
Research Article

Clarithromycin, Midazolam, and Digoxin: Application of PBPK Modeling
to Gain New Insights into Drug–Drug Interactions and Co-medication Regimens

Daniel Moj,1 Nina Hanke,1 Hannah Britz,1 Sebastian Frechen,2 Tobias Kanacher,2 Thomas Wendl,2

Walter Emil Haefeli,3 and Thorsten Lehr1,4

Received 24 June 2016; accepted 25 October 2016

Abstract. Clarithromycin is a substrate and mechanism-based inhibitor of cytochrome
P450 (CYP) 3A4 as well as a substrate and competitive inhibitor of P-glycoprotein (P-gp) and
organic anion-transporting polypeptides (OATP) 1B1 and 1B3. Administered concomitantly,
clarithromycin causes drug–drug interactions (DDI) with the victim drugs midazolam
(CYP3A4 substrate) and digoxin (P-gp substrate). The objective of the presented study
was to build a physiologically based pharmacokinetic (PBPK) DDI model for clarithromycin,
midazolam, and digoxin and to exemplify dosing adjustments under clarithromycin co-
treatment. The PBPK model development included an extensive literature search for
representative PK studies and for compound characteristics of clarithromycin, midazolam,
and digoxin. Published concentration-time profiles were used for model development
(training dataset), and published and unpublished individual profiles were used for model
evaluation (evaluation dataset). The developed single-compound PBPK models were linked
for DDI predictions. The full clarithromycin DDI model successfully predicted the metabolic
(midazolam) and transporter (digoxin) DDI, the acceptance criterion (0.5≤AUCratio,predicted/
AUCratio,observed≤ 2) was met by all predictions. During co-treatment with 250 or 500 mg
clarithromycin (bid), the midazolam and digoxin doses should be reduced by 74 to 88% and
by 21 to 22%, respectively, to ensure constant midazolam and digoxin exposures (AUC).
With these models, we provide highly mechanistic tools to help researchers understand and
characterize the DDI potential of new molecular entities and inform the design of DDI
studies with potential CYP3A4 and P-gp substrates.
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INTRODUCTION

Pharmacokinetic (PK) drug–drug interactions (DDIs)
can cause negative clinical effects, either by decreasing
therapeutic efficacy or by enhancing toxic side effects of
drugs. DDIs play an important role in reported adverse
events (1) and are a major cause of market withdrawal of
drugs due to safety reasons (2). To cope with the increasing
DDI risks associated with polypharmacy, the European

Medicines Agency (EMA) (3) and the US Food and Drug
Administration (FDA) (4) published guidance documents to
help researchers understand and characterize the DDI
potential of new molecular entities. A prominent feature of
these guidances is the recommendation of well-established
perpetrator and victim drugs for clinical DDI studies.
Perpetrators of metabolic DDIs inhibit or induce, e.g.,
cytochrome P450 (CYP) enzymes. CYP enzymes are an
important source of clinically relevant DDIs, among which
CYP3A4 is the most common enzyme for the metabolic
clearance of drugs (5,6). Consequently, the inhibition or
induction of CYP3A4 is a frequent cause of DDI.

Until 2013, ketoconazole has been the CYP3A inhibitor
of choice in clinical DDI studies (7). Due to the risk of serious
hepatic toxicity, the EMA and the FDA advised against the
further use of ketoconazole in clinical DDI studies (8).
Clarithromycin has been proposed as a useful clinical
alternative (9).

Clarithromycin is a widely prescribed antibiotic (10) that is
mainly metabolized via CYP3A4 (11). It forms a non-covalent
metabolic-intermediate complex with CYP3A4 (12) leading to a
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mechanism-based inhibition (MBI). This MBI is characterized
by a non-linear, dose-dependent and irreversible degradation of
CYP3A4. Thus, the MBI by clarithromycin leads to a
mechanism-based auto-inhibition of metabolism and results in
a non-linear increase of clarithromycin exposure after ascending
doses of clarithromycin (13). Clarithromycin is also a substrate
(14) and competitive inhibitor of P-glycoprotein (P-gp) (15) as
well as a substrate (16,17) and competitive inhibitor of human
organic anion-transporting polypeptides (OATP) 1B1 and 1B3
(18).

One of the recommended and most suitable victim drugs
to investigate CYP3A4-mediated DDIs is midazolam. Mid-
azolam is a short-acting, widely used sedative approved as
premedication before medical interventions that is almost
exclusively metabolized by CYP3A4 (19).

Digoxin is a prominent victim drug to investigate P-gp-
mediated DDIs, as its disposition is mainly governed by P-gp.
Any metabolism via phase I or II enzymes seems to be
negligible. The primary route of digoxin elimination (∼75%) is
renal excretion via glomerular filtration and active tubular
secretion (mainly via P-gp) of unchanged drug (20,21). Digoxin
binds to and inhibits several subunits of the (Na+,K+-)ATPase, in
particular the subunit alpha 2, which leads to the desired positive
inotropic effects of digoxin in the heart (22).

OBJECTIVE

The aims of this work were as follows:

1. To develop fully mechanistic physiologically based
pharmacokinetic (PBPK) models for the single com-
pounds clarithromycin, midazolam, and digoxin

2. To couple the clarithromycin and midazolam PBPK
models to predict the metabolic DDI (via CYP3A4) of
these two drugs

3. To couple the clarithromycin and digoxin PBPK
models to predict the transporter-based DDI (via P-
gp) of these two drugs

Exemplarily, it is shown how dosing recommendations
for midazolam and digoxin during co-administration with
various doses of clarithromycin can be derived.

METHODS

PBPK Model Development

The PBPK model development consisted of (i) an
extensive literature search for representative PK studies and
(ii) for compound characteristics (physicochemical and
ADME) of clarithromycin, midazolam, and digoxin. For the
model development, the available, published, and unpub-
lished individual PK data were divided into a Btraining^
dataset for model development and an Bevaluation^ dataset
for model qualification. The training dataset was used to
optimize model parameter values to find the best overlap
between observed and simulated concentration-time profiles.
First, intravenous concentration-time profiles were used to
determine clearance and distribution parameters. Second,
oral concentration-time profiles were used to determine
absorption and dissolution parameters, keeping the formerly
optimized parameters fixed. Model qualification with the

evaluation dataset was carried out using visual predictive
checks. The final single-compound models were then coupled
to predict the pharmacokinetic effects of clarithromycin on
midazolam and digoxin. The PBPK models for
clarithromycin, midazolam, and digoxin were developed
independently of each other. This also includes the parame-
terization of the CYP3A4 MBI, which has been achieved with
multiple-dose studies of clarithromycin only. The parameters
for the inhibition of P-gp have been taken from in vitro
experiments without optimization. DDI PK studies were used
to qualify the DDI prediction performance of the coupled
clarithromycin–midazolam and clarithromycin–digoxin
models. Forty-four concentration-time profiles were used in
the model development process (Table I).

PBPK modeling software PK-Sim® 5.3.2 (Bayer Tech-
nology Services, Leverkusen, Germany) and MoBi 3.3.2
(Bayer Technology Services, Leverkusen, Germany) were
used. Statistical analysis of the results and graphics were
compiled with Matlab 2015a. Data was digitized using
GetData Graph Digitizer 2.25.

PBPK Model Structure

The PBPK models of clarithromycin, midazolam, and
digoxin are based on a generic 22-organ PBPK model,
including the arterial and venous blood pools and the portal
vein. Each organ is further divided into sub-compartments,
characterizing the blood plasma, the red blood cells (RBC),
the interstitial space, and the intracellular space. The mass
transfer between compartments is based on a generic
distribution model (passive processes). Herein, substance-
specific parameters (e.g. lipophilicity) are used to determine
permeabilities across membranes and partition coefficients
between compartments. Active processes (binding, metabo-
lism, and transport) are additionally implemented, depending
on the PK behavior of the substance.

For clarithromycin, implemented active processes are
metabolism via CYP3A4 and transport via OATP 1B3. An
unspecific renal clearance of clarithromycin was assumed. As
P-gp substrate, the intestinal absorption of clarithromycin is
reduced by intestinal P-gp. The impact of this efflux transport
of clarithromycin from intestinal mucosa to intestinal lumen
was implemented by reducing the net transcellular intestinal
permeability of clarithromycin (55). The midazolam model
assumes metabolism by CYP3A4 with negligible renal
clearance. The digoxin model incorporates active efflux
transport via P-gp with a renal clearance of digoxin consisting
of glomerular filtration and tubular secretion by P-gp.

The PBPK modeling software calculates the organ-
specific protein expression relative to the expression in the
organ with the highest concentration of the respective protein
(reference concentration). The reference concentration cor-
responds to an expression level of 100%. Hence, organ-
specific transporter protein concentrations of P-gp and OATP
1B3 used in simulations were calculated based on Eq. 1,

CT;organ ¼ TREF � EXPRorgan ð1Þ

where CT,organ denotes the molar transporter concentration in
the specific organ, TREF is the transporter reference

Moj et al.



concentration, and EXPRorgan denotes the transporter ex-
pression relative to the organ with the highest concentration
(56–58).

In our models, CYP3A4 is expressed in the liver and the
intestinal mucosa. The CYP3A4 reference concentration used
in the simulations was set to 3.47 μmol/L (59) in the liver.
OATP 1B3 is expressed in, e.g., the bone, liver, lung, muscle,
and intestine, with the highest OATP 1B3 expression (276

nmol/L (60)) in the intestinal mucosa according to published
expression databases (56,57). P-gp was expressed in, e.g., the
brain, kidney, liver, and intestine, with the highest expression
in the kidney (61) (101 nmol/L (62)). ATPase (subunit alpha
2), as digoxin binding partner, is implemented, e.g., in the
brain, heart, and muscle with the highest expression in the
brain (57,58), with a fitted reference concentration of
99.5 μmol/L.

Table I. Clinical Study Data of Clarithromycin, Midazolam, and Digoxin in Healthy Volunteers

Substrate Route of
administration

Dose
[mg]

Number Age range
(mean) [years]

Weight range
(mean) [kg]

Height range
(mean) [cm]

BMI range
(mean) [kg/m2]

Ref.

Clarithromycin iv (inf, 0.5 h, SD) 0.1 30 18–55 – – 18–30 (23)
iv (inf, 0.5 h, SD) 250 22 18–40 (29) 57.7–87.7 (71.5) 164–188 (175) – (24)
po (tab, SD) 100–1200 36 19–36 (25.3) 55.9–96.6 (71.4) 158–191 (175) – (13)
po (tab, MD) 250 17 18–40 (29) 57.7–87.7 (70.8) 164–188 (174.9) – (25)
po (tab, MD) 250 12 21–39 (28) 68–98 (80) – 22–28 (24) (26)b

po (tab, MD) 250, 500 12 24–38 (26.5) 65–88 (79.5) 168–197 (182) – (27)
po (tab, MD) 500 17 20–39 (31) 63.9–86.8 (72.2) 160–183 (174.1) – (25)
po (sol, MD) 500 12 19–41 (28) 45.1–86.1 (66.5) 150–186 (168.4) – (28)

Midazolam iv (inf, 0.5 h, SD) 0.05/kg 16 (34) (78) – – (29)
iv (bolus, SD) 0.13/kg 5 28–49 70–80 – – (30)
iv (bolus, SD) 1.0 12 18–50 – – 18–30 (31)
iv (bolus, SD) 1.0 19 (22.9) (68.1) (174) – (32)
iv (bolus, SD) 5.0 6 21–22 66.3–77.0 – – (33)
iv (bolus, SD) 5.0 12 20–45 (29)a – – 20–26 (23)a (34)
iv (bolus, SD) 11.42 6 22–27 55–77 – – (35)
po (sol, SD) 2.0 12 18–50 – – 18–30 (31)
po (sol, SD) 3.0 11 (31.2) – – (23) (36)
po (tab, SD) 4.0 16 (34) (78) – – (29)
po (sol, SD) 5.0 24 – – – – (37)
po (tab, SD) 7.5, 15, 30 12 24–52 54.9–92.5 – – (38)
po (tab, SD) 10.0 6 21–22 66.3–77.0 – – (33)
po (tab, SD) 15.0 12 24–53 54–93 – – (39)
po (tab, SD) 10.0, 20.0 6 22–27 55–77 – – (35)

Digoxin iv (inf, 0.08 h, SD) 0.01/kg 12 21–39 (28) 68–98 (80) – 22–28 (24) (26)
iv (bolus, SD) 1.0 12 – – – – (40)
iv (bolus, SD) 0.5 6 – 66–96 – – (41)
iv (bolus, SD) 0.015/kg 6 22–29 (24) – – – (42)
iv (inf, 0.08 h, SD) 0.5 12 (28) (74) – (23) (43)
iv (inf, 0.5 h, SD) 1.0 8 (29) (84) – – (44)
iv (inf, 1 h, SD) 0.5 9 (27.9) (66.6) (169.7) – (45)
iv (inf, 1 h, SD) 0.75 8 – – – – (20)
iv (inf, 1 h, SD) 0.5, 1.0, 1.5 9 23–37 (31.3) 69–90 (77.7) – – (46)
iv (inf, 1, 3 h, SD) 0.5 6 – 66–96 – – (41)
po (tab, SD) 0.5 12 22–35 (26) – – 19–28 (22) (47)
po (tab, SD) 0.25 18 (30) (77.5) – – (48)
po (na, SD) 0.25 16 20–43 (39)a (72.5)a (174)a (24)a (49)
po (tab, SD) 0.75 12 21–39 (28) 68–98 (80) – 22–28 (24) (26)
po (tab, SD) 1.0 8 (29) (84) – – (44)
po (tab, SD) 1.0 10 19–27 (24)a 61–92 (73)a – – (50)
po (sol, SD) 0.5 6 – 66–96 – – (41)
po (tab, MD) 0.5, 0.25c 8 (32.4) (74.8) (178.5) – (51)
po (na, MD) 0.125 12 18–55 (37.8) 70–95 (87.8) (179) 23–30 (27) (52)
po (tab, MD) 0.25 20 23–49 (74.8) (171) (25) (53)
po (na, MD) 0.25 22 18–45 (50) – – (54)

inf infusion, iv intravenous, MD multiple doses, na information not available, po per oral, SD single dose, sol solution, tab tablet,
aMedian given
b Individual concentration-time profiles are unpublished in-house data
c 0.5 mg bid for 3 days followed by 0.25 mg bid for 2 weeks

PBPK DDI Modeling of Clarithromycin, Midazolam, and Digoxin



MBI of CYP3A4 Metabolism

The metabolic clearance (CLmet) of clarithromycin and
midazolam via CYP3A4 was incorporated using Eq. 2,

CLmet ¼ Vmax � Ct= KM;CYP3A4 þ Ct
� �

with Vmax ¼ kcat;CYP3A4 � Et

ð2Þ

where C t denotes the unbound concentration of
clarithromycin or midazolam in the respective intracellular
organ compartment and KM,CYP3A4 denotes the Michaelis-
Menten constant of CYP3A4 for the respective substrate. The
parameter kcat,CYP3A4 is the turnover number and Et is the
amount of CYP3A4 at time point t available for metabolizing
processes.

The MBI of CYP3A4 by clarithromycin was imple-
mented and the organ-specific de novo synthesis rates were
described by Eq. 3,

R0 ¼ E0 � kdeg ð3Þ

where R0 is the de novo protein synthesis rate of
CYP3A4, E0 is the enzyme amount at baseline at time
point 0, and kdeg denotes the 1st-order degradation rate
constant of CYP3A4.

The rate of change of CYP3A4 amount due to the
inactivation via clarithromycin in the intracellular compart-
ments was described by Eq. 4,

dEt= dt ¼ R0� kdeg � Et� kinact � CLRt= KI þ CLRtð Þð Þ � Et

ð4Þ

where the maximum rate of enzyme inactivation (kinact)
and the concentration required for half-maximal enzyme
inactivation (KI) of clarithromycin are used to describe
the enzyme inactivation due to the intracellular, unbound
clarithromycin concentration at time point t (CLRt). Value
selection for kinact and KI (Table II) was based on the
descriptive performance of the auto-inhibition in multiple-
dose studies of clarithromycin.

Competitive Inhibition of P-gp Transport

The P-gp efflux transport of digoxin (Jefflux) was de-
scribed by Eq. 5,

Jefflux ¼ Jmax � DIGt= KM;Pgp þ DIGt
� �

with Jmax ¼ kcat;Pgp � Pt

ð5Þ

where DIGt denotes the unbound concentration of digoxin in
the respective intracellular organ compartment and KM,Pgp

denotes the Michaelis-Menten constant of P-gp for digoxin.
The parameter kcat,Pgp is the turnover number and Pt is the
amount of P-gp at time point t available for transporting
processes.

The competitive inhibition of P-gp-mediated digoxin
transport by clarithromycin was implemented using Eq. 6,

KM;Pgp;app ¼ KM;Pgp � 1 þ I = Kið Þ ð6Þ

where KM,Pgp denotes the digoxin Michaelis-Menten constant
in the absence of clarithromycin, I is the unbound
clarithromycin concentration, and Ki denotes the dissociation
constant of the clarithromycin–transporter complex. Using
the assumptions of Cheng and Prusoff (88), a P-gp Ki value
for clarithromycin of 3.78 μmol/L was used in the simulations,
based on a published IC50 of 4.1 μmol/L (15).

Drug–Drug Interaction

The AUCratio (AUCinhibition/AUCnormal) between the
victim drug AUC with clarithromycin co-treatment
(AUCinhibition) and without clarithromycin co-treatment
(AUCnormal) was determined. The AUCratio derived from
the DDI model prediction was compared to AUCratio

literature values observed in clinical DDI studies. A ratio of
0.5≤AUCratio,predicted/AUCratio,observed≤ 2 was used as the
acceptance criterion for a successful DDI prediction.

Virtual population characteristics

Interstudy variabilities of the investigated DDIs were
assessed using 10 virtual populations with the same number of
study individuals as described in the respective study. In
virtual populations, CYP3A4 was log-normally distributed
with a geometric mean reference concentration of 3.47 μmol/
L and a geometric standard deviation (GSD) of 1.6, based on
a coefficient of variation of 53% (89). The standard CYP3A4
half-life in liver and intestinal mucosa was set to 36 and 23 h,
respectively (90). In virtual populations, the CYP3A4 half-life
was uniformly distributed within 10–140 h in the liver and 12–
33 h in the intestine (91). P-gp was normally distributed with a
mean reference concentration of 101 nmol/L and a standard
deviation (SD) of 40% of the mean (92).

Dosing Recommendations of Midazolam and Digoxin for
Clinical Practice

Dosing recommendations for midazolam and digoxin
under bid (twice a day) clarithromycin co-treatment were
determined as percentage of the midazolam and digoxin dose
without co-medication. In the scenario of clarithromycin co-
administration, doses of midazolam and digoxin were reduced
until the AUCinhibition equaled the AUCnormal. For the DDI
studies, mean individuals were created (mean of the study
age, weight, height, and BMI) to calculate the adapted doses
during clarithromycin administration of 25, 50, 100, 200, 300,
400, 500, 600, 700, 800, 900, and 1000 mg bid. For the
clinically most relevant clarithromycin doses of 250 and
500 mg, virtual population simulations were performed using
the adapted doses of midazolam and digoxin.
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Parameter Sensitivity Analysis

Parameter sensitivity analyses have been performed to
assess the impact of critical model parameters on the
predicted AUCratios for the co-treatment regimens showing
the highest observed AUCratios. Co-treatment regimens were
(i) 500 mg oral clarithromycin at steady state (bid) with a
single oral dose of 4 mg midazolam and (ii) 250 mg oral
clarithromycin at steady state (bid) with a single oral dose of
0.75 mg digoxin. Assessed parameters were: clarithromycin
blood cell permeabilities (one permeability for each direc-
tion), CYP3A4 KI, CYP3A4 kinact, midazolam CYP3A4 kcat,
CYP3A4 half-lives in the liver and intestine, digoxin P-gp kcat,
digoxin P-gp Ki, and digoxin ATPase koff. All parameters
were varied individually over a wide range of values (via
multiplication by factors between 0.1 and 10.0) and the
change in AUCratio was documented. If a 10% change of a
single parameter leads to a >1% change in AUCratio, the
model is considered sensitive to this parameter.

RESULTS

PBPK models of clarithromycin, midazolam, and digoxin
have been successfully developed using the given parameters
in Table II. Best simulation results for all compounds were
obtained using tissue-to-plasma partition coefficients calcu-
lated by the method of Rodgers and Rowland (93,94).

For clarithromycin, it was not possible to adequately
describe the concentration-time profile after intravenous
administration using standard input parameters (e.g., logP)

and calculation methods (e.g., partition coefficients). Simu-
lated concentration-time profiles over-predicted Cmax and
under-predicted the observed data for time > Tmax. Accord-
ing to literature, clarithromycin accumulates in mononuclear
(MN) and polymorphonuclear (PMN) leukocytes, probably
via active transport (95). This process was implemented, and
it improved the model significantly. Due to limited knowledge
on this transport (unknown transporter, unknown Vmax, and
KM value), an adjustment of the clarithromycin permeability
between plasma and RBC compartments was applied. The
clarithromycin permeability optimization (Pplasma→RBC,
PRBC→plasma) led to an asymmetric permeability ratio
Pplasma→RBC/PRBC→plasma of 13, indicating that clarithromycin
can more easily enter than exit the RBC compartments.
Using the optimized permeability values, the clarithromycin
model successfully described the training dataset’s
concentration-time profiles after different doses of intrave-
nous (supplementary Fig. 1) and oral clarithromycin applica-
tion (Fig. 1). The prediction of the evaluation dataset’s
individual concentration-time profiles was successful for
multiple dosing with 250 and 500 mg clarithromycin (Fig. 2)
and reasonably well for single rising doses of 100–1200 mg
(supplementary Fig. 2). The MBI of CYP3A4 by
clarithromycin was successfully implemented. The reported
loss of CYP3A4 activity in the liver and intestine (96) during
treatment with 500 mg clarithromycin could be accurately
simulated (supplementary Fig. 3). Our model predicts a
duodenal intracellular mucosa clarithromycin concentration,
after oral treatment, which is about 20 times higher than the
concentration reached in the intracellular liver compartment

Fig. 1. Predicted concentration-time profiles of clarithromycin after multiple doses of
clarithromycin (a, b: ref. (25), c, d: ref. (27)) in comparison with the observed mean data
(±standard deviation (SD)). Solid line, predicted mean; dashed-dotted line, predicted median; gray
shaded area, predicted SD; dashed line, predicted minimum/maximum; gray circles observed mean
data (±SD)
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(Cmax,intestine, 621 mg/L; Cmax,liver, 31 mg/L). The maximum
loss of intestinal CYP3A4 activity was about 80% whereas
the hepatic loss was about 55% during simulated treatment
with 500 mg clarithromycin bid.

The developed midazolam model appropriately de-
scribed the training dataset (supplementary Figs. 4 and 5)
and predicted the evaluation dataset’s concentration-time
profiles (Fig. 3, supplementary Figs. 4 and 5), of both,
intravenously and orally administered midazolam.

The digoxin model also adequately described the
training dataset (supplementary Figs. 6–8) and predicted
the evaluation dataset’s concentration-time profiles (Fig. 4,
supplementary Figs. 6–8) for intravenous and oral
administration.

The clarithromycin–midazolam model accurately pre-
dicted the clinically observed DDI after oral clarithromycin
pretreatment and intravenously or orally administered mid-
azolam (Fig. 5). Hence, the MBI parameter values (kinact, KI)
of the clarithromycin model could be successfully used to
predict the clarithromycin–midazolam DDI without further
adjustments to these parameters. The clarithromycin–digoxin
model adequately predicted the clinically observed DDI after

oral clarithromycin pretreatment and intravenously or orally
administered digoxin (supplementary Fig. 9, Fig. 6). The
predicted mean AUCratios of the clarithromycin–midazolam
DDI, intravenous and oral, were comparable to the observed
mean AUCratios. Dividing predicted by observed AUCratios

gives ratios of 0.8 (minimum) to 1.0 (maximum) (Table III).
The predicted mean AUCratios of the intravenous
clarithromycin–digoxin DDI were also comparable to the
observed mean AUCratios. Dividing predicted by observed
AUCratios of the intravenous clarithromycin–digoxin DDI
gives values of 0.9 (minimum) to 1.0 (maximum). The
predicted mean AUCratios of the oral clarithromycin–digoxin
DDI were over-predicted by a factor of 2.0. The predicted
SDs of all AUCratios (midazolam and digoxin DDI) were
close to the observed SDs except for the SD of the
clarithromycin–digoxin DDI after intravenous application,
which was under-predicted (SDpred = 0.01 vs. SDobs = 2.22).

To assess the impact of the parameters used to model the
DDI processes, a sensitivity analysis was conducted which
showed that 10% changes in CYP3A4 kinact, CYP3A4 KI,
liver CYP3A4 half-life, digoxin P-gp kcat, and midazolam
CYP3A4 kcat (5 out of 10 tested parameters) lead to 13, 11,

Fig. 2. Predicted concentration-time profiles of clarithromycin after multiple doses of
clarithromycin (a: ref. (26), b: ref. (28)) in comparison with the observed individual data. Solid
line, predicted mean; dashed-dotted line, predicted median; gray shaded area, predicted 5th–95th
percentile; dashed line, predicted minimum/maximum; gray circles, observed individual data

Fig. 3. Predicted concentration-time profiles of midazolam after intravenous and oral doses of
midazolam (a: ref. (31), b: ref. (37)) in comparison with the observed individual data. Solid line,
predicted mean; dashed-dotted line, predicted median; gray shaded area, predicted 5th–95th
percentile; dashed line, predicted minimum/maximum; gray circles, observed individual data
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11, 9, and 5% changes in AUCratios, respectively (supplemen-
tary Fig. 10). The other half of the assessed parameters had
no crucial impact on the predicted AUCratios.

Dosing recommendations for midazolam and digoxin
under clarithromycin co-medication were calculated using
mean study individuals. An overview of the recommended
oral midazolam and digoxin doses with the corresponding
oral clarithromycin doses from 25 to 1000 mg bid at steady
state is presented in Fig. 7. At clarithromycin steady state
with orally administered 500 mg bid, the intravenous midazo-
lam dose had to be reduced by 62% to achieve a similar
midazolam exposure as without co-treatment. At
clarithromycin steady state with orally administered 250 or
500 mg bid, the oral midazolam doses had to be reduced by
74 and 88%, respectively. During clarithromycin treatment
with orally administered 250 or 500 mg bid, the oral digoxin
doses had to be reduced by 21 or 22%, to prevent elevated
digoxin concentrations.

The identified adjusted midazolam and digoxin doses for
co-medication with the clinically most relevant clarithromycin
doses of 250 and 500 mg bid were applied in virtual
populations (supplementary Table 1). In both DDI scenarios,
the number of virtual individuals who experience a relevant
increase in the AUC of the victim drug is significantly
reduced when applying the adjusted doses. In other words,
DDIs take place in all virtual individuals, but the AUCs of
the victim drugs stay approximately the same. In the
clarithromycin–midazolam DDI, the decline in the number
of experienced DDIs is much higher than in the
clarithromycin–digoxin DDI using the calculated dose
adaptation.

DISCUSSION

For the first time, a whole-body PBPK model of
clarithromycin has been developed. The model was able to
predict a metabolic and a transporter DDI with the victim
drugs midazolam and digoxin.

Apart from our presented whole-body PBPK model, two
semi-physiological models of clarithromycin and a commen-
tary on a clarithromycin PBPK model have been published to

date (9,85,97). For the semi-physiological models, empirically
accentuated approaches were used, focusing exclusively on
the prediction of the impact of clarithromycin on CYP3A4,
which was reasonably well predicted. However, the MBIs
used in these publications were either available in the liver
only or not active at clarithromycin doses ≤100 mg. Further-
more, these models are not developed for prediction of
intravenous application of clarithromycin. In the case of the
commentary, no model development was presented, the
model structure remains unclear (full or minimal PBPK),
and the parameterization was not published.

Our clarithromycin model overcomes these limitations
and was built in a more comprehensive and mechanistic
approach. The MBI is available in all tissues with CYP3A4
expression and active at all clarithromycin doses after
intravenous and oral application. Furthermore, the DDI is
not only limited to the level of CYP3A4 but also describes
clarithromycin DDIs via P-gp. All three PBPK models
(clarithromycin, midazolam, and digoxin) were developed
and evaluated independently of each other. Hence, the
prediction of the DDIs of clarithromycin with midazolam
and digoxin were done without any adaptation of the
parameters used in the implemented processes mediating
the DDIs. The presented mechanistic models can easily be (i)
coupled to other victim or perpetrator models or (ii)
expanded by addition of further DDI processes (e.g., OATP
inhibition). This comprehensive whole-body PBPK approach
was used in the conviction that mechanistic models are better
suited for the scaling to special populations like geriatric,
pediatric, or diseased populations.

The MBI of CYP3A4 is crucial to understand the
non-linear pharmacokinetics of clarithromycin (12). Our
model adequately predicts the observed loss of duodenal
and hepatic CYP3A4 activity due to the MBI (96).
Although CYP3A activity encompasses CYP3A4 and
CYP3A5, whose substrate specificities cannot be distin-
guished (6), we neglected CYP3A5 in our clarithromycin
and midazolam models, since it was reported that
CYP3A5 plays a negligible role in the PK of both CYP3A
substrates (32,98,99).

The PK of clarithromycin further depends on the
distribution into MN and PMN in vivo. Since the standard

Fig. 4. Predicted concentration-time profiles of digoxin after intravenous and oral doses of digoxin
(a: ref. (40), b: ref. (51)) in comparison with the observed mean data (±standard deviation (SD)).
Solid line, predicted mean; dashed-dotted line, predicted median; gray shaded area, predicted SD;
dashed line, predicted minimum/maximum; gray circles, observed mean data (±SD)
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whole-body PK-Sim model does not offer MN or PMN cell
compartments, we used the RBC compartments (with ad-
justed permeability values) as surrogate compartments for
RBC + (MN + PMN) cells to adequately describe the PK of
clarithromycin. In a clinical study with 250 mg bid dosing, the

observed peak concentrations (Cmax) of clarithromycin in MN
and PMN cells were 29 and 17 μg/mL, respectively, leading to
a Cmax concentration ratio Cmax,MN+PMN/Cmax,plasma of 10 to
30 in healthy volunteers (27). The observed Cmax values
correspond to an amount of 17 mg of clarithromycin. The

Fig. 5. Left column: predicted concentration-time profiles of intravenous and oral doses of
midazolam (a, b: ref. (29), c: ref. (39), d: ref. (36)) with and without prior clarithromycin
regimens in comparison with observed mean data (±standard deviation (SD)). Solid line,
predicted midazolam mean without prior clarithromycin; dashed line, predicted midazolam
mean with prior clarithromycin; gray circles, observed mean midazolam without prior
clarithromycin; gray triangles, observed mean midazolam with prior clarithromycin. Right
column: predicted midazolam AUCratio (AUCinhibition/AUCnormal) in 10 virtual populations
of intravenous and oral doses of midazolam in comparison with observed mean data
(±SD). Horizontal lines, predicted midazolam AUCratio median; triangles, predicted
midazolam AUCratio mean; gray circles, predicted individual midazolam AUCratios; filled
circles, observed mean midazolam AUCratio (±SD). Clarithromycin was administered orally
(bid) with 250 mg (36,39) and 500 mg (29). WB whole blood
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predicted, additional amount of clarithromycin in the RBC
compartments, due to the optimized asymmetrical permeabil-
ity ratio of 13, was 36 mg, which is reasonably close.

In the final digoxin model, digoxin is binding to the
ATP1A2 ATPase. The ATPase concentration was fitted to a
reference concentration in the brain of 99.5 μmol/L. ATPase

measurements of [3H]-ouabain binding, enzyme activity and
maximum transport capacity suggest that the concentration of
Na+-K+ pumps (ATPase) inmammalian skeletal muscle is about
300–800 pmol/g wet tissue (100), which translates to 0.4–
1.1 μmol/L, assuming a tissue density of 1 g/mL and an
expression level of 0.7 inmuscle. The reason for this discrepancy

Fig. 6. Left column: predicted concentration-time profiles of digoxin after single oral doses of
digoxin (a: ref. (48), b: ref. (26)) with and without prior clarithromycin regimens in comparison with
observed mean data (±standard deviation (SD)). Solid line, predicted digoxin mean without prior
clarithromycin; dashed line, predicted digoxin mean with prior clarithromycin; gray circles, observed
mean digoxin without prior clarithromycin; gray triangles, observed mean digoxin with prior
clarithromycin. Right column: predicted digoxin AUCratio (AUCinhibition/AUCnormal) in 10 virtual
populations of oral digoxin in comparison with observed mean data (±SD). Horizontal lines,
predicted digoxin AUCratio median; triangles, predicted digoxin AUCratio mean; gray circles,
predicted individual digoxin AUCratios; filled circles, observed mean digoxin AUCratio (±SD).
Clarithromycin was administered orally (bid) with 250 mg (26) and 500 mg (48)

Table III. Comparison Predicted vs. Observed AUC Ratio

Application and dose
[mg] of clarithromycin

Application and dose
[mg] of victim drug

Number Females
[%]

Predicted mean
AUCratio

a ± STD
Observed mean
AUCratio ± STD

AUCratio,predicted/
AUCratio,observed

Ref.

Midazolam
po (tab, MD), 500 iv (inf, 30 min), 0.05/kg 16 50 2.2 ± 1.2 2.8 ± 1.6 0.8 (29)
po (tab, MD), 250 po (sol, SD), 3.0 11 10 5.8 ± 3.7 5.6 ± 2.0 1.0 (36)b

po (tab, MD), 500 po (tab, SD), 4.0 16 50 5.9 ± 4.6 7.0 ± 4.2 0.8 (29)
po (tab, MD), 250 po (tab, SD), 15.0 12 66 3.2 ± 1.5 3.6 ± 1.7 0.9 (39)

Digoxin
po (tab, MD), 400 iv (inf, 60 min), 0.5 9 0 1.01 ± 0.01 0.98 ± 2.22 1.0 (45)
po (tab, MD), 250 iv (inf, 4 min), 0.01/kg 12 0 1.02 1.2 0.9 (26)
po (tab, MD), 500 po (tab, SD), 0.25 18 50 2.91 ± 2.74 1.47 ± 2.50 2.0 (48)
po (tab, MD), 250 po (tab, SD), 0.75 12 0 3.37 ± 2.86 1.7 ± 3.05 2.0 (26)

inf infusion, iv intravenous, MD multiple doses, po per os, SD single dose, sol solution, STD standard deviation, tab tablet
aAUCratio = AUCinhibition/AUCnormal
b Individual concentration-time profiles are unpublished in-house data
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is unknown and probably reflects further mechanisms of digoxin
distribution that we have not understood so far.

The performance of the clarithromycin–midazolam
model is very good over the full range of administered doses
and administration protocols including the predicted mean
AUCratios and corresponding standard deviations. Conse-
quently, this model can help to replace ketoconazole by
guiding clinical DDI study designs with clarithromycin as a
strong mechanism-based inhibitor of CYP3A4. Although a
secondary objective, the clarithromycin–digoxin model shows
very good performance. Nevertheless, the predicted mean
AUCratio of oral digoxin (0.25, 0.75 mg) with and without
clarithromycin pretreatment is over-predicted by a factor of 2.
Interestingly, the predicted median AUCratio is close to the
observed mean. Virtual population simulations revealed a
wide range of individual AUCratios between 1 and 10 (Fig. 6).
There is no over-prediction using a single mean study
individual, instead of a population, to predict the AUCratio

for, e.g., 0.25 mg digoxin (predicted, 1.33; observed, 1.47).
The reason for the over-prediction lies in the combination of
intestinal permeability of digoxin together with the mucosal
P-gp activities along the intestinal tract within the virtual
populations. This combination leads to a high sensitivity to P-
gp transport for some individuals which in turn leads to the
skewed distribution of concentration-time profiles (predicted
median AUCratio < predicted mean AUCratio). Further,
knowledge on tissue-specific P-gp expression and its variabil-
ity would greatly improve the DDI population predictions.
This may also include genetic information because P-gp
polymorphisms have been related to differences in digoxin
distribution (101) and also to important clinical endpoints in
digoxin users (102). It could also be speculated that unbound
tissue concentrations of clarithromycin and/or digoxin are not
adequately predicted.

Our dose adaptation analysis identified that the
recommended digoxin dose is constant at ∼80% across
the investigated dose range, whereas the dose of midazo-
lam is declining from 60 to 10% for clarithromycin doses of
25 to 500 mg bid, respectively. For higher clarithromycin
doses (>500 mg), no further reduction of the midazolam
dose seems to be required. For oral digoxin, the

competitive DDI with clarithromycin occurs predominantly
in the mucosa where clarithromycin reaches local concen-
trations high enough to significantly inhibit the P-gp
transport of digoxin even at clarithromycin doses of
25 mg. In contrast, 500 mg clarithromycin at steady state
are necessary to reach the maximum MBI for CYP3A4.
For clinical practice, this could imply that a single dose
adaptation is sufficient for digoxin but a number of
midazolam dose adaptations might be needed, depending
on the given clarithromycin dose. There are several
approved oral formulations and strengths available for
midazolam and digoxin in the USA. According to the
FDA BOrange Book,^ midazolam is approved and available
as an oral syrup (2 mg base/mL) and digoxin is available as
oral solution (0.05 mg/mL) and tablet (0.125 and 0.25 mg).
The accurate administration of the adapted doses of
midazolam and digoxin is feasible with the oral solution
formulations. Training in appropriate dosing of the oral
solutions might be needed for the patients.

Since DDIs are a major reason for adverse events during
commonplace pharmacotherapy, the FDA labels would
benefit from dosing guidance to prevent avoidable DDIs with
clarithromycin, midazolam, and digoxin. To assess the impact
of dose adaptations on DDIs in a population, simulations
could help to close this gap in the respective labels. The
virtual population simulations with the adapted victim drug
doses in supplementary Table 1 show that a dose adaptation
is especially helpful and necessary during the MBI
(clarithromycin–midazolam). Although the adapted doses
prevent digoxin overdosing during the competitive inhibition
(clarithromycin–digoxin) in a significant number of individ-
uals, the reduction of individuals experiencing strong and
moderate AUC changes is improvable. However, as a drug
with a narrow therapeutic index, digoxin is a typical candidate
drug for therapeutic drug monitoring which implies that the
individualization of the digoxin dose during clarithromycin
co-treatment in this study especially revolves around the
determination of the digoxin starting dose. A clinical study
should be considered to evaluate and add more confidence to
these model predictions established in a virtual population.

Fig. 7. Left: predicted concentration-time profiles of midazolam after single oral doses of
midazolam (MDZ) with and without oral clarithromycin (CLR) pretreatment. Solid line, 100%
midazolam dose without clarithromycin; dashed line, 100% midazolam dose with clarithromycin;
dashed-dotted line, adapted 26% midazolam dose with clarithromycin. Right: victim drug dose
recommendations in percent depending on the co-administered clarithromycin dose at
clarithromycin steady state (bid). Solid line, adapted digoxin dose; dashed-dotted line, adapted
midazolam dose
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Comprehensive and mechanistic whole-body PBPK
models are complex and require the input of many parame-
ters. For some of these parameters, no values are available
from the literature or the reported values differ strongly. The
parameter sensitivity analysis shows that the predicted DDI
AUCratios are sensitive to 5 out of 10 assessed parameters.
Among these 5 parameters, especially CYP3A4 liver half-life
but also CYP3A4 KI and CYP3A4 kinact cannot be reliably
derived from the literature. The liver half-life of CYP3A4 is
reported with values from 10 to 140 h. We found that a half-
life of 36 h was optimal to describe the effects of the MBI by
clarithromycin. The same value has been reported as most
appropriate in a dedicated modeling study by Rowland Yeo
et al. using several CYP3A4 mechanism-dependent inhibitors
and victim drugs (103). For CYP3A4 KI and kinact, the values
used in the simulations were the only ones to result in an
accurate description of the clinical clarithromycin data.
Additional impactful parameters were the midazolam
CYP3A4 kcat and the digoxin P-gp kcat. Both values have
been optimized very carefully using a multitude of clinical
studies spanning large dosing ranges of intravenous and oral
application. In addition, the digoxin model has been devel-
oped including data on the fraction of digoxin excreted in
urine, to increase our confidence in the optimized P-gp kcat
value. However, this sensitivity analysis demonstrates that the
MBI of clarithromycin with CYP3A4 is strongly influenced by
3 different parameters (CYP3A4 liver half-life, CYP3A4 KI,
and CYP3A4 kinact). We will continue to evaluate our DDI
model by expanding it to the interactions with other victim
drugs and the scientific community will probably carry on to
investigate these parameters until a good validation is
reached. On the in vivo side, these results suggest that
interindividual differences in CYP3A4 and P-gp activity,
CYP3A4 turnover in the liver and clarithromycin concentra-
tions available to cause the MBI of CYP3A4 will lead to large
interindividual differences in the observed AUCratios during
this DDI. If this is true, DDI modeling should strive to
account for these variabilities for accurate dose recommen-
dations and study design.

In summary, our work shows that the sub-
compartmentalization of blood into plasma and red blood
cell compartments is not sufficient to account for important
distribution processes found in vivo for clarithromycin. This
might also hold true for other eligible compounds. As models
will become more mechanistic in the future and the spatial
and temporal resolution will be continuously improved, a
more detailed compartmentalization of the blood will be part
of a general trend for more accurate descriptions of organs
important for absorption, disposition, action, and toxicity
(gut, liver, kidney, brain, etc.).

Further direction for future work is the measurement
and the interplay of many important parameters needed
as inputs for model building which are not (publicly)
available yet, starting with physicochemical parameters,
activity levels of drug metabolizing enzymes and trans-
porters throughout the body and other parameters to
inform ADME and DDI processes. Also, the characteri-
zation of the interindividual variability of these parame-
ters would greatly help to understand individual
differences in observed plasma concentrations and could
be considered during model building.

CONCLUSION

In this paper, we present the first published whole-body
PBPK model of clarithromycin. Our clarithromycin model
was linked to PBPK models of the paradigm victim drugs
midazolam and digoxin and was capable to predict the
resulting DDIs. With the presented model, we provide a
valuable, publicly available tool for drug development and
clinical practice. The presented models can help researchers
understand and characterize the DDI potential of new
molecular entities and inform the design of DDI studies with
potential CYP3A4 and P-gp substrates.
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