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ABSTRACT: Digoxin is the recommended substrate for assessment of P-glycoprotein (P-gp)-
mediated drug–drug interactions (DDIs) in vivo. The overall aim of our study was to investigate
the inhibitory potential of both verapamil and norverapamil on the P-gp-mediated efflux of
digoxin in both gut and liver. Therefore, a physiologically-based pharmacokinetic (PBPK) model
for verapamil and its primary metabolite was developed and validated through the recovery of
observed clinical plasma concentration data for both moieties and the reported interaction with
midazolam, albeit a cytochrome P450 3A4-mediated DDI. The validated inhibitor model was
then used in conjunction with the model developed previously for digoxin. The range of values
obtained for the 10 trials indicated that increases in area under the plasma concentration-time
curve (AUC) profiles and maximum plasma concentration observed (Cmax) values of digoxin
following administration of verapamil were more comparable with in vivo observations, when
P-gp inhibition by the metabolite, norverapamil, was considered as well. The predicted decrease
in AUC and Cmax values of digoxin following administration of rifampicin because of P-gp
induction was 1.57- (range: 1.42–1.77) and 1.62-fold (range: 1.53–1.70), which were reasonably
consistent with observed values of 1.4- and 2.2-fold, respectively. This study demonstrates
the application of permeability-limited models of absorption and distribution within a PBPK
framework together with relevant in vitro data on transporters to assess the clinical impact of
modulated P-gp-mediated efflux by drugs in development. © 2013 Wiley Periodicals, Inc. and
the American Pharmacists Association J Pharm Sci 102:3161–3173, 2013
Keywords: transporter-mediated drug–drug interactions; P-glycoprotein; ABCB1; MDR1;
simulation; digoxin; pharmacokinetics; transporter

INTRODUCTION

P-glycoprotein (P-gp) has a broad substrate speci-
ficity, similar to that observed for cytochrome P450
3A4 (CYP3A4), and is therefore, susceptible to a
range of drug–drug interactions (DDIs) with a vari-
ety of substrates and inhibitors.1 However, few DDIs,
that are clinically relevant, can be attributed solely
to the inhibition of P-gp-mediated efflux. This is
mainly because of the large overlap in structure-
activity that has been reported for CYP3A4 and
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P-gp, that is, many of the known P-gp substrates
are also metabolised by CYP3A4 (e.g. quinidine, ver-
apamil and cyclosporine).2,3 Similarly, there is often
significant overlap in the inhibition potential of P-gp
and CYP3A4 by some drugs (e.g. cyclosporine, ver-
apamil). Therefore, it may not always be possible to
elucidate the primary mechanism of interaction when
both CYP3A4 and P-gp are involved.

Digoxin has been identified as a substrate of P-gp
and is mainly excreted unchanged via the kidneys.4,5

Decreases in renal and extra-renal clearance of
digoxin have been proposed as mechanisms for the
observed increases in serum digoxin concentrations
in patients following co-administration of the calcium
antagonist verapamil,6–11 a P-gp inhibitor. In most of
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the reports citing these results, the P-gp inhibitory ef-
fect of the main metabolite norverapamil,12 which is
present at high concentrations in the plasma follow-
ing oral administration of verapamil,13 was ignored.
However, in vitro studies indicate that the metabo-
lite is also a potent inhibitor of P-gp.12 Although the
increases in the area under the plasma concentration-
time curve (AUC) of digoxin are relatively small
(approximately 35%), they have been associated with
serious adverse reactions because of the narrow ther-
apeutic window of digoxin.14,15

Current draft guidance issued by the US Food and
Drug Administration (FDA),16 provides recommenda-
tions based on in vitro data for the assessment of P-
gp-mediated DDIs and the drug interaction potential
for P-gp substrates and inhibitors.17,18 For inhibitors,
a clinical DDI study with digoxin is recommended if
the maximum systemic inhibitor concentration [I1] at
steady state relative to inhibitory potency (Ki; or con-
centration of inhibitor to inhibit 50% of the P-gp activ-
ity; IC50) ratio is > 0.1. The use of the gut concentra-
tion of the inhibitor [I2] (dose/250 mL) has been pro-
posed as an alternative, to predict drug interactions
that occur during the absorption phase, but using [I2]/
IC50 > 10 as the cut-off. Fenner et al.1 reported that
the former approach was associated with a high per-
centage of false-negatives (41% based on maximum
plasma concentration observed (Cmax)) whereas the
latter generated a lower number of false-negatives
but a much higher proportion of false positives (50%
vs. 13%). Comparable results were obtained in the
“P-gp IC50 working initiative,” where 23 industrial
laboratories compared their in-house cut-offs as well
as overall cut-offs generated in four different in vitro
systems and for 16 compounds.19,20 Thus, for assess-
ment of the P-gp-mediated DDI potential of drugs in
development, a more robust quantitative approach is
required.

The application of a physiologically-based pharma-
cokinetic model (PBPK) to predict in vivo DDIs in-
volving hepatic transporters from in vitro data has
been described with respect to the co-administration
of repaglinide and cyclosporine.21–23 Similarly, we
have also previously described (Neuhoff et al., Part
I)24 an application of a mechanistic PBPK model for
digoxin incorporating the permeability-limited liver
(PerL) and the advanced dissolution, absorption and
metabolism (ADAM) modules that accounts for re-
gional differences in permeability and P-gp-mediated
efflux along the intestine.25 In the current study, we
apply the model developed previously to investigate
inhibition and induction of the P-gp-mediated efflux of
digoxin in both gut and liver, using interactions with
verapamil and its primary metabolite norverapamil
and rifampicin as examples.

METHODS

The workflow describing the model building and val-
idation processes that was applied for the digoxin
PBPK model was reported previously in the compan-
ion report (Neuhoff et al., Part I).24 A description of
the sub-models and the sources of information for
digoxin were also provided.

Inhibition of P-gp-Mediated Efflux

The developed model in Neuhoff et al., (Part I)24

forms the basis to assess the impact of the inhibitor,
verapamil, on the PK of digoxin. Assuming that a
Michaelis–Menten equation adequately describes cel-
lular uptake or efflux of drug then Jmax (maximum
flux in pmol/min/million hepatocytes or pmol/min/cm2

of apical intestinal surface area) and Km (Michaelis—
Menten constant in :M) are required to determine
CLint,T (transport clearance in :L/min/million hepa-
tocytes or :L/min/cm2) as follows:

CLint,T = Jmax

Km + Cu
(1)

where Cu is the unbound concentration at the trans-
porter binding site. A model accounting for competi-
tive inhibition was used to simulate the effects of vera-
pamil, its metabolite, norverapamil and/or rifampicin
on the hepatic and intestinal efflux of digoxin.

Within the ADAM model the concentration of sub-
strate (or inhibitor) at the binding site of P-gp is cur-
rently assumed to be the enterocyte concentration,
Cent, in the nth segment.24 Because it is assumed that
only the unbound concentration will have access to
the transporter binding site, the enterocyte concen-
tration is corrected for the free fraction in the gut
(fugut). For the minimal PBPK model, because the en-
terocyte concentration is not available, the unbound
portal vein concentration is used as a surrogate for
the inhibitor.

For the PerL model, the relevant concentrations of
both substrate and inhibitor for the canalicular efflux
model and hepatic enzyme metabolism are the un-
bound (unionised and ionised) concentrations in the
intracellular water of the liver (CuIW,Liver; Eq. 2).

CuIW,liver = fIW × CIW,Liver(
fIW + Pf NL + (0.3P + 0.7)f NP + KaAP(AP−)Liver"

1 +"

)

(2)

where " for a monoprotic base is: 10pKa−pHIW and for
other charge types can be defined similarly based
on the compound charge type using the Henderson–
Hasselbalch equations; fIW is the intracellular water
fraction; P is the n-octanol:water partition coefficient
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for all tissues except adipose, where it represents
the vegetable oil:water partition coefficient. It is as-
sumed that the drug can distribute into the tissue
constituents [neutral lipids (NL), neutral phospho-
lipids (NP) and acidic phospholipids (AP)]; fNL and
fNP are the liver composition fractions.26 NPs can be
represented by a mixture of 30% NL and 70% water.
KaAP is the association constant of strong bases (pKa
> 7.0) for APs [for weak bases (pKa < 7.0), acids and
neutral drugs KaAP is zero].

For rifampicin and norverapamil a minimal PBPK
model was used for which CuIW,Liver is not an avail-
able parameter and thus a surrogate is required.
Therefore, the unbound emerging concentration from
the liver is used as the effective concentration for
modelling the inhibition of hepatic canalicular efflux
transporters.

Iu = (fu/B:P) · Cliver

(Kp/B:P)
(3)

where fu is the fraction unbound in plasma; B:P the
blood-to-plasma partition coefficient, Kp is the liver-
to-plasma partition coefficient and Cliver the liver con-
centration. The latter is calculated according to the
following equation:

Cliver

dt
= 1

Vliver

{
QPV · CPV + QHA · Csys

−
[

fuB · CLuint,H(t)
(Kp/B:P)

+ QPV + QHA

]
· Cliver

}

(4)

where CPV, Csys and Cliver are the concentrations of
substrate in the portal vein, systemic circulation and
liver, respectively; Vliver is the liver volume; QPV and
QHA are the portal vein and hepatic artery blood flows
respectively; fuB is the unbound fraction in blood (de-
fined by the quotient of fu and B:P) and CLuint,H(t) is
the time-variant intrinsic metabolic clearance of the
drug in the liver.

The overall inhibitory effect can be modelled
using the same approach reported for metabolic
interactions27 (Eq. 5) where j represents the inhibitor
index of either the parent drug, its metabolites or
both:

CLint,T−inh = Jmax

Km

[
1 + ∑

j

(Iuj )
Kuj i

]
+ Cu

(5)

where CLint,T-inh is the transporter-mediated intrin-
sic clearance in the presence of an inhibitor, the “inh”
suffix refers to the inhibited value, Iu is the unbound
concentration at the binding site of a transporter and
Kui is the unbound concentration of inhibitor that

supports half maximal inhibition (corrected for non-
specific binding). In the case of multiple inhibitors, it
is assumed that all inhibitors are acting via the same
mechanism (or the overall effect is similar) on each
transporter.27

Kinetics of Perpetrator Drug

The disposition of verapamil was described by a
full PBPK model incorporating both gut and liver
permeability-limited models (ADAM and PerL). En-
zyme kinetics relating to the formation of the metabo-
lite norverapamil from verapamil via CYP2C8,
CYP3A4 and CYP3A5 were assessed.28,29 Time-
dependent inhibition (TDI) of metabolism was also
considered for verapamil. The disposition kinetics
of rifampicin was described by a lumped minimal
PBPK model. The model lumps all organs except the
liver—its structure and applications have been de-
scribed previously.30 Values of CYP3A4 enzyme turn
over (kdeg) used for the simulations were 0.019 and
0.030 h−1 in the liver and gut, respectively.31,32

Data Used for Rifampicin, Verapamil and Norverapamil
Simulations

In vitro and pharmacokinetic parameters for vera-
pamil, norverapamil and rifampicin are shown in
Tables 1–3, respectively. Where data from more than
one source were available for the same parameter,
weighted means were calculated based on the num-
ber of observations reported. In the absence of kinetic
transport data (Jmax, Km) for norverapamil a hepatic
uptake factor of 2, which is equivalent to the contribu-
tion of hepatic uptake to the clearance of verapamil,
was applied in the simulations.

P-gp Inhibition Data

P-glycoprotein inhibition data were collated from the
literature. Only data obtained using Caco-2 cells and
digoxin as the victim drug were selected, to avoid bias
from other in vitro systems (difference in passive per-
meation and other transporters). In addition to those
recently published by the “P-gp IC50 working group,”
55 independent values for Ki and/or IC50 for vera-
pamil were found in the literature; of these, eight were
measured in Caco-2 cell monolayers with digoxin as
the substrate. IC50 values ranged from 0.1 to 36.2 :M
for verapamil (Table 4). To investigate the worst-case
scenario, the lowest Ki value calculated from the IC50
data was used in all simulations.33 A single IC50-value
of 0.3 :M was found for norverapamil12 and an IC50-
value of 169 :M was reported for rifampicin.

P-gp Induction Data

Data relating to induction of intestinal P-gp by ri-
fampicin were used to investigate the effect of this in-
ducer on the systemic exposure to digoxin. To model
the concentration-dependent effect of rifampicin on
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Table 1. Final Input Data Used for Verapamil

Parameter Value Reference/Comment

Dose (mg) 80 t.i.d.
MW (g/mol) 454.60
fu–experimental 0.091 Meta-analysis47,48

B:P–experimental 0.705 Ref. 48
log P–experimental 3.81 Sangster database;49

Absorption
Absorption model ADAM
Compound type Monoprotic base
pKa–experimental 8.92 Simcyp library value
Caco-2 (apical pH 7.4/basolateral pH 7.4; 10−6 cm/s) 156.6 Refs. 50,51
Reference compound—propranolol 109 Ref. 52

Distribution
Distribution model Full PBPK
Vss (L/kg)–predicted 5.37 Predicted from Rodgers and Rowland method using a Kp

scalar of 2.78, see text
Vss (L/kg)–observed 5.37 Meta-analysis13,53–58

CLiv (L/h) 55.37 Meta-analysis13,53–55—used within the Retrograde model
CLR (L/h) 2.4 Ref. 59–used within the Retrograde model

Transporter data
Intestinal efflux
Jmax (pmol/min/cm2)–P-gp 18.4 Assigned based on efflux clearance and Km
Kmu (:M)–P-gp 4.1 Ref. 60
Intestinal P-gp REF for MDCK–MDR1 1.5 Ref. 61
CLintT (:L/min/cm2)—additional—MRP2 25 Fitted based on evidence in Ref. 51
Intestinal MRP2 REF (user input) 1
Hepatic efflux (P-gp)
Jmax (pmol/min/million hepatocytes) 18.4 Assigned based on efflux clearance and Km
Kmu (:M) 4.1 Ref. 60
Hepatic P-gp REF for MDCK–MDR1 1.125 Scaled according to Caco-2 scalar with Simcyp V12R2
% Reabsorbed 100 Assumed because of the high Peff,man measured50

Hepatic uptake (OCTN2 and additional)
CLintT (:L/min/million hepatocytes)–OCTN2 55 Ref. 62—assuming activity in 1 million hepatocytes equal

activity in 1 mg protein of the HEK293-OCTN2 cells
Hepatic OCTN2 REF for HEK293-OCTN2 1 Assumed
CLintT (:L/min/million hepatocytes)—additional 500 Assumed with a REF of 1. Note this could also be combined

with the OCTN2, by increasing that REF to (555/55 =)
10.1; however, evidence suggests a second hepatic uptake
transporter.

CLPD (mL/min/million hepatocytes) 0.297 Ref. 62—assuming activity in 1 million hepatocytes equal
activity in 1 mg protein of the HEK-OCTN2 cells

Metabolism data Assigned using the Retrograde model (input CLiv and CLR)
R/S-Norverapamil
CYP2C8–CLint (:L/min/pmol of isoform) 2.39 fm assigned based on Refs. 28,29
CYP3A4–CLint (:L/min/pmol of isoform) 0.34 fm assigned based on Refs. 28,29
CYP3A5–CLint (:L/min/pmol of isoform) 0.69 fm assigned based on Refs. 28,29
D-617
CYP2C8–CLint (:L/min/pmol of isoform) 1.70 fm assigned based on Refs. 28,29
CYP3A4–CLint (:L/min/pmol of isoform) 0.37 fm assigned based on Refs. 28,29
CYP3A5–CLint (:L/min/pmol of isoform) 0.45 fm assigned based on Refs. 28,29
D-702 and D-703
CYP2C8–CLint (:L/min/pmol of isoform) 2.27 fm assigned based on Refs. 28,29

Inhibition data
Ki–intestinal P-gp (:M) 0.1 Ref. 20
Ki–hepatic P-gp (:M) 0.1 Ref. 20
kinact (h−1)–CYP3A4 2 Ref. 31
fumic–CYP3A4 1 Ref. 31
Kapp (:M)–CYP3A4 2.21 Ref. 31
kinact (h−1)–CYP3A5 1.75 Ref. 31
fumic–CYP3A5 0.77 Ref. 31
Kapp (:M)–CYP3A5 5.4 Ref. 31

Absorption: Note that comparable Peff,man values to in vivo were predicted using Caco-2 (7.4/7.4; passive), MDCK II or PSA/HBD as input option.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 9, SEPTEMBER 2013 DOI 10.1002/jps



APPLICATION OF PERMEABILITY-LIMITED PBPK MODELS: PART II—PREDICTION OF P-GP MEDIATED DDIs 3165

Table 2. Final Input Data Used for Norverapamil

Parameter Value Reference/Comment

MW 440.60
fu - experimental 0.08 Meta-analysis48,63

B:P–experimental 0.670 Refs. 48,64
log P - predicted 3.665 Advanced Chemistry Development, Inc. (ACD/Labs)
Compound type Monoprotic base
pKa–experimental 8.6 Ref. 65
Distribution model Minimum PBPK
Vss (L/kg) 5.37 Assumed same as parent
t1/2 (h) 6.59 Refs. 13,55,59
CLiv (L/h) 39.52 Calculated as ke (h−1) ×V (L)
CLR (L/h) 2.37 6% of dose66

Metabolism data Assigned using the Retrograde model (input CLiv and CLR)
D620
CYP2C8–CLint (:L/min/pmol of isoform) 2.279 fm assigned based on Ref. 29
CYP3A4–CLint (:L/min/pmol of isoform) 0.395 fm assigned based on Ref. 29
CYP3A5–CLint (:L/min/pmol of isoform) 1.065 fm assigned based on Ref. 29
D-715
CYP2C8–CLint (:L/min/pmol of isoform) 3.774 fm assigned based on Ref. 29
Active uptake into hepatocytes 2 Corresponding to 18% of clearance
Inhibition data
Ki–intestinal P-gp (:M) 0.3 Ref. 12
Ki–hepatic P-gp (:M) 0.3 Ref. 12

the induction of P-gp mechanistically, turnover num-
bers of P-gp are required. As these data are not avail-
able, we used an approach that involved application
of an intestinal relative expression factor (REF). The
REF is the ratio of intestinal transporter abundance
in Jejunum I (per cm2 of cylindrical surface area) ver-
sus that of the in vitro system (per cm2), where Je-
junum I represents a segment of the ADAM model.25

This value can be obtained by comparing relative
abundances derived from Western blot studies or by
comparison of absolute abundance data from LC–MS/

MS studies. The REF can be replaced with a RAF,
that is, a relative activity factor, which is considered
to be more relevant. However, REF and RAF can be
used interchangeably assuming the same activity per
transporter molecule in vivo and in vitro. In the study
of Greiner et al., a 3.5-fold increase in in vivo P-gp ex-
pression was observed following multiple doses of ri-
fampicin [600 mg quaque die (q.d.) for 10 days]. Thus,
assuming that steady state concentrations had been
obtained for rifampicin, a REF of 3.5 was applied to
simulations involving rifampicin.

Table 3. Parameter Values used for the Rifampicin Simulations

Parameter Value Reference/Comment

Dose (mg)
MW (g/mol) 823
log P 3.28 AlogPS web site (in 2009)
Compound type Ampholyte
pKa 1.7 (acid); 7.9 (base)
fu 0.15 Ref. 67
B:P 0.9 Ref. 38
fa 1 Assumed
ka (1/h) 0.51 Ref. 68
Vss (L/kg) 0.33 Recalculated using WinNonLin38

CLpo (L/h) 21.6 Ref. 69
CLiv (L/h) 7 Simcyp library value.
CLR (L/h) 1.2 Ref. 69
Ki–CYP3A4 10.5 Simcyp library value, corrected for the unbound fraction

in the microsomal incubation (fumic)70

IndC50–CYP3A4/5 (:M) 0.32 Simcyp library value. Fitted based on in vivo data.71,72

Indmax–CYP3A4/5 (fold) 8 Simcyp library value. Fitted based on in vivo data.71,72

Ki–intestinal P-gp (:M) 164 Personal communication
Ki–hepatic P-gp (:M) 164 Personal communication
Fold of intestinal P-gp induction 3.5a Ref. 4

aInduction after 6 days of 600 mg q.d. rifampicin was measured with a quantitative Western blot.
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Table 4. Inhibition Data for Verapamil, Norverapamil and
Rifampicin Using Caco-2 Cell Monolayer and Digoxin as Victim
Drug

Compound IC50 (:M) Ki (:M) Reference/Comment

Verapamil 1.1 1.07a Ref. 12
Verapamil 2.1 2.04a Ref. 73
Verapamil 2.1 2.04a Ref. 74
Verapamil 4 3.89a Ref. 75
Verapamil 10 9.73a Ref. 1
Verapamil 16.8 16.3a Ref. 76
Verapamil – 8.11 Ref. 77
Verapamil 0.1 0.1a Lowest value from

Refs. 19,20
Norverapamil 0.3 0.3a Ref. 12
Rifampicin 169 164a Personal

communication

aCalculated Ki from IC50 value (within the Simcyp Simulator) using
the assumptions by Cheng and Prusoff.33

Simulations

The models and differential equations described
above are components of the algorithms implemented
within the Simcyp population-based simulator (Ver-
sion 12.2; Simcyp Ltd., Sheffield, UK).34 The program
allows facile extrapolation of in vitro enzyme kinetic
data, in both liver and intestine, to predict pharma-
cokinetic changes in vivo in virtual populations. Ge-
netic, physiological and demographic variables rel-
evant to the prediction of DDIs are generated for
each individual using correlated Monte Carlo meth-
ods and equations derived from population databases
obtained from literature sources.35

The Simcyp Simulator (Version 12.2) was used
to simulate the time courses of digoxin, vera-
pamil, norverapamil and rifampicin concentrations
in plasma. To ensure that the characteristics of the
virtual subjects were matched closely to those of the
subjects studied in vivo, numbers, age range and gen-
der ratios were replicated. Ten separate trials for
each replicated clinical study were generated to as-
sess variability across the population. Three sets of
DDI simulations were run using either verapamil
and norverapamil or rifampicin as perpetrators. To
obtain reliable predictions of transporter-mediated
DDIs (tDDIs), it is important to ensure that the PBPK
model developed for verapamil and its metabolite is
able to recover observed plasma concentrations and
more importantly, clinical DDIs, including those CYP-
mediated, thus demonstrating that the model gener-
ates appropriate concentrations in gut and liver for
inhibition of both transport and metabolism. Specif-
ically, simulations using the study designs described
below were run.

• TDI of CYP3A4-mediated metabolism by vera-
pamil: Ten virtual trials of nine female subjects
aged 19–28 years receiving 15 mg midazolam on

day 2 at 3:30 pm and five oral dose of 80 mg [ter
in die (t.i.d.) or “three times a day”] starting on
day 1 at 2:30 pm. Thus, midazolam was given 1
h after the 4th dose of verapamil corresponding
to the study design reported by Backman et al.
(1994).36 Simulations were performed and com-
pared with observed data for midazolam, vera-
pamil and norverapamil.13,36

• Inhibition of P-gp-mediated efflux of digoxin by
verapamil and norverapamil: Ten virtual trials of
19 male subjects aged 23–40 years receiving 0.25
mg digoxin [bis in die (b.i.d.) or “twice a day”] for
14 days followed by co-administration of 80 mg
verapamil (t.i.d.) for another 14 days were gen-
erated and the simulated profiles for digoxin and
verapamil were compared with those observed by
Rodin et al.37 The morning dose of digoxin was
given 30 min after administration of the morning
dose of verapamil.

• Induction of P-gp-mediated efflux of digoxin by ri-
fampicin: Ten virtual trials of eight male subjects
aged 21–37 years receiving a single oral dose of 1
mg digoxin were generated. In a second simula-
tion, 10 virtual trials of eight male subjects aged
21–37 years receiving 600 mg rifampicin (q.d. or
“one a day”) on days 1–16 and a single oral dose of
1mg digoxin on day 11 were generated. In the lat-
ter simulation, the intestinal REF for P-gp was
increased by 3.5-fold based on in vitro data re-
ported by Greiner et al.4 The simulated profiles
for digoxin and rifampicin were compared with
those observed by Greiner et al.4 and Loos et al.,
respectively.38 Predicted and observed ratios of
Cmax and area under the plasma concentration-
time curve (AUC(0–∞)) values for digoxin in the
absence and presence of rifampicin were com-
pared.

RESULTS

Prediction of the Midazolam–Verapamil DDI

Predicted and observed36 mean plasma concentra-
tion–time profiles of midazolam after a single oral
dose of 0.15 mg in the absence and presence of vera-
pamil (80 mg t.i.d.) were compared for 10 virtual trials
(Figs. 1a and 1b). The corresponding simulated con-
centration–time profiles for verapamil and norvera-
pamil are shown in Figures 1c and 1d, respectively. No
data were available for norverapamil to make direct
comparisons between observed and predicted profiles.
Thus, a profile for norverapamil from a study with
comparable dose was used. The change in intestinal
and hepatic CYP3A4 and CYP3A5 content as a result
of verapamil administration is shown in Figures 1e
and 1f, respectively. The predicted mean AUC ra-
tio for midazolam in the presence and absence of
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Figure 1. Comparison of observed and predicted plasma midazolam concentration–time pro-
files after a single 15 mg dose (a) in the absence and (b) presence of verapamil (80 mg t.i.d.)
and its major metabolite, norverapamil. Comparison of observed and predicted plasma vera-
pamil (c) and norverapamil (d) concentration–time profiles. Key: The thick lines represent the
mean of the simulated population (n = 90), the thin lines represent the individual 10 trials and
the thin black dashed lines are the 95th and 5th percentile of the confidence interval. Open
circles—observed midazolam concentrations when administered alone;36 closed circles—with
co-administration of verapamil;36 open square—observed verapamil concentrations;36 open
triangle—observed norverapamil concentrations.13 The changes in gut and hepatic CYP3A4
(dense black line) and CYP3A5 (dotted line) content as a result of verapamil administration are
shown in (e) and (f), respectively.
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verapamil and its metabolite was 2.74, ranging from
1.87 to 3.51 for the 10 trials. These values were consis-
tent with the observed AUC ratio of 2.9, thus, verify-
ing the validity of the PBPK model for verapamil and
its major metabolite norverapamil for assessment of
inhibitory potential, albeit with respect to CYP3A4.

Prediction of the Digoxin–Verapamil DDI

Predicted and observed37 mean plasma concen-
tration–time profiles of digoxin after oral dosing
of 0.25 mg (b.i.d.) for 14 days followed by co-
administration of verapamil (80 mg, t.i.d.) for an ad-
ditional 14 days in 10 virtual trials are shown in Fig-
ures 2a and 2b, respectively. Simulated mean plasma
concentration–time profiles associated with 80 mg ve-
rapamil (t.i.d.) during 14 days of dosing are shown in
Figure 2c; no data were available for verapamil in
the experimental study to make direct comparisons
between observed and predicted profiles. Therefore,
profiles of verapamil from comparable dose studies
were overlaid on the simulated profiles.13,39

Predicted AUC and Cmax ratios of digoxin fol-
lowing administration of verapamil were 1.20 (trial
range: 1.14–1.28) and 1.19 (range: 1.16–1.23) when
the metabolite was considered, and 1.18 (trial range:
1.16–1.20) and 1.17 (range: 1.16–1.20) when the
metabolite was not accounted for. It is noteworthy
that the upper 95% confidence interval (CI) for the
AUC and Cmax ratios for the individual trials ranged
from 1.32 to 1.62 and from 1.27 to 1.47, respectively,
which were reasonably consistent with observed val-
ues of 1.50 (AUC ratio over 12-h data) and 1.44, re-
spectively. It is also worth noticing that the AUC ratio
from AUC(0–∞) values, as calculated from the graph
of in vivo data in Rodin et al., can be estimated to
be 1.14.

Prediction of the Digoxin–Rifampicin DDI

Predicted and observed mean plasma concentration—
time profiles of digoxin after a single oral dose of 1 mg
are compared for 10 virtual trials in Figure 3a. Corre-
sponding simulated profiles after administration of ri-
fampicin (600 mg q.d. for 9 days), considering both in-
hibition and induction of P-gp, are shown in Figure 3b.
Predicted and observed mean plasma concentration—
time profiles associated with 600 mg rifampicin (q.d.)
during 9 days of dosing are compared in Figure 3c.
All simulated profiles were reasonably consistent
with the observed data.

Predicted decreases in AUC(0–∞) and Cmax of
digoxin following administration of rifampicin were
1.57- (1.42–1.77) and 1.62-fold (1.53–1.70), respec-
tively. Observed values of 1.4- and 2.2-fold have been
reported.4

Figure 2. (a) Comparison of observed and predicted
plasma concentration–time profiles of digoxin after
0.25 mg oral dose (b.i.d.) for 28 days and (b) for 14 days
followed by co-administration of verapamil (80 mg; t.i.d.)
for additional 14 days. (c) Concentration–time profiles
of verapamil during 80 mg t.i.d. dosing. Key: The thin
grey lines represent mean values for individual virtual
trials, the thick lines are the overall means of the virtual
population (n = 190) and the thin black dashed lines are
the 95th and 5th percentile of the confidence interval. Open
circles—observed digoxin concentrations when admin-
istered alone;37 closed circles—with co-administration
of verapamil;37 open square—observed verapamil
concentrations.13,39
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Figure 3. Comparison of observed and predicted plasma concentration–time profiles of digoxin
after a single oral dose of 1 mg digoxin (a) on day 1 (i.e., in the absence of rifampicin) and (b)
on day 11 after administration of the 11th dose of rifampicin (600 mg, q.d.). Part (C) shows the
profiles of rifampicin during 600 mg q.d. dosing. Key: The thin grey lines represent mean values
for 10 individual virtual trials, the thick lines are the overall means of the virtual population
(n = 80) and the dashed black lines are the 95th and 5th percentile of the confidence interval.
Open circles—observed digoxin concentrations when administered alone;4 closed circles—with
co-administration of rifampicin;4 open diamantes—observed rifampicin concentrations.38

DISCUSSION

P-glycoprotein has broad substrate specificity and is
therefore, susceptible to a range of DDIs with a vari-
ety of substrates and inhibitors, including verapamil
and its primary metabolite norverpamil.1,12 However,
it should be noted that few of the DDIs, that are clin-
ically relevant, can be attributed solely to the inhi-
bition of P-gp-mediated efflux because of the over-
lapping substrate specificity between CYP3A4 and
P-gp and other confounding factors such as binding
replacement from or reduced binding affinity of the
Na,K-ATPase.40 As digoxin is a P-gp substrate and
is mainly excreted unchanged via the kidneys, it is
an appropriate drug to use for assessment of the P-
gp inhibitory potential of drugs in development. In
the current study, we have applied the model devel-
oped previously for digoxin (Part I) to investigate the
inhibitory potential of both verapamil and norvera-

pamil on the P-gp-mediated efflux of digoxin in both
gut and liver.

The full PBPK model and the minimal PBPK model
that were developed for verapamil and its primary
metabolite, respectively, were able to generate plasma
concentration–time profiles that were reasonably con-
sistent with observed data (Figs. 1c and 1d). It should
be noted that values of CL and V that allowed recovery
of observed data were applied for the metabolite. The
fact that this model was then able to predict, with rea-
sonable accuracy, the CYP3A4/5-mediated DDI with
midazolam provided some confidence that the con-
centrations of inhibitor simulated within the gut and
liver (CuIW,liver) were appropriate for linking in vitro
information to clinical observations (Fig. 1). Thus, the
model was then used to simulate the interaction with
digoxin (Fig. 2). Although the mean predicted value
for the increase in Cmax was lower than the observed
value (1.19- vs. 1.44-fold), it should be noted that the
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upper 95% CI for the Cmax ratios for the individual
trials were 1.27–1.47.

As far as possible, a model should rely upon the
most biologically and physiologically plausible as-
sumptions and not solely the recovery of observed
data. Thus, though a model may be entirely fit-for-
purpose in terms of the original application (drug
combination and doses), it may not be applicable to
other scenarios. Hence, rival models that produce
similar outcomes, despite using varying assumptions,
should be contrasted and investigated until an ade-
quate distinction is made through emerging data un-
der varying conditions. When the verapamil metabo-
lite was not accounted for, the simulated Cmax and
AUC ratios were 1.17 and 1.18, respectively. The up-
per 95% CI for the Cmax and AUC ratios for the in-
dividual trials were 1.25 and 1.34. Inclusion of the
metabolite marginally improved variability predic-
tions; hence we decided to keep it as part of the model.

As inputs to the PBPK models, the in vitro data re-
quire interrogation. The kinetic data for digoxin and
inhibition data for verapamil, norverapamil and ri-
fampicin were generated using Caco-2 cell monolay-
ers. The latter were not generated in the same labo-
ratory and therefore, are subject to inter-laboratory
variation, which is one of the main contributors to
difference in IC50 values.20 In addition, none of the
published IC50 data were generated via modelling of
the in vitro data, accounting for the free concentration
at the binding site of P-gp; these are apparent IC50
values 41 (Table 4). Therefore, the worst-case scenario
was simulated using the lowest Ki values calculated
from the IC50 data.33

Despite this, the DDI with digoxin was under-
predicted. Further simulations indicate that if the in-
testinal and hepatic P-gp of digoxin are completely
blocked, the predicted AUC and Cmax ratios for an av-
erage individual are 1.6 and 1.83, respectively. Thus,
it may be that there are issues with the in vitro meth-
ods and subsequent analysis used for estimating Ki
values for P-gp inhibitors. Alternatively, digoxin is
mainly renally cleared and it has been reported that
P-gp plays an important role in the kidney. It may be
that if inhibition of P-gp-mediated efflux of digoxin in
the kidney is accounted for within the PBPK model,
then recovery of the observed DDI could be improved.
Some clinical studies indicate that the renal clearance
of digoxin is reduced following co-administration of
verapamil. However, there is conflicting evidence in
the literature regarding the contribution of P-gp to
the disposition of digoxin in the kidney. Initial simula-
tions (not shown) using the recently developed mech-
anistic kidney model (Mech KiM) within the Sim-
cyp Simulator42 indicate that inhibition of renal P-
gp-mediated efflux is not propagated directly to the
concentration–time profile, but rather to the change
in renal mass concentration. Therefore, it would be

interesting to extend our PBPK model of digoxin to
include P-gp-mediated luminal efflux and tubular se-
cretion of digoxin.

Talinolol is a false-negative case example when the
[I]/IC50 equation is used to predict a P-gp-mediated
DDI.20 This is possibly related to the involvement of
uptake transporters at the basolateral membrane of
the gut.43,44 Static equations are not capable or even
meant to handle such scenarios. However, these pro-
cesses can be adequately described in PBPK models
that can provide valuable insights into what is hap-
pening inside the cells. Application of correct time-
varying concentration at the transporter binding site
plays a vital role in obtaining reliable predictions of
tDDI when using true values of inhibitory constants.

The model was able to successfully reflect the
change in the digoxin concentration–time profile due
to induction of intestinal P-gp after rifampicin dosing
(600 mg q.d.; 6 days) using an increased REF value
(Fig. 3). TDI and induction for metabolising enzymes
have already been successfully simulated and these
existing models30 can be modified to address induc-
tion or suppression of transporters. However, applica-
tion of these models to P-gp will require system values
related to the turnover of P-gp itself, comparable with
those for CYPs,32 which—to the best of the authors
knowledge—are not yet publicly available. Some re-
cent papers highlight the importance of accounting
for the time course of P-gp markers.45 Indeed, induc-
tion of intestinal P-gp may be one reason that, for
some compounds, the cut-off values of the current P-
gp decision tree16 fail.18,45 We propose a strategy here
for assessing the induction potential of a drug in de-
velopment. In vitro assays can be used to generate
P-gp induction data in Caco-2 cells.46 These can be
linked to in vivo induction data, which is evaluated us-
ing LC–MS/MS absolute abundance measurements25

or quantitative Western Blot data,4 following chronic
dosing of the drug of interest. This is in effect, what
was performed in the current study.

In vitro induction data generated from Caco-2 cells
can provide guidance on the inhibitory potential of a
drug using cut-off values. If intestinal P-gp induction
is observed in vitro, a PBPK model may be able to pro-
vide more accurate guidance on the tDDI potential of
a drug and avoid false positives, that is, drugs with
limited tDDI potential that based on the current P-gp
decision tree are recommended for in vivo tDDI eval-
uation. It should also be noted that even when the
perpetrator has been identified as an inducer of in-
testinal P-gp, and the predicted decrease in Cmax and/
or AUC for digoxin is found to be negligible in vivo,
the Cmax and AUC of the perpetrator itself may be
reduced because of the increased expression of func-
tional intestinal P-gp. Further research into the P-gp
induction potential of drugs on the market and those
in development is warranted. The full PBPK model
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described here, that includes a permeability-limited
intestinal (ADAM) and liver model (PerL), can be used
to estimate the tDDI potential of drugs in complex sce-
narios involving multiple mechanisms such as inhibi-
tion and induction of intestinal or/and hepatic P-gp
and other transporters.45

CONCLUSION

In conclusion, PBPK models for verapamil and its
metabolite, norverapamil, were developed and once
validated, used to assess P-gp-mediated DDI with
digoxin. Integration of sophisticated permeability-
limited models in the gut and liver for digoxin allowed
investigation of the inhibition of P-gp-mediated efflux
in both organs by verapamil and its metabolite. Thus,
it is envisaged that in addition to being a valuable
research tool, the approach described here can be-
come effective within drug development programs to
reduce the possibility of obtaining false-positive P-gp-
mediated DDIs based upon [I]/IC50. Although other
mechanisms may be involved, the work described here
represents a step in the right direction.

As a tool, this model helps to delineate the different
factors affecting digoxin pharmacokinetics through
simulation. Hence, it can assist with identifying the
role of P-gp in absorption and distribution not only
for digoxin but also other compounds during drug de-
velopment. Moreover, unlike static models, it enables
assessment of the impact upon the whole plasma pro-
file of digoxin (including Cmax) and provides measures
of inter-individual population variability.
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