iv (-), sd 1860 1.43 Dayton 1963 – Subject B [21]
iv (-), sd 1860 1.65 Dayton 1963 –Subject C [21]
iv (-), sd 1860 1.31 Dayton 1963 – Subject D [21]
iv (-), sd 1860 1.18 Dayton 1963 – Subject E [21]

MRD 1.38 (1.14 - 1.65)
9/9 with MRD ≤ 2

Oral

po (tab), sd 250 1.48 Vree 1992 [14]
po (tab), sd 500 1.58 Emanuelsson 1987 [15]
po (tab), sd 500 1.24 Selen 1982 [18]
po (tab), sd 500 1.20 Vree 1992 [14]
po (tab), mda 500/1000 1.23 Landersdorfer 2010 [22]
po (tab), sd 1000 1.61 Emanuelsson 1987 [15]
po (tab), sd 1000 1.88 Selen 1982 [18]
po (tab), sd 1000 1.23 Shen 2019 [23]
po (tab), sd 1000 1.25 Vree 1992 [14]
po (tab), sd 1000 1.40 Vree 1993 [20]
po (-), bid 1000 1.64 Smith 1980 [24]
po (tab), bid 1000 1.17 Wiebe 2020 [11]
po (tab), mdb 1000/250/500 1.08 Landersdorfer 2009 [25]
po (tab), sd 1500 1.33 Vree 1992 [14]
po (tab), sd 2000 1.67 Dayton 1963 – Subject A [21]
po (tab), sd 2000 2.90 Dayton 1963 – Subject B [21]
po (tab), sd 2000 1.67 Emanuelsson 1987 [15]
po (tab), sd 2000 1.43 Selen 1982 [18]

MRD 1.50 (1.08 - 2.90)
17/18 with MRD ≤ 2

Overall MRD 1.46 (1.08 - 2.90)
26/27 with MRD ≤ 2

bid: twice daily, iv: intravenous, md: multiple dose, MRD: mean relative deviation, po: oral,

route: route of administration, sd: single dose, tab: tablet.
a probenecid administration: 500 mg (0 h), 1000 mg (8 h) and 500 mg (14.5, 20.5, 26.5 h)
b probenecid administration: 1000 mg (0, 8 h), 250 mg (16, 24 h) and 500 mg (34, 46, 58, 70 h)
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2.5.3 AUClast and Cmax goodness-of-fit plots
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Figure S2.5.2: Probenecid AUClast and Cmax values. Predicted compared to observed probenecid
(a) AUClast and (b) Cmax values of all analyzed clinical studies. The solid line marks the line of
identity. The dotted lines indicate 1.25-fold, the dashed lines indicate 2-fold deviation. Details on
dosing regimens, study populations and literature references are summarized in Table S2.2.1. The
individual AUClast and Cmax values, mean GMFE values and ranges are listed in Table S2.5.2.
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2.5.4 Predicted and observed AUClast and Cmax values with mean GMFE values and ranges

Table S2.5.2: Predicted and observed probenecid AUClast and Cmax values

AUClast Cmax

Route Dose [mg] Pred [µg*h/ml] Obs [µg*h/ml] Pred/Obs Pred [µg/ml] Obs [µg/ml] Pred/Obs tlast [h] Reference

Intravenous

iv (-), sd 464.2 191.28 125.74 1.52 - - - 5.5 Dayton 1963 - Subject C [21]
iv (-), sd 464.2 228.79 254.14 0.90 - - - 7.5 Dayton 1963 - Subject D [21]
iv (-), sd 464.2 229.15 176.58 1.30 - - - 7.5 Dayton 1963 - Subject E [21]
iv (15 min), sd 500 403.83 421.57 0.96 - - - 30 Emanuelsson 1987 [15]
iv (-), sd 1860 1319.73 1206.96 1.09 - - - 9.0 Dayton 1963 - Subject A [21]
iv (-), sd 1860 1719.79 1406.39 1.22 - - - 36.0 Dayton 1963 - Subject B [21]
iv (-), sd 1860 1141.85 680.72 1.68 - - - 7.5 Dayton 1963 -Subject C [21]
iv (-), sd 1860 2164.61 2019.01 1.07 - - - 22.5 Dayton 1963 - Subject D [21]
iv (-), sd 1860 1266.88 1125.37 1.13 - - - 8.5 Dayton 1963 - Subject E [21]

GMFE 1.24 (1.04 - 1.68)
9/9 with GMFE ≤ 2

Oral

po (tab), sd 250 81.36 55.57 1.46 15.04 14.03 1.07 14.0 Vree 1992 [14]
po (tab), sd 500 350.59 412.16 0.85 37.05 37.47 0.99 30.0 Emanuelsson 1987 [15]
po (tab), sd 500 308.18 283.47 1.09 31.31 32.90 0.95 24.0 Selen 1982 [18]
po (tab), sd 500 207.69 179.82 1.16 32.13 32.41 0.99 14.5 Vree 1992 [14]
po (tab), mda 500/1000 3350.31 2612.01 1.28 119.28 99.55 1.20 58.5 Landersdorfer 2010 [22]
po (tab), sd 1000 1011.30 1132.59 0.89 81.71 73.80 1.11 48.0 Emanuelsson 1987 [15]
po (tab), sd 1000 846.82 728.26 1.16 68.77 65.70 1.05 30.0 Selen 1982 [18]
po (tab), sd 1000 1064.28 1048.36 1.02 82.93 113.42 0.73 25.0 Shen 2019 [23]
po (tab), sd 1000 546.41 449.39 1.22 68.81 64.72 1.06 15.0 Vree 1992 [14]
po (tab), sd 1000 600.06 446.91 1.34 70.21 64.86 1.08 15.0 Vree 1993 [20]

AUClast: area under the plasma concentration-time curve (AUC) from the time of drug administration to the time of the last concentration measurement, bid: twice daily, Cmax: peak plasma concentration,

GMFE: geometric mean fold error, iv: intravenous, md: multiple dose, obs: observed, po: oral, pred: predicted, route: route of administration, sd: single dose, tlast: time of the last concentration

measurement. GMFE values are means and ranges.
a probenecid administration: 500 mg (0 h), 1000 mg (8 h) and 500 mg (14.5, 20.5, 26.5 h)
b probenecid administration: 1000 mg (0, 8 h), 250 mg (16, 24 h) and 500 mg (34, 46, 58, 70 h)
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Table S2.5.2: Predicted and observed probenecid AUClast and Cmax values (continued)

AUClast Cmax

Route Dose [mg] Pred [µg*h/ml] Obs [µg*h/ml] Pred/Obs Pred [µg/ml] Obs [µg/ml] Pred/Obs tlast [h] Reference

po (-), bid 1000 708.92 959.74 0.74 99.88 164.40 0.61 21.0 Smith 1980 [24]
po (tab), bid 1000 183.17 207.54 0.88 93.05 109.50 0.85 4.0 Wiebe 2020 [11]
po (tab), mdb 1000/250/500 3194.25 2668.85 1.20 120.42 118.17 1.02 58.0 Landersdorfer 2009 [25]
po (tab), sd 1500 1001.35 785.08 1.28 106.98 121.22 0.88 17.0 Vree 1992 [14]
po (tab), sd 2000 2187.34 1602.71 1.36 148.68 180.50 0.82 25.0 Dayton 1963 - Subject A [21]
po (tab), sd 2000 2335.17 1715.52 1.36 148.68 176.69 0.84 33.0 Dayton 1963 - Subject B [21]
po (tab), sd 2000 2801.92 2850.62 0.98 176.51 143.40 1.23 48.0 Emanuelsson 1987 [15]
po (tab), sd 2000 2399.30 2032.30 1.18 148.67 124.20 1.20 48.0 Selen 1982 [18]

GMFE 1.22 (1.02 - 1.46) 1.16 (1.01 - 1.64)
18/18 with GMFE ≤ 2 18/18 with GMFE ≤ 2

Overall GMFE 1.23 (1.02 - 1.68) 1.16 (1.01 - 1.64)
27/27 with GMFE ≤ 2 18/18 with GMFE ≤ 2

AUClast: area under the plasma concentration-time curve (AUC) from the time of drug administration to the time of the last concentration measurement, bid: twice daily, Cmax: peak plasma concentration,

GMFE: geometric mean fold error, iv: intravenous, md: multiple dose, obs: observed, po: oral, pred: predicted, route: route of administration, sd: single dose, tlast: time of the last concentration

measurement. GMFE values are means and ranges.
a probenecid administration: 500 mg (0 h), 1000 mg (8 h) and 500 mg (14.5, 20.5, 26.5 h)
b probenecid administration: 1000 mg (0, 8 h), 250 mg (16, 24 h) and 500 mg (34, 46, 58, 70 h)
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2.5.5 Sensitivity analysis

Sensitivity of the final probenecid PBPK model to single parameters (local sensitivity analysis) was
analyzed, measured as relative change of the AUC0-12 of the last administration interval for simula-
tion of the highest recommended probenecid dose (250 mg twice daily for 7 days, followed by 500
mg twice daily for 14 days).
The sensitivity analysis results are illustrated in Figure S2.5.3. Parameters were included into
the analysis if they were optimized (OAT3 catalytic rate constant, OAT3 Michaelis-Menten con-
stant, UGT1A9 catalytic rate constant, lipophilicity, GFR fraction, dissolution function parameters,
transcellular intestinal permeability), if they are associated with optimized parameters (UGT1A9
Michaelis-Menten constant) or if they might have a strong impact due to calculation methods used
in the model (solubility, fraction unbound in plasma, blood/plasma concentration ratio). Applying
a threshold of 0.5, the probenecid model is sensitive to the values of the UGT1A9 catalytic rate
constant (optimized) and Michaelis-Menten constant (literature value), the probenecid fraction un-
bound in plasma (literature value), the OAT3 catalytic rate constant (optimized) and the probenecid
lipophilicity (optimized).
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Figure S2.5.3: Probenecid PBPK model sensitivity analysis. Sensitivity of the model to sin-
gle parameters, measured as change of the simulated AUC0-12 under steady-state conditions of a
500 mg twice daily probenecid regimen. A sensitivity value of +0.5 signifies that a 100% increase
of the examined parameter causes a 50% increase of the simulated AUC0-12. Calc.: calculated,
GFR: glomerular filtration rate, intestinal perm. (trans.): transcellular intestinal permeability, kcat:
catalytic rate constant, KM: Michaelis-Menten constant, lit.: literature, OAT3: organic anion trans-
porter 3, opt.: optimized, UGT1A9: uridine 5’-diphospho-glucuronosyltransferase 1A9.
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3 PBPK modeling of furosemide

3.1 PBPK model development

Furosemide is a loop diuretic agent to treat edema or high blood pressure [31]. The recommended
dose is 40 mg once daily [32]. Furosemide is highly bound to plasma proteins (fu = 2.2%) [33]. The
volume of distribution after intravenous administration is 8 to 12 l [34, 35]. The main metabolic path-
way is glucuronidation by UGT1A9 and UGT1A1 [36] and the bioavailability of orally administered
furosemide shows a high interindividual variability (37-83%) [31]. 50% to 80% of an intravenously
administered and 20% to 55% of an orally administered furosemide dose are excreted unchanged
in the urine [31]. The FDA lists furosemide as a clinical OAT1/OAT3 substrate [19].
The furosemide PBPK model was developed using 42 different clinical studies including intravenous
(single dose) and oral (single- and multiple dose) administration. In addition, 27 studies reported
fraction excreted unchanged in urine profiles following intravenous and oral administration. Please
refer to Table S3.2.1 for the complete list of clinical studies used in the presented analysis.
The final furosemide PBPK model applies uptake into kidney cells via OAT3, glucuronidation by
UGT1A9, secretion into urine via MRP4 and glomerular filtration. The drug-dependent parameters
of the final furosemide PBPK model are summarized in Table S3.3.1.
Population predicted compared to observed plasma concentration-time profiles of all 42 clinical
studies included in this analysis are shown in semilogarithmic (Figure S3.4.1) and linear plots (Fig-
ure S3.4.2). Individual predicted compared to observed plasma concentration-time profiles of all
42 clinical studies included in this analysis are shown in semilogarithmic (Figure S3.4.3) and linear
plots (Figure S3.4.4). Population predicted compared to observed fraction excreted unchanged
in urine profiles are shown in Figure S3.4.5. Individual predicted compared to observed fraction
excreted unchanged in urine profiles are shown in Figure S3.4.6. Figure S3.5.1 shows predicted
compared to observed plasma concentration values in a goodness-of-fit plot. Table S3.5.1 lists
the MRD values of all 42 studies. The correlation of predicted compared to observed furosemide
AUClast and Cmax values is presented in Figure S3.5.2, further demonstrating the good model perfor-
mance with 41/42 predicted AUClast and 24/25 predicted Cmax values within 2-fold of the observed
data. The individual values and mean GMFE values and ranges are listed in Table S3.5.2.
The sensitivity analysis results of a simulation of 80 mg furosemide once daily are illustrated in
Figure S3.5.3. Applying a threshold of 0.5, the furosemide model is sensitive to the values of the
fraction unbound in plasma (literature value) and the OAT3 catalytic rate constant (optimized).
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3.2 Clinical studies

Table S3.2.1: Furosemide study table

Dose [mg] Route n Age [years] Weight [kg] Height [cm] Females [%] Dataset Reference

20 iv (bolus), sd 11 26 ± 4 - - - training Haegeli 2007 [37]
20 iv (5 min), sd 9 28-47 53-70 - - test Rosenkranz 1992 [38]
22 iv (bolus), sd 11 21-35 73.5 - 0 test Tilstone 1978 [39]

35.5 iv (bolus), sd 6 18-23 58-84 - 34 test Alván 1988 [40]
40 iv (bolus), sd 8 58 (27-74) 71 (62-74) - 25 test Andreasen 1977 [41]
40 iv (bolus), sd 7 19-46 58-82 - 14 test González 1982 [34]
40 iv (bolus), sd 8 22-32 55-82 - 63 test Hammarlund 1984 [42]
40 iv (bolus), sd 6 20-25 - - 0 test Homeida 1977 [43]
40 iv (bolus), sd 7 30 (20-45) - - 57 training Keller 1981 [44]
40 iv (bolus), sd 5 18-26 62-76 - 0 test Lambert 1983 [35]
40 iv (bolus), sd 5 - - - - training Rupp 1974 [45]
40 iv (2 min), sd 18 24 (20-31) 71 (61-83) - 0 test Waller 1982 [46]
40 iv (3 min), sd 4 21-33 65-77 - 0 test Smith 1980 [24]
40 iv (3 min), sd 9 21-40 84 (70-130) - 0 test Smith 1980 [47]
80 iv (bolus), sd 6 20-25 - - 0 training Branch 1977 [48]
80 iv (bolus), sd 4 18-45 - - - test Kelly 1974 [49]
80 iv (bolus), sd 6 19-39 72 ± 4 - 0 test Rane 1978 [50]
80 iv (bolus), sd 10 23-42 74 - 0 training Verbeeck 1982 [51]
80 iv (2 min), sd 10 20-34 - - 0 test Andreasen 1981 [52]
80 iv (2 min), sd 10 27 (22-35) 71 (57-83) - 0 test Andreasen 1983 [53]

1 po (sol), sd 28 36 (20-55) 84 (63-105) 179 (163-195) 0 training Stopfer 2018 [54]
5 po (sol), sd 22 37 (23-49) 84 (68-100) 180 (171-188) 0 training Stopfer 2016 [55]

20 po (sol), sd 21 24 (21-34) 74 (65-89) - 0 test Waller 1985 [56]
20 po (tab), sd 11 26 ± 4 - - - test Haegeli 2007 [37]
20 po (tab), qd 21 - - - 19 test FDA 2006 [57]

iv: intravenous, n: number of individuals studied, po: oral, qd: once daily, route: route of administration, sd: single dose, sol: solution, tab: tablet,
test: test dataset (model evaluation), training: training dataset (parameter optimization). Values are means ± standard deviation or ranges.
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Table S3.2.1: Furosemide study table (continued)

Dose [mg] Route n Age [years] Weight [kg] Height [cm] Females [%] Dataset Reference

20 po (-), qd 22 31 (19-42) 70 ± 8 169 ± 8 18 test Vaidyanathan 2008 [58]
40 po (sol), sd 18 24 (20-31) 71 (61-83) - 0 training Waller 1982 [46]
40 po (sol), sd 21 24 (21-34) 74 (65-89) - 0 training Waller 1985 [56]
40 po (sol), sd 21 27 (19-35) 74 (67-85) - 0 test Waller 1988 [59]
40 po (sol), sd 15 34 (21-52) 79 (62-95) 179 (169-191) 0 training Wiebe 2020 [11]
40 po (tab), sd 10 63 80 170 20 test Ballester 2015 [60]
40 po (tab), sd 12 38 (23-52) 74 (59-97) 177 (166-190) 0 training Bindschedler 1997 [61]
40 po (tab), sd 8 22-32 55-82 - 63 test Hammarlund 1984 [42]
40 po (tab), sd 12 18-42 - - - training Martin 1984 [62]
40 po (tab), sd 12 21-35 - - 0 test Rakhit 1987 [63]
40 po (tab), sd 6 - - - - test Rupp 1974 [45]
40 po (tab), sd 18 24 (20-31) 71 (61-83) - 0 test Waller 1982 [46]
40 po (tab), qd 15 20-43 - - - training FDA 2005 [64]
44 po (sol), sd 5 21-35 73.5 - 0 test Tilstone 1978 [39]
80 po (sol), sd 8 18-45 - - - test Kelly 1974 [49]
80 po (sol), sd 21 24 (21-34) 74 (65-89) - 0 test Waller 1985 [56]
80 po (tab), sd 8 18-45 - - - test Kelly 1974 [49]
80 po (tab), sd 12 24 (18-29) 82 (69-101) - 0 training Shoaf 2007 [65]
80 po (tab), sd 9 35 ± 6 78 ± 8 - 33 test Vree 1995 [33]

iv: intravenous, n: number of individuals studied, po: oral, qd: once daily, route: route of administration, sd: single dose, sol: solution, tab: tablet,
test: test dataset (model evaluation), training: training dataset (parameter optimization). Values are means ± standard deviation or ranges.
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3.3 Drug-dependent parameters

Table S3.3.1: Drug-dependent parameters of the furosemide PBPK model

Parameter Value Unit Source Literature Reference Description

MW 330.74 g/mol Literature 330.74 [26] Molecular weight
pKa (acid) 3.51 - Literature 3.51, 3.60 [67, 68] Acid dissociation constant
pKa (base) 9.87 - 9.87, 10.15
Solubility (FaSSIF) 3.20 mg/ml Literature 0.03 (pH 1.20), 0.43 (pH 5.00), [69] Solubility

0.68 (FeSSIF), 3.02 (pH 6.50),
3.20 (FaSSIF)

logP -0.24 - Literature -1.20, -0.83, -0.24, 2.56 [28, 70, 71] Lipophilicity
fu 2.20 % Literature 1.20, 1.40, 1.50, 1.71, 2.20, [23, 33, 41, 47, 50, 53, 72–76] Fraction unbound in plasma

2.30, 3.70, 4.10, 4.60, 5.00
OAT3 KM 21.50 µmol/l Literature 21.50 [77] OAT3 Michaelis-Menten constant
OAT3 kcat 8226.82 1/min Optimized - - OAT3 transport rate constant
UGT1A9 KM 72.00 µmol/l Measureda - - UGT1A9 Michaelis-Menten constant
UGT1A9 kcat 954.33 1/min Optimized - - UGT1A9 catalytic rate constant
MRP4 KM 27.96 µmol/l Measuredb - - MRP4 Michaelis-Menten constant
MRP4 kcat 6841.01 1/min Optimized - - MRP4 transport rate constant
GFR fraction 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Partition coefficients Diverse - Calculated Schmitt [78] Cell to plasma partition coefficients
Cellular permeability 1.91E-5 cm/min Calculated CdS [4] Permeability into the cellular space
Intestinal permeability (trans.) 5.06E-7 cm/min Optimized 5.75E-8 Calculated Transcellular intestinal permeability
Intestinal permeability (para.) 2.32E-6 cm/min Optimized 0 Calculated Paracellular intestinal permeability
Tablet fasted Weibull shape 0.53 - Calculated Langenbucher [79, 80] Dissolution profile shape
Tablet fasted Weibull time 26.77 min Optimized - [61, 62, 64, 65] Dissolution time (50% dissolved)

CdS: charge-dependent Schmitt calculation method, EHC: enterohepatic circulation, FaSSIF: fasted state simulated intestinal fluid, FeSSIF: fed state simulated intestinal fluid, GFR: glomerular filtration rate,

Langenbucher: Langenbucher calculation method, MRP4: multidrug resistance-associated protein 4, OAT3: organic anion transporter 3, para.: paracellular, Schmitt: Schmitt calculation method,

trans.: transcellular, UGT1A9: uridine 5’-diphospho-glucuronosyltransferase 1A9.
a The furosemide UGT1A9 KM was determined using Corning® Supersomes™ Human UGT1A9 with different furosemide concentrations (7.2-720 µmol/l)
b The furosemide MRP4 KM was determined using membrane vesicles overexpressing human MRP4 provided by Solvo Biotechnology (Budapest, Hungary) with different furosemide concentrations (0.1-500 µmol/l) [66]
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3.4 Profiles

3.4.1 Semilogarithmic plots - Plasma - Population predictions
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● Rosenkranz 1992

Furosemide − iv, 20 mg (5 min)b)
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● González 1982

Furosemide − iv, 40 mg (bolus)e)
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● Hammarlund 1984

Furosemide − iv, 40 mg (bolus)f)
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●● Homeida 1977

Furosemide − iv, 40 mg (bolus)g)
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●● Keller 1981

Furosemide − iv, 40 mg (bolus)h)
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●● Lambert 1983

Furosemide − iv, 40 mg (bolus)i)

Figure S3.4.1: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.

38



●
●

●
●

●
●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

10−2

10−1

100

101

0 2 4 6 8

Time [h]

P
la

sm
a 

co
nc

en
tr

at
io

n 
[µ

g/
m

l]
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● Waller 1982

Furosemide − iv, 40 mg (2 min)k)
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● Kelly 1974

Furosemide − iv, 80 mg (bolus)n)
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●● Rane 1978

Furosemide − iv, 80 mg (bolus)o)
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●● Verbeeck 1982

Furosemide − iv, 80 mg (bolus)p)
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●● Andreasen 1983

Furosemide − iv, 80 mg (2 min)q)
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●● Stopfer 2018

Furosemide − po, 1 mg sd (sol)r)

Figure S3.4.1: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.
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●● Stopfer 2016

Furosemide − po, 5 mg sd (sol)s)
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●● Haegeli 2007

Furosemide − po, 20 mg sd (tab)u)
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●● Vaidyanathan 2008

Furosemide − po, 20 mg qd (−)w)
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● Waller 1982

Furosemide − po, 40 mg sd (sol)x)
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● Waller 1985

Furosemide − po, 40 mg sd (sol)y)
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● Waller 1988

Furosemide − po, 40 mg sd (sol)z)
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●● Wiebe 2020

Furosemide − po, 40 mg sd (sol)aa)

Figure S3.4.1: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.
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● Ballester 2015
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● Waller 1982
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Furosemide − po, 40 mg qd (tab)aj)

Figure S3.4.1: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.
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●● Tilstone 1978

Furosemide − po, 44 mg sd (sol)ak)
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●● Kelly 1974

Furosemide − po, 80 mg sd (tab)al)
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●● Waller 1985

Furosemide − po, 80 mg sd (sol)am)
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●● Kelly 1974

Furosemide − po, 80 mg sd (tab)an)
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● Shoaf 2007

Furosemide − po, 80 mg sd (tab)ao)
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● Vree 1995

Furosemide − po, 80 mg sd (tab)ap)

Figure S3.4.1: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.

42



3.4.2 Linear plots - Plasma - Population predictions
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● Rosenkranz 1992

Furosemide − iv, 20 mg (5 min)b)
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Furosemide − iv, 22 mg (bolus)c)
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●● Andreasen 1977

Furosemide − iv, 40 mg (bolus)d)
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●● Lambert 1983

Furosemide − iv, 40 mg (bolus)i)

Figure S3.4.2: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.
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●● Stopfer 2018

Furosemide − po, 1 mg sd (sol)r)

Figure S3.4.2: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.
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● Waller 1985

Furosemide − po, 40 mg sd (sol)y)
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● Waller 1988

Furosemide − po, 40 mg sd (sol)z)
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●● Wiebe 2020

Furosemide − po, 40 mg sd (sol)aa)

Figure S3.4.2: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.
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● Waller 1982

Furosemide − po, 40 mg sd (tab)ai)
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● FDA 2005

Furosemide − po, 40 mg qd (tab)aj)

Figure S3.4.2: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.
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Furosemide − po, 80 mg sd (tab)al)
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●● Waller 1985

Furosemide − po, 80 mg sd (sol)am)
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Furosemide − po, 80 mg sd (tab)an)
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● Shoaf 2007

Furosemide − po, 80 mg sd (tab)ao)
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Furosemide − po, 80 mg sd (tab)ap)

Figure S3.4.2: Furosemide plasma concentration-time profiles. Population predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Population simulation arithmetic means are shown as lines;
the shaded areas illustrate the predicted population variation (Q16 − Q84). Details on dosing regi-
mens, study populations and literature references are summarized in Table S3.2.1.
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3.4.3 Semilogarithmic plots - Plasma - Individual predictions
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Furosemide − iv, 40 mg (bolus)i)

Figure S3.4.3: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.

48



10−2

10−1

100

101

0 2 4 6 8

Time [h]

P
la

sm
a 

co
nc

en
tr

at
io

n 
[µ

g/
m

l]
Rupp 1974
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Figure S3.4.3: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.3: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.3: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.3: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.4: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.4: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.4: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1..
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Figure S3.4.4: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.4: Furosemide plasma concentration-time profiles. Individual predictions of
furosemide plasma concentration-time profiles compared to observed data. Observed data are
shown as dots ± standard deviation. Simulations are shown as lines. Details on dosing regimens,
study populations and literature references are summarized in Table S3.2.1.
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3.4.5 Linear plots - Fraction excreted unchanged in urine - Population
predictions
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Figure S3.4.5: Furosemide fraction excreted unchanged in urine profiles. Population pre-
dictions of furosemide fraction excreted unchanged in urine profiles compared to observed data.
Observed data are shown as dots ± standard deviation. Population simulation arithmetic means
are shown as lines; the shaded areas illustrate the predicted population variation (Q16 − Q84).
Details on dosing regimens, study populations and literature references are summarized in Table
S3.2.1.
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Figure S3.4.5: Furosemide fraction excreted unchanged in urine profiles. Population pre-
dictions of furosemide fraction excreted unchanged in urine profiles compared to observed data.
Observed data are shown as dots ± standard deviation. Population simulation arithmetic means
are shown as lines; the shaded areas illustrate the predicted population variation (Q16 − Q84).
Details on dosing regimens, study populations and literature references are summarized in Table
S3.2.1.

59



●●

0

10

20

30

40

50

60

70

80

90

100

0 4 8 12 16 20 24

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ●● Ballester 2015

Furosemide − po, 40 mg sd (tab)s)

●

●
●

●

●

●
●

●

0

10

20

30

40

50

60

70

80

90

100

0 4 8 12 16 20 24

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ●● Bindschedler 1997

Furosemide − po, 40 mg sd (tab)t)

●

●
●

●
●

●
● ●

●
●

● ● ● ● ● ● ●

●

●

●

●

●
●

●
●

●
●

●
●

●
● ●

● ●

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ●● Hammarlund 1984

Furosemide − po, 40 mg sd (tab)u)

●

●

●
●

●
● ● ●

0

10

20

30

40

50

60

70

80

90

100

0 4 8 12 16 20 24

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ● Martin 1984

Furosemide − po, 40 mg sd (tab)v)

●

●

●
●

● ● ●
●

0

10

20

30

40

50

60

70

80

90

100

0 4 8 12 16 20 24

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ● Martin 1984

Furosemide − po, 40 mg sd (tab)w)

●

0

10

20

30

40

50

60

70

80

90

100

0 4 8 12 16 20 24

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ● Rakhit 1987

Furosemide − po, 40 mg sd (tab)x)

●

●

●
●

● ●
●

●
●

0

10

20

30

40

50

60

70

80

90

100

0 4 8 12 16 20 24

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ● Waller 1985

Furosemide − po, 80 mg sd (sol)y)

●

0

10

20

30

40

50

60

70

80

90

100

0 4 8 12 16 20 24

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ● Shoaf 2007

Furosemide − po, 80 mg sd (tab)z)

●●

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10 12

Time [h]

F
ra

ct
io

n 
ex

cr
et

ed
 u

nc
ha

ng
ed

 [%
] ●● Vree 1995

Furosemide − po, 80 mg sd (tab)aa)

Figure S3.4.5: Furosemide fraction excreted unchanged in urine profiles. Population pre-
dictions of furosemide fraction excreted unchanged in urine profiles compared to observed data.
Observed data are shown as dots ± standard deviation. Population simulation arithmetic means
are shown as lines; the shaded areas illustrate the predicted population variation (Q16 − Q84).
Details on dosing regimens, study populations and literature references are summarized in Table
S3.2.1.
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3.4.6 Linear plots - Fraction excreted unchanged in urine - Individual
predictions
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Figure S3.4.6: Furosemide fraction excreted unchanged in urine profiles. Individual predic-
tions of furosemide fraction excreted unchanged in urine profiles compared to observed data. Ob-
served data are shown as dots ± standard deviation. Simulations are shown as lines. Details on
dosing regimens, study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.6: Furosemide fraction excreted unchanged in urine profiles. Individual predic-
tions of furosemide fraction excreted unchanged in urine profiles compared to observed data. Ob-
served data are shown as dots ± standard deviation. Simulations are shown as lines. Details on
dosing regimens, study populations and literature references are summarized in Table S3.2.1.
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Figure S3.4.6: Furosemide fraction excreted unchanged in urine profiles. Individual predic-
tions of furosemide fraction excreted unchanged in urine profiles compared to observed data. Ob-
served data are shown as dots ± standard deviation. Simulations are shown as lines. Details on
dosing regimens, study populations and literature references are summarized in Table S3.2.1.
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3.5 Furosemide PBPK model evaluation

3.5.1 Plasma concentration goodness-of-fit plot
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Figure S3.5.1: Furosemide plasma concentrations. Predicted compared to observed
furosemide plasma concentration values of all analyzed clinical studies. The solid line marks the
line of identity. The dotted lines indicate 1.25-fold, the dashed lines indicate 2-fold deviation. Details
on dosing regimens, study populations and literature references are summarized in Table S3.2.1.
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3.5.2 Mean relative deviation (MRD) of predicted plasma concentrations

Table S3.5.1: MRD values of predicted furosemide plasma concentrations

Route Dose [mg] MRD Reference

Intravenous

iv (bolus), sd 20 1.65 Haegeli 2007 [37]
iv (5 min), sd 20 1.94 Rosenkranz 1992 [38]
iv (bolus), sd 22 1.39 Tilstone 1978 [39]
iv (bolus), sd 40 1.70 Andreasen 1977 [41]
iv (bolus), sd 40 1.76 González 1982 [34]
iv (bolus), sd 40 1.68 Hammarlund 1984 [42]
iv (bolus), sd 40 2.43 Homeida 1977 [43]
iv (bolus), sd 40 1.90 Keller 1981 [44]
iv (bolus), sd 40 1.72 Lambert 1983 [35]
iv (bolus), sd 40 2.52 Rupp 1974 [45]
iv (2 min), sd 40 4.63 Waller 1982 [46]
iv (3 min), sd 40 1.75 Smith 1980 [24]
iv (bolus), sd 80 1.34 Branch 1977 [48]
iv (bolus), sd 80 2.03 Kelly 1974 [49]
iv (bolus), sd 80 1.99 Rane 1978 [50]
iv (bolus), sd 80 1.53 Verbeeck 1982 [51]
iv (2 min), sd 80 1.81 Andreasen 1983 [53]

MRD 1.99 (1.34 - 4.63)
13/17 with MRD ≤ 2

Oral

po (sol), sd 1 1.68 Stopfer 2018 [54]
po (sol), sd 5 1.38 Stopfer 2016 [55]
po (sol), sd 20 1.97 Waller 1985 [56]
po (tab), sd 20 1.56 Haegeli 2007 [37]
po (tab), qd 20 1.38 FDA 2006 [57]
po (-), qd 20 1.30 Vaidyanathan 2008 [58]
po (sol), sd 40 1.73 Waller 1982 [46]
po (sol), sd 40 1.91 Waller 1985 [56]
po (sol), sd 40 2.02 Waller 1988 [59]
po (sol), sd 40 1.41 Wiebe 2020 [11]
po (tab), sd 40 1.57 Ballester 2015 [60]
po (tab), sd 40 1.47 Bindschedler 1997 [61]
po (tab), sd 40 1.90 Hammarlund 1984 [42]
po (tab), sd 40 1.54 Martin 1984 [62]
po (tab), sd 40 1.50 Martin 1984 [62]
po (tab), sd 40 1.85 Rakhit 1987 [63]
po (tab), sd 40 1.90 Rupp 1974 [45]
po (tab), sd 40 1.84 Waller 1982 [46]
po (tab), qd 40 2.04 FDA 2005 [64]
po (sol), sd 44 1.38 Tilstone 1978 [39]
po (sol), sd 80 1.55 Kelly 1974 [49]
po (sol), sd 80 1.84 Waller 1985 [56]
po (tab), sd 80 1.79 Kelly 1974 [49]
po (tab), sd 80 1.31 Shoaf 2007 [65]
po (tab), sd 80 1.39 Vree 1995 [33]

MRD 1.65 (1.30 - 2.04)
23/25 with MRD ≤ 2

Overall MRD 1.79 (1.30 - 4.63)
36/42 with MRD ≤ 2

iv: intravenous, MRD: mean relative deviation, po: oral, qd: once
daily, route: route of administration, sd: single dose, sol: solution,
tab: tablet.
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3.5.3 AUClast and Cmax goodness-of-fit plots
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Figure S3.5.2: Furosemide AUClast and Cmax values. Predicted compared to observed
furosemide (a) AUClast and (b) Cmax values of all analyzed clinical studies. The solid line marks
the line of identity. The dotted lines indicate 1.25-fold, the dashed lines indicate 2-fold deviation.
Details on dosing regimens, study populations and literature references are summarized in Table
S3.2.1. The individual AUClast and Cmax values, mean GMFE values and ranges are listed in Table
S3.5.2.
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3.5.4 Predicted and observed AUClast and Cmax values with mean GMFE values and ranges

Table S3.5.2: Predicted and observed furosemide AUClast and Cmax values

AUClast Cmax

Route Dose [mg] Pred [µg*h/ml] Obs [µg*h/ml] Pred/Obs Pred [µg/ml] Obs [µg/ml] Pred/Obs tlast [h] Reference

Intravenous

iv (bolus), sd 20 2.27 1.74 1.30 - - - 6.0 Haegeli 2007 [37]
iv (5 min), sd 20 2.49 1.67 1.49 - - - 4.5 Rosenkranz 1992 [38]
iv (bolus), sd 22 2.10 1.89 1.11 - - - 2.0 Tilstone 1978 [39]
iv (bolus), sd 40 5.22 3.12 1.68 - - - 4.0 Andreasen 1977 [41]
iv (bolus), sd 40 5.02 3.49 1.44 - - - 3.0 González 1982 [34]
iv (bolus), sd 40 5.60 3.58 1.57 - - - 4.5 Hammarlund 1984 [42]
iv (bolus), sd 40 4.22 2.01 2.10 - - - 3.0 Homeida 1977 [43]
iv (bolus), sd 40 5.14 2.78 1.85 - - - 5.0 Keller 1981 [44]
iv (bolus), sd 40 5.14 5.66 0.91 - - - 5.0 Lambert 1983 [35]
iv (bolus), sd 40 5.13 3.98 1.29 - - - 8.0 Rupp 1974 [45]
iv (2 min), sd 40 5.53 6.23 0.89 - - - 12.0 Waller 1982 [46]
iv (3 min), sd 40 4.67 2.83 1.65 - - - 4.0 Smith 1980a [24]
iv (bolus), sd 80 11.42 9.74 1.17 - - - 4.0 Branch 1977 [48]
iv (bolus), sd 80 9.37 6.84 1.37 - - - 3.5 Kelly 1974 [49]
iv (bolus), sd 80 10.95 15.37 0.71 - - - 4.5 Rane 1978 [50]
iv (bolus), sd 80 10.77 7.72 1.39 - - - 6.0 Verbeeck 1982 [51]
iv (2 min), sd 80 10.64 6.30 1.69 - - - 6.0 Andreasen 1983 [53]

GMFE 1.45 (1.10 - 2.10)
16/17 with GMFE ≤ 2

Oral

po (sol), sd 1 0.08 0.05 1.61 0.04 0.03 1.39 12.0 Stopfer 2018 [54]
po (sol), sd 5 0.39 0.34 1.12 0.18 0.19 0.95 10.0 Stopfer 2016 [55]
po (sol), sd 20 1.83 2.68 0.68 0.80 1.27 0.63 10.0 Waller 1985 [56]

AUClast: area under the plasma concentration-time curve (AUC) from the time of drug administration to the time of the last concentration measurement, Cmax: peak plasma concentration, GMFE: geometric mean

fold error, iv: intravenous, obs: observed, po: oral, pred: predicted, qd: once daily, route: route of administration, sd: single dose, sol: solution, tab: tablet, tlast: time of the last concentration measurement.

GMFE values are means and ranges.
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Table S3.5.2: Predicted and observed furosemide AUClast and Cmax values (continued)

AUClast Cmax

Route Dose [mg] Pred [µg*h/ml] Obs [µg*h/ml] Pred/Obs Pred [µg/ml] Obs [µg/ml] Pred/Obs tlast [h] Reference

po (tab), sd 20 1.62 1.09 1.49 0.57 0.37 1.52 8.0 Haegeli 2007 [37]
po (tab), qd 20 1.89 2.09 0.91 0.55 0.50 1.11 24.0 FDA 2006 [57]
po (-), qd 20 1.70 1.81 0.94 0.56 0.49 1.15 12.0 Vaidyanathan 2008 [58]
po (sol), sd 40 3.60 4.04 0.89 1.65 1.87 0.88 8.0 Waller 1982 [46]
po (sol), sd 40 3.65 4.43 0.82 1.61 1.91 0.84 10.0 Waller 1985 [56]
po (sol), sd 40 3.57 3.57 1.00 1.60 1.85 0.86 12.0 Waller 1988 [59]
po (sol), sd 40 3.17 2.70 1.17 1.43 1.23 1.16 12.0 Wiebe 2020 [11]
po (tab), sd 40 3.70 4.04 0.92 1.10 0.95 1.16 24.0 Ballester 2015 [60]
po (tab), sd 40 2.95 2.43 1.22 1.04 0.98 1.06 12.0 Bindschedler 1997 [61]
po (tab), sd 40 3.50 1.92 1.82 1.29 0.75 1.70 7.5 Hammarlund 1984 [42]
po (tab), sd 40 3.12 2.74 1.14 1.09 1.24 0.88 10.0 Martin 1984 [62]
po (tab), sd 40 3.12 2.00 1.56 1.09 0.78 1.39 10.0 Martin 1984 [62]
po (tab), sd 40 3.14 2.43 1.29 1.08 0.98 1.10 10.0 Rakhit 1987 [63]
po (tab), sd 40 3.04 3.47 0.88 1.08 2.21 0.49 8.0 Rupp 1974 [45]
po (tab), sd 40 3.33 4.35 0.77 1.13 1.30 0.87 10.0 Waller 1982 [46]
po (tab), qd 40 3.18 2.71 1.18 1.10 0.94 1.18 10.0 FDA 2005 [64]
po (sol), sd 44 2.73 3.26 0.84 1.76 2.39 0.73 2.5 Tilstone 1978 [39]
po (sol), sd 80 6.31 4.15 1.52 3.19 2.39 1.33 4.0 Kelly 1974 [49]
po (sol), sd 80 7.29 8.02 0.91 3.22 3.20 1.01 10.0 Waller 1985 [56]
po (tab), sd 80 5.20 3.94 1.32 2.16 2.16 1.00 4.0 Kelly 1974 [49]
po (tab), sd 80 6.83 6.69 1.02 2.10 2.30 0.91 16.0 Shoaf 2007 [65]
po (tab), sd 80 5.46 4.11 1.33 2.07 1.53 1.35 5.5 Vree 1995 [33]

GMFE 1.26 (1.00 - 1.82) 1.26 (1.00 - 2.04)
25/25 with GMFE ≤ 2 24/25 with GMFE ≤ 2

Overall GMFE 1.34 (1.00 - 2.10) 1.26 (1.00 - 2.04)
41/42 with GMFE ≤ 2 24/25 with GMFE ≤ 2

AUClast: area under the plasma concentration-time curve (AUC) from the time of drug administration to the time of the last concentration measurement, Cmax: peak plasma concentration, GMFE: geometric mean

fold error, iv: intravenous, obs: observed, po: oral, pred: predicted, qd: once daily, route: route of administration, sd: single dose, sol: solution, tab: tablet, tlast: time of the last concentration measurement.

GMFE values are means and ranges.
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3.5.5 Sensitivity analysis

Sensitivity of the final furosemide PBPK model to single parameters (local sensitivity analysis) was
analyzed, measured as relative change of the AUC0-24 of the last administration interval for simula-
tion of the highest recommended furosemide dose (80 mg once daily for 14 days).
The sensitivity analysis results are illustrated in Figure S3.5.3. Parameters were included into
the analysis if they were optimized (OAT3 catalytic rate constant, UGT1A9 catalytic rate constant,
MRP4 catalytic rate constant, 50% dissolution time, transcellular intestinal permeability, paracel-
lular intestinal permeability), if they are associated with optimized parameters (OAT3 Michaelis-
Menten constant, UGT1A9 Michaelis-Menten constant, MRP4 Michaelis-Menten constant, disso-
lution shape) or if they might have a strong impact due to calculation methods used in the model
(solubility, fraction unbound in plasma, blood/plasma concentration ratio, lipophilicity, glomerular
filtration rate fraction). Applying a threshold of 0.5, the furosemide model is sensitive to the values
of the furosemide fraction unbound in plasma (literature value) and the OAT3 catalytic rate constant
(optimized).
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Figure S3.5.3: Furosemide PBPK model sensitivity analysis. Sensitivity of the model to single
parameters, measured as change of the simulated AUC0-24 under steady-state conditions of an 80
mg once daily furosemide regimen. A sensitivity value of +0.5 signifies that a 100% increase of the
examined parameter causes a 50% increase of the simulated AUC. Asm.: assumed, calc.: calcu-
lated, GFR: glomerular filtration rate, intestinal perm. (para.): paracellular intestinal permeability,
intestinal perm. (trans.): transcellular intestinal permeability, kcat: catalytic rate constant, KM:
Michaelis-Menten constant, MRP4: multidrug resistance-associated protein 4, msd.: measured,
lit.: literature, OAT3: organic anion transporter 3, opt.: optimized, UGT1A9: uridine 5’-diphospho-
glucuronosyltransferase 1A9.
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4 PBPK modeling of rifampicin

4.1 Rifampicin PBPK model

Rifampicin is an antibiotic used for the treatment of mycobacterium infections. It induces the expres-
sion of multiple metabolizing enzymes and transporters and is classified by the FDA as strong clin-
ical index inducer of cytochrome P450 (CYP) 2C19 and CYP3A4 [19]. The rifampicin PBPK model
applied for DDI prediction has been developed and qualified previously [81–85]. Drug-dependent
parameters of the rifampicin model used to describe the probenecid-rifampicin DDI are summarized
in Table S4.2.1
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4.2 Drug-dependent parameters

Table S4.2.1: Drug-dependent parameters of the rifampicin PBPK model (adopted from [81])

Parameter Value Unit Source Literature Reference Description

MW 822.94 g/mol Literature 822.94 [26] Molecular weight
pKa (acid) 1.70 - Literature 1.70 [86] Acid dissociation constant
pKa (base) 7.90 - Literature 7.90 [86] Acid dissociation constant
Solubility (pH 7.50) 2.80 mg/ml Literature 1.10 (pH 6.50), 1.40 (pH 6.80), 2.54 (pH 6.80), [87–90] Solubility

2.80 (pH 7.50), 3.35 (pH 7.40)
logP 2.50 - Optimized 1.30, 2.70 [26, 87] Lipophilicity
fu 17.00 % Literature 11.00, 16.00, 17.00, 17.50 [87, 90–92] Fraction unbound in plasma
B/P ratio 0.89 - Calculated 0.90a [93] Blood/plasma ratio
OATP1B1 KM 1.50 µmol/l Literature 1.50 [94] OATP1B1 Michaelis-Menten constant
OATP1B1 kcat 105.41 1/min Optimized - - OATP1B1 transport rate constant
AADAC KM 195.10 µmol/l Literature 195.10 [95] AADAC Michaelis-Menten constant
AADAC kcat 9.87 1/min Optimized - - AADAC catalytic rate constant
Pgp KM 55.00 µmol/l Literature 55.00 [96] Pgp Michaelis-Menten constant
Pgp kcat 0.61 1/min Optimized - - Pgp transport rate constant
GFR fraction 1.00 - Assumed - - Fraction of filtered drug in the urine
EHC continuous fraction 1.00 - Assumed - - Fraction of bile continually released
Induction EC50 0.34 µmol/l Literature 0.34 [91, 92] Conc. for half-maximal induction
Emax OATP1B1 0.38 - Optimized - - Maximum in vivo induction effect
Emax AADAC 0.99 - Optimized - - Maximum in vivo induction effect
Emax Pgp 2.50 - Literature 2.50 [97] Maximum in vivo induction effect
OATP1B1 Ki 0.48 µmol/l Literature 0.48 [98] Conc. for half-maximal competitive inhibition
Pgp Ki 169.00 µmol/l Literature 169.00 [99] Conc. for half-maximal competitive inhibition
Partition coefficients Diverse - Calculated R&R [100, 101] Cell to plasma partition coefficients
Cellular permeability 2.93E-5 cm/min Calculated PK-Sim [102] Permeability into the cellular space
Intestinal permeability 1.24E-5 cm/min Optimized 3.84E-7 Calculated Transcellular intestinal permeability

AADAC: arylacetamide deacetylase, conc.: concentration, EHC: enterohepatic circulation, GFR: glomerular filtration rate, OATP1B1: organic anion transporting polypeptide 1B1, Pgp: P-glycoprotein, PK-Sim:

PK-Sim standard calculation method, R&R: Rodgers and Rowland calculation method.
a blood/serum concentration ratio measured in tuberculosis patients
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5 Probenecid-furosemide DDI

5.1 PBPK DDI modeling

To predict the probenecid-furosemide DDI, competitive inhibition of OAT3 by probenecid was imple-
mented using a Ki of 5.41 µmol/l. This probenecid OAT3 Ki was determined in human embryonic
kidney 293 cells (HEK293) expressing hOAT3, with furosemide as the substrate (0.25 µmol/l) and
0-100 µmol/l of probenecid [9]. Non-competitive inhibition of UGT1A9 was implemented using a
Ki of 242.0 µmol/l. This probenecid UGT1A9 Ki was determined using Corning® Supersomes™
Human UGT1A9, with furosemide as the substrate (18-72 µmol/l) and 0-3000 µmol/l of probenecid
[in-house measurement]. The Ki value to model the competitive inhibition of MRP4 (Ki = 87.40
µmol/l) was optimized during parameter identification of the furosemide PBPK model, due to a lack
of in vitro data.
Details on dosing regimens, study populations and literature references of the predicted clinical
DDI studies are summarized in Table S5.2.1. Plots of population predicted compared to observed
furosemide plasma concentration-time profiles of all probenecid-furosemide DDI studies are shown
in semilogarithmic (Figure S5.3.1) and linear plots (Figure S5.3.2). Plots of individual predicted
compared to observed furosemide plasma concentration-time profiles of all probenecid-furosemide
DDI studies are shown in semilogarithmic (Figure S5.3.3) and linear plots (Figure S5.3.4). Pop-
ulation predicted compared to observed fraction excreted unchanged in urine profiles are shown
Figure S5.3.5. Individual predicted compared to observed fraction excreted unchanged in urine
profiles are shown Figure S5.3.6. The correlation of predicted to observed DDI AUClast ratios and
DDI Cmax ratios is shown in Figure S5.4.1. The individual DDI AUClast ratios and DDI Cmax ratios
with mean GMFE values and ranges are summarized in Table S5.4.1.
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5.2 Clinical studies

Table S5.2.1: Probenecid-furosemide DDI study table

Probenecid administration Furosemide administration Dose gap [h] n Age [years] Weight [kg] Height [cm] Females [%] Dataset Reference

Dose [mg] Route Dose [mg] Route

500 po (-), qid (D1-D3) 40 iv (bolus), sd (D4) 2 6 20-25 - - 0 test Homeida 1977 [43]
1000 po (-), sd (D4)
1000 po (tab), bid (D1) 40 iv (3 min), sd (D1) 1 4 21-33 65-77 - 0 test Smith 1980 [24]
1000 po (tab), bid (D1) 1 po (sol), sd (D1) 1 15 33 (21-51) 79 (62-95) 180 (169-191) 0 test Wiebe 2020 [11]
1000 po (tab), bid (D1) 40 po (sol), sd (D1) 1 15 34 (21-52) 79 (62-95) 179 (169-191) 0 training Wiebe 2020 [11]
1000 po (tab), sd (D1) 40 po (tab), sd (D1) 1 14 26 ± 4 63 ± 7 - 0 test Shen 2019 [23]
1000 po (tab), sd (D1) 80 po (tab), sd (D1) 1 9 35 ± 6 78 ± 8 - 33 test Vree 1995 [33]

bid: twice daily, D: day of administration, iv: intravenous, n: number of individuals studied, po: oral, qid: four times daily, route: route of administration, sd: single dose, sol: solution, tab: tablet,
test: test dataset (model evaluation), training: training dataset (parameter optimization). Values are means ± standard deviation or ranges.

73



5.3 Profiles

5.3.1 Semilogarithmic plots - Plasma - Population predictions
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Figure S5.3.1: Probenecid-furosemide DDI. Population predictions of furosemide plasma
concentration-time profiles compared to observed data. Observed data are shown as dots ±
standard deviation. Population simulation arithmetic means are shown as lines; the shaded ar-
eas illustrate the predicted population variation (Q16 − Q84). Details on dosing regimens, study
populations and literature references are summarized in Table S5.2.1.
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5.3.2 Linear plots - Plasma - Population predictions

●

●

●
● ●

● ●
● ● ● ● ● ● ● ● ● ● ●

●

●

●

●

●

● ●
●

● ●
● ● ● ● ●

● ● ● ●

●

●

●

● ●

● ●
● ●

●
● ● ● ● ●

● ● ●

●

●

●

●

●

●
●

●
● ●

●
●

● ● ●

● ● ● ●

0

1

2

3

4

5

6

7

8

9

10

11

74 75 76 77 78

Time [h]

P
la

sm
a 

co
nc

en
tr

at
io

n 
[µ

g/
m

l]

●●

●●

Homeida 1977 − Furosemide control
Homeida 1977 − with probenecid

Furosemide − iv, 40 mg (bolus)a)

●

●

●

●

●

●
●

●
● ●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

0

1

2

3

4

5

6

7

13 14 15 16 17 18 19

Time [h]
P

la
sm

a 
co

nc
en

tr
at

io
n 

[µ
g/

m
l]

●●

●●

Smith 1980 − Furosemide control
Smith 1980 − with probenecid

Furosemide − iv, 40 mg (3 min)b)

●

●●

●

●

●
●

●
● ● ● ● ●

●

●
●

●

●
●

●

●

●

●
●

● ●
●

●

●●

●

●

●

●

●
● ● ● ● ●

●

●
●

●

●

●

●

●

●

●

●
●

●
●0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

12 16 20 24 28 32 36 40

Time [h]

P
la

sm
a 

co
nc

en
tr

at
io

n 
[µ

g/
m

l]

●●

●●

Wiebe 2020 − Furosemide control
Wiebe 2020 − with probenecid

Furosemide − po, 1 mg sd (sol)c)

●

●●

●

●

●
●

●
●

● ● ● ●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●
●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●0.0

0.5

1.0

1.5

2.0

2.5

3.0

12 16 20 24 28 32 36 40

Time [h]

P
la

sm
a 

co
nc

en
tr

at
io

n 
[µ

g/
m

l]

●●

●●

Wiebe 2020 − Furosemide control
Wiebe 2020 − with probenecid

Furosemide − po, 40 mg sd (sol)d)

●

●

●
●

●

●

●

●
● ●

●

●

●
●●

●

●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●0.0

0.5

1.0

1.5

2.0

2.5

0 4 8 12 16 20 24

Time [h]

P
la

sm
a 

co
nc

en
tr

at
io

n 
[µ

g/
m

l]

●●

●●

Shen 2019 − Furosemide control
Shen 2019 − with probenecid

Furosemide − po, 40 mg sd (tab)e)

●

●
● ●

●

●

●
●

●

●

●

●

●

●
●

●

●
● ●

●

●

●
●

●

●

●

●

●

●

●0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 2 4 6 8 10 12

Time [h]
P

la
sm

a 
co

nc
en

tr
at

io
n 

[µ
g/

m
l]

●●

●●

Vree 1995 − Furosemide control
Vree 1995 − with probenecid

Furosemide − po, 80 mg sd (tab)f)

Figure S5.3.2: Probenecid-furosemide DDI. Population predictions of furosemide plasma
concentration-time profiles compared to observed data. Observed data are shown as dots ±
standard deviation. Population simulation arithmetic means are shown as lines; the shaded ar-
eas illustrate the predicted population variation (Q16 − Q84). Details on dosing regimens, study
populations and literature references are summarized in Table S5.2.1.
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5.3.3 Semilogarithmic plots - Plasma - Individual predictions
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Figure S5.3.3: Probenecid-furosemide DDI. Individual predictions of furosemide plasma
concentration-time profiles compared to observed data. Observed data are shown as dots ± stan-
dard deviation. Simulations are shown as lines. Details on dosing regimens, study populations and
literature references are summarized in Table S5.2.1.
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5.3.4 Linear plots - Plasma - Individual predictions
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Figure S5.3.4: Probenecid-furosemide DDI. Individual predictions of furosemide plasma
concentration-time profiles compared to observed data. Observed data are shown as dots ± stan-
dard deviation. Simulations are shown as lines. Details on dosing regimens, study populations and
literature references are summarized in Table S5.2.1.
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5.3.5 Linear plots - Fraction excreted unchanged in urine - Population
predictions
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Figure S5.3.5: Probenecid-furosemide DDI. Population predictions of furosemide fraction ex-
creted unchanged in urine profiles compared to observed data. Observed data are shown as dots
± standard deviation. Population simulation arithmetic means are shown as lines; the shaded ar-
eas illustrate the predicted population variation (Q16 − Q84). Details on dosing regimens, study
populations and literature references are summarized in Table S5.2.1.
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5.3.6 Linear plots - Fraction excreted unchanged in urine - Individual
predictions
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Figure S5.3.6: Probenecid-furosemide DDI. Individual predictions of furosemide fraction excreted
unchanged in urine profiles compared to observed data. Observed data are shown as dots ±
standard deviation. Simulations are shown as lines. Details on dosing regimens, study populations
and literature references are summarized in Table S5.2.1.
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5.4 PBPK DDI performance evaluation

5.4.1 DDI AUClast and DDI Cmax ratio goodness-of-fit plots
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Figure S5.4.1: DDI AUClast and DDI Cmax ratios. Predicted compared to observed (a) DDI AUClast

ratios and (b) DDI Cmax ratios of all analyzed probenecid-furosemide DDI studies. The solid line
marks the line of identity. The dotted lines indicate 1.25-fold, the dashed lines indicate 2-fold
deviation. The curved grey lines show the prediction acceptance limits proposed by Guest et al.
[103]. Details on dosing regimens, study populations and literature references are summarized in
Table S5.2.1. The individual DDI AUClast and DDI Cmax ratios, mean GMFE values and ranges are
listed in Table S5.4.1.
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5.4.2 Predicted and observed DDI AUClast and DDI Cmax ratios with mean GMFE values and ranges

Table S5.4.1: Predicted and observed probenecid-furosemide DDI AUClast ratios and DDI Cmax ratios

Probenecid administration Furosemide administration DDI AUClast ratio DDI Cmax ratio Reference

Dose [mg] Route Dose [mg] Route Dose gap [h] Pred Obs Pred/Obs Pred Obs Pred/Obs tlast [h]

Intravenous

500 po (-), qid (D1-D3) 40 iv (bolus), sd (D4) 2 2.52 2.83 0.89 - - - 3.0 Homeida 1977 [43]
1000 po (-), sd (D4)
1000 po (tab), bid (D1) 40 iv (3 min), sd (D1) 1 2.29 3.34 0.69 - - - 4.0 Smith 1980 [24]

GMFE 1.29 (1.12 - 1.45)
2/2 with GMFE ≤ 2

Oral

1000 po (tab), bid (D1) 1 po (sol), sd (D1) 1 2.73 2.82 0.97 1.43 1.33 1.08 12.0 Wiebe 2020 [11]
1000 po (tab), bid (D1) 40 po (sol), sd (D1) 1 2.73 3.15 0.87 1.43 1.48 0.97 12.0 Wiebe 2020 [11]
1000 po (tab), sd (D1) 40 po (tab), sd (D1) 1 2.56 3.14 0.82 1.50 1.85 0.81 12.0 Shen 2019 [23]
1000 po (tab), sd (D1) 80 po (tab), sd (D1) 1 2.05 2.10 0.98 1.50 1.48 1.01 5.0 Vree 1995 [33]

GMFE 1.11 (1.02 - 1.22) 1.09 (1.01 - 1.23)
4/4 with GMFE ≤ 2 4/4 with GMFE ≤ 2

Overall GMFE 1.17 (1.02 - 1.45) 1.09 (1.01 - 1.23)
6/6 with GMFE ≤ 2 4/4 with GMFE ≤ 2

AUClast: area under the plasma concentration-time curve (AUC) from the time of drug administration to the time of the last concentration measurement, bid: twice daily, Cmax: peak
plasma concentration, D: day of administration, GMFE: geometric mean fold error, iv: intravenous, obs: observed, po: oral, pred: predicted, qid: four times daily, route: route of
administration, sd: single dose, sol: solution, tab: tablet, tlast: time of the last concentration measurement. GMFE values are means and ranges.
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6 Probenecid-rifampicin DDI

6.1 PBPK DDI modeling

To predict the probenecid-rifampicin DDI, competitive inhibition of OATP1B1 by probenecid was
implemented using a Ki of 39.8 µmol/l. This probenecid OATP1B1 Ki was determined in OATP1B1-
expressing HEK293 cells, with 2´,7´-dichlorofluorescein as the substrate (3 µmol/l) and 1-1000
µmol/l of probenecid [10].
Details on dosing regimen, study population and literature reference of the predicted clinical DDI
study are summarized in Table S6.2.1. Plots of population predicted compared to observed ri-
fampicin plasma concentration-time profile of the probenecid-rifampicin DDI study are shown in
semilogarithmic and linear plots in Figure S6.3.1. Plots of individual predicted compared to ob-
served rifampicin plasma concentration-time profile of the probenecid-rifampicin DDI study are
shown in semilogarithmic and linear plots in Figure S6.3.2. The correlation of predicted to ob-
served DDI AUClast ratios and DDI Cmax ratios is shown in Figure S6.4.1. The DDI AUClast ratios
and DDI Cmax ratios with GMFE values are summarized in Table S6.4.1.
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6.2 Clinical studies

Table S6.2.1: Probenecid-rifampicin DDI study table

Probenecid administration Rifampicin administration Dose gap [h] n Age [years] Weight [kg] Height [cm] Females [%] Dataset Reference

Dose [mg] Route Dose [mg] Route

2000 po (-), sd (D2), 300 po (tab), qd (D1-D2) 0.33 6 24-40 - - 0 test Kenwright 1973 [104]
1500 po (-), sd (D2)a

D: day of administration, n: number of individuals studied, po: oral, qd: once daily, route: route of administration, sd: single dose, tab: tablet, test: test dataset (model evaluation). Values
are means ± standard deviation or ranges.
a 2000 mg probenecid 0.33 h before and 1500 mg 6 h after rifampicin administration
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6.3 Profiles

6.3.1 Semilogarithmic and linear plots - Plasma - Population predictions
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Figure S6.3.1: Probenecid-rifampicin DDI. Population predictions of rifampicin plasma
concentration-time profiles compared to observed data. Observed data are shown as dots ±
standard deviation. Population simulation arithmetic means are shown as lines; the shaded ar-
eas illustrate the predicted population variation (Q16 − Q84). Details on dosing regimen, study
population and literature reference are summarized in Table S6.2.1.
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6.3.2 Semilogarithmic and linear plots - Plasma - Individual predictions
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Figure S6.3.2: Probenecid-rifampicin DDI. Individual predictions of rifampicin plasma
concentration-time profiles compared to observed data. Observed data are shown as dots ± stan-
dard deviation. Simulations are shown as lines. Details on dosing regimen, study population and
literature reference are summarized in Table S6.2.1.
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6.4 PBPK DDI performance evaluation

6.4.1 DDI AUClast and DDI Cmax ratio goodness-of-fit plots
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Figure S6.4.1: DDI AUClast and DDI Cmax ratios. Predicted compared to observed (a) DDI AUClast

ratios and (b) DDI Cmax ratios of the probenecid-rifampicin DDI study. The solid line marks the
line of identity. The dotted lines indicate 1.25-fold, the dashed lines indicate 2-fold deviation. The
curved grey lines show the prediction acceptance limits proposed by Guest et al. [103]. Details
on dosing regimen, study population and literature reference are summarized in Table S6.2.1. The
individual DDI AUClast and DDI Cmax ratios and GMFE values are listed in Table S6.4.1.
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6.4.2 Predicted and observed DDI AUClast and DDI Cmax ratios with GMFE values

Table S6.4.1: Predicted and observed probenecid-rifampicin DDI AUClast ratios and DDI Cmax ratios

Probenecid administration Rifampicin administration DDI AUClast ratio DDI Cmax ratio Reference

Dose [mg] Route Dose [mg] Route Dose gap [h] Pred Obs Pred/Obs Pred Obs Pred/Obs tlast [h]

2000 po (-), sd (D2), 300 po (tab), qd (D1-D2) 0.33 1.54 1.83 0.84 1.26 2.34 0.54 11.0 Kenwright 1973 [104]
1500 po (-), sd (D2)a

GMFE 1.19 1.85
1/1 with GMFE ≤ 2 1/1 with GMFE ≤ 2

AUClast: area under the plasma concentration-time curve (AUC) from the time of drug administration to the time of the last concentration measurement, Cmax: peak plasma concentration,
D: day of administration, GMFE: geometric mean fold error, obs: observed, po: oral, pred: predicted, qd: once daily, route: route of administration, sd: single dose, tab: tablet,
tlast: time of the last concentration measurement.
a 2000 mg probenecid 0.33 h before and 1500 mg 6 h after rifampicin administration

87



7 System-dependent parameters

Table S7.0.1: System-dependent parameters

Reference concentration Half-life

Enzyme/Transporter Meana GeoSDb Relative expressionc Localization Direction Liver [h] Intestine [h]

Enzyme
AADAC 1.00d [7] 1.40e RT-PCR [107] Intracellular - 36 23
UGT1A9 0.20f [105, 108] 1.12 [4] RT-PCR [107] Intracellular - 36 23

Transporter
MRP4 0.02f [105, 109] 1.89 [109] RT-PCR [110] Basolateral, Efflux 36 23

in renal tubule cells apical
OAT3 0.09f [105, 109] 1.53 [109] RT-PCR [110] Basolateral Influx 36 -
OATP1B1 0.07g [106] 1.54 [106] RT-PCR [110] Basolateral Influx 36 -
Pgp (efflux) 1.41 [81] 1.60 [106] RT-PCR [110], with the relative Apical Efflux 36 23

expression in intestinal mucosa
increased by factor 3.57 (optimized)

AADAC: arylacetamide deacetylase, MRP4: multidrug resistance-associated protein 4, OAT3: organic anion transporter 3, OATP1B1: organic anion transporting polypeptide 1B1, Pgp: P-glycoprotein,

RT-PCR: reverse transcription-polymerase chain reaction, UGT1A9: uridine 5’-diphospho-glucuronosyltransferase 1A9
a µmol/l in the tissue of highest expression
b Geometric standard deviation of the reference concentration
c Relative expression in the different organs (PK-Sim® expression database profile)
d If no information was available, the mean reference concentration was set to 1.00 µmol/l and the catalytic rate constant (kcat) was optimized according to [7]
e If no information was available, a moderate variability of 35% CV was assumed (= 1.40 GSD)
f Calculated from transporter/enzyme per mg membrane protein x 26.2 mg human kidney microsomal protein per g kidney [105]
g Calculated from transporter per mg membrane protein x 37.0 mg membrane protein per g liver [106]
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8 Abbreviations
ADME Absorption, distribution, metabolism and excretion

AUC Area under the plasma concentration-time curve

AUC0-12 Area under the plasma concentration-time curve from 0 to 12 h

AUC0-24 Area under the plasma concentration-time curve from 0 to 24 h

AUClast Area under the plasma concentration-time curve from the time of drug administration
to the time of the last concentration measurement

bid Twice daily

Cmax Peak plasma concentration

CYP Cytochrome P450

DDI Drug-drug interaction

fu Fraction unbound in plasma

GFR Glomerular filtration rate

GMFE Geometric mean fold error

HEK293 Human embryonic kidney 293 cell line

ICRP International Commission on Radiological Protection

iv Intravenous

kcat Catalytic rate constant

Ki Inhibition constant

KM Michaelis-Menten constant

KM,app Michaelis-Menten constant in the presence of inhibitor

logP Lipophilicity

MRD Mean relative deviation

MRP4 Multidrug resistance-associated protein 4

OAT Organic anion transporter

OATP1B1 Organic anion transporting polypeptide 1B1

PBPK Physiologically based pharmacokinetic

PK Pharmacokinetics

po Oral

qd Once daily

Tmax Time to peak plasma concentration

UGT1A1 Uridine 5’-diphospho-glucuronosyltransferase 1A1

UGT1A9 Uridine 5’-diphospho-glucuronosyltransferase 1A9

v Reaction velocity
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VD Volume of distribution

vmax Maximum reaction velocity

vmax,app Maximum reaction velocity in the presence of inhibitor
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