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ABSTRACT: A prerequisite for the prediction of the magnitude of P-glycoprotein (P-gp)-
mediated drug–drug interactions between digoxin and P-gp inhibitors (e.g. verapamil and its
metabolite norverapamil) or P-gp inducers (e.g. rifampicin) is a predictive pharmacokinetic
model for digoxin itself. Thus, relevant in vitro metabolic, transporter and inhibitory data in-
corporated into permeability-limited models, such as the “advanced dissolution, absorption and
metabolism” (ADAM) module and the permeability-limited liver (PerL) module, integrated with
a mechanistic physiologically-based pharmacokinetic (PBPK) model such as that of the Sim-
cyp Simulator (version 12.2) are necessary. Simulated concentration–time profiles of digoxin
generated using the developed model were consistent with observed data across 31 indepen-
dent studies [13 intravenous single dose (SD), 12 per oral SD and six multiple dose stud-
ies]. The fact that predicted tmax (time of maximum plasma concentration observed) and Cmax

(maximum plasma concentration observed) of oral digoxin were similar to observed values in-
dicated that the relative contributions of permeation and P-gp-mediated efflux in the model
were appropriate. There was no indication of departure from dose proportionality over the
dose range studied (0.25–1.5 mg). All dose normalised area under the plasma concentration-
time curve profiles (AUCs) for the 0.25, 0.5, 0.75 and 1 mg doses resembled each other. Thus,
PBPK modelling in conjunction with mechanistic absorption and distribution models and re-
liable in vitro transporter data can be used to assess the impact of dose on P-gp-mediated
efflux (or otherwise). © 2013 Wiley Periodicals, Inc. and the American Pharmacists Association
J Pharm Sci
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INTRODUCTION

P-glycoprotein (P-gp) is a well-characterised adeno-
sine triphosphate (ATP) binding cassette (ABC)
transporter of the multidrug resistance and trans-
porter associated with antigen processing (MDR/TAP)
subfamily. P-gp is extensively distributed and ex-
pressed in the luminal membrane of the intestinal
epithelium, capillary endothelial cells such as the
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blood–brain barrier and in drug-eliminating organs,
including the liver, that is, within the canalicular
membrane of hepatocytes, and kidney, that is, within
the apical membrane of proximal tubule cells.1 The
expression of P-gp in these tissues is related to its
role in the excretion of substances into the gut lumen,
the bile and the urine. The extensive tissue distribu-
tion and the wide variety of therapeutically relevant
compounds transported by P-gp clearly indicate its
important role in drug absorption, distribution and
elimination. It has been demonstrated that modula-
tion of the expression and/or activity of P-gp due to
genetic or environmental factors may have a signifi-
cant impact on drug disposition, drug effectiveness or
drug toxicity.

JOURNAL OF PHARMACEUTICAL SCIENCES 1



2 NEUHOFF ET AL.

Digoxin has been identified as a substrate of P-gp
and is mainly excreted unchanged via the kidneys.2,3

In vitro and animal experiments have demonstrated
the importance of both renal and intestinal P-gp in
the disposition of digoxin.2,4,5 Due to the narrow ther-
apeutic window of digoxin, relatively small increases
in exposure have been associated with serious adverse
reactions.6,7 Thus, close monitoring of digoxin serum
levels is advocated.

We have previously investigated the interplay be-
tween metabolism and transport in the gut using
the advanced dissolution, absorption and metabolism
(ADAM) model8 to assess the key determinants of oral
drug absorption and gut wall metabolism within com-
mon physicochemical and biological parameter spaces
for small molecule drugs.9 We now present application
of the model to a specific case, namely digoxin, which

has a clinical dose range of 0.25–1.5 mg, and demon-
strate the validity and benefits of using a mecha-
nistic physiologically-based pharmacokinetic (PBPK)
model that incorporates both permeability-limited
liver (PerL) and gut (ADAM) modules; the latter con-
siders regional differences in permeability and P-gp-
mediated efflux along the intestine.10

METHODS

A workflow describing the model building and valida-
tion processes that were applied to the development
of the digoxin PBPK model is outlined in Figure 1.
This follows some of the recommendations and outline
given by Zhao et al. (2012).11 A general schematic rep-
resentation of the PBPK models applied in this study

Figure 1. Applied workflow for a victim drug (digoxin) to address intestinal apical efflux,
which is non-saturable by the victim, but inhibitable by other drugs, that is, perpetrators, using
PK data and PBPK modelling and simulations. The training set is a set of data from clinically
observed investigations used to derive some of the kinetic parameters under certain study
design and dosage regimen. The independent test set is a set of data obtained from similar type
of studies to those conducted in the protocol of the training set. The external validation set is a set
of data that evaluated the performance of the model independent of the trainings and test sets.
AUC, area under the concentration–time curve; PK, pharmacokinetic; PBPK, physiologically-
based pharmacokinetic; P-gp, P-glycoprotein; BCRP, breast cancer resistant protein; MRP2,
multidrug-resistance related protein 2
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Figure 2. PBPK models used for describing the kinetics of digoxin. The absorption of digoxin
after oral administration was described by the ADAM model. The ADAM module represents
the GI tract as compartments based upon their physiological and anatomical attributes hence
the relationship between permeability, metabolism and dissolution, amongst other factors, can
be assessed quantitatively. Once the drug has passed into the portal vein the kinetics of digoxin
were described by a full PBPK model assuming permeability-limited diffusion into the liver
(PerL).

is shown in Figure 2. A description of the sub-models
and the sources of information are provided below.

Sub-Models Contributing to the Digoxin PBPK Model

To account for transporter kinetics, the absorption of
digoxin after oral administration was described by
the ADAM model, which divides the gastrointestinal
(GI) tract into nine segments.8,12 In the ADAM model,
these segments are heterogeneous with respect to
size, abundance of enzymes and transporters, transit
time, pH and bile salt concentration.13 Because the
ADAM module represents the GI tract as compart-
ments based upon their physiological and anatomi-
cal attributes (Fig. 2), the relationship between per-
meability, metabolism and dissolution, amongst other
factors, can be considered quantitatively. The model
incorporates fluid dynamics which is necessary for
mechanistic modelling of oral drug absorption follow-
ing release from formulation, dissolution, precipita-

tion, super-saturation, luminal degradation, perme-
ability, metabolism, active transport and the tran-
sit between GI segments. The blood flows to each
anatomical region of the GI tract are defined sep-
arately and metabolism and transport are consid-
ered independently in each intestinal compartment.
Thus, the model has features in common with the
segmental segregated flow model described by Tam
and co-workers14 at the University of Toronto.15 It
is assumed that each enterocyte is a well-stirred cell
where efflux transporters (e.g.P-gp, BCRP and MRP2)
and intestinal enzymes compete for binding to the
substrate.

Once the drug has passed into the portal vein
the kinetics of digoxin are described by a full PBPK
model assuming permeability-limited diffusion into
the liver16 (Fig. 2). The volume of distribution (Vss)
was predicted using the method reported by Rodgers
and co-workers.17–19 A number of tissue–plasma par-
tition coefficients (Pt:p) in human were available in the
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Table 1. Parameter Values Used for the Digoxin Simulations

Parameter Value Reference/Comments

Dose (mg) 0.5
MW (g/mol) 780.94
fu–experimental 0.71 Meta-analysis26–29

CB/CP–experimental 1.07 Refs.28,30
log P–experimental 1.26 Refs. 3,37,27
Compound type Neutral Within the physiological pH range
Absorption

Model ADAM
Peff,man (10−4 cm/s) 0.1–4.67 Predicted using the Mech Peff model (see text for details)
fa–predicted 0.82 Based on Mech Peff prediction
ka (h−1)–predicted 0.59 Based on Mech Peff prediction
ka (h−1)–observed 0.58–7.4 Range from Refs. 2,33–36

Distribution
Model Full PBPK
Vss(L/kg)–predicted 6.33 Rodgers and Rowland method (see text for details)
Vss (L/kg)–observed 5.02 Meta-analysis3,37,27

Kp muscle 7.35 Refs. 20–22,38
Kp adipose 10.8 Ref. 20

Elimination
CLiv (L/h) 13.46 Meta-analysis2,39–43

Human hepatocyte CLint (:L/min/million hepatocytes) 0.37 Calculated using the Retrograde model
CLR (L/h) 9.65 Meta-analysis2,3,27,37,39,40,43–45

Transport (active and passive)
Intestinal efflux

Jmax (pmol/min/cm2) 434 Ref. 23
Kmu (:M) 177 Ref. 23
Intestinal P-gp REF for Caco-2 2 Ref. 46

Hepatic efflux
Jmax (pmol/min/million hepatocytes) 434 Ref. 23; assuming that P-gp in 1 million hepatocytes have the

same P-gp activity as the P-gp available in 1 cm2 of Caco-2 in
the Transwell system

Kmu (:M) 177 Ref. 23
Hepatic P-gp REF for Caco-2 1.5 Scaled based on abundance relationship47–50

CLPD (mL/min/million hepatocytes) 0.1 Default value, thus assuming a blood flow limited passive
diffusion at the sinusoidal membrane, that is, indirectly
accounting for active transport across the sinusoidal
membrane of hepatocytes

fa, the fraction of dose absorbed, i.e. entering the cellular space of the enterocytes from the gut lumen.

literature; values of 10.820 and 7.3521,22 were used
for adipose and muscle, respectively, whereas the Pt:p
values for the remaining tissues were predicted ac-
cording to the Rodgers and Rowland method.18,19

In the permeability-limited modules, transport-
mediated gut absorption is described using
Michaelis–Menten type equations (Jmax, maxi-
mum flux; Km, substrate concentration giving half
Jmax).23,24 In this model, the active and passive
transport processes are considered separately and
it is possible to investigate the impact of inhibitors
and/or inducers on transporters individually or
collectively. In the case of P-gp, Jmax and Km values
are generally obtained from transport experiments
across Caco-2, MDCKII-MDR1 or LLC-PK1-MDR1
cell monolayers.23–25 It is worth noting that the
kinetic values can only be obtained correctly if
the proper concentration is used.25 The intrinsic
transporter clearance (CLint,T) is a concentration-
and time-dependent variable. Although the intestinal

CLint,T has units of :L/min, Jmax is in pmol/min (both
normalised for the filter area, i.e. cm2) and Km is
in :M, the hepatic transporters have a CLint,T in
:L/min/million cells, Jmax in pmol/min/million cells
and Km in :M to allow scaling of the in vitro data to
the corresponding organ.

Data Used for Simulations of Digoxin Pharmacokinetics

In vitro and pharmacokinetic parameters for digoxin
were taken from the literature (Table 1), where data
from more than one source were available for the
same parameter, weighted means were calculated
based on the number of observations reported.

Whole-Organ Metabolic Clearance

Digoxin undergoes only minor metabolism and thus
enzyme kinetics for specific isoforms have not
been characterised quantitatively in vitro. There-
fore, a global value of net intrinsic hepatic clearance
(CLuint,H) was back-calculated from in vivo clearance
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(CLiv,B) using Eq. 1:

CLuint,H = QH × CLH,B

fuB × (QH − CLH,B)
(1)

where fuB = fu/(CB/CP) (; values were 0.71 and 1.07 for
fu and CB/CP, respectively), QH is hepatic blood flow
(82.5 L/h) and CLH,B is the hepatic metabolic clear-
ance in blood (3.48 L/h) derived from CLiv,B (13.46 L/h)
after subtraction of CLR,B (Table 1). The estimated
net CLuint,H of 5.47 L/h was divided by an average
liver weight of 1649 g,51 a hepatocytes per gram of
liver (HPGL) value of 117.5 millions of cells/g liver52

and corrected for the apparent passive diffusion clear-
ance (CLPD) of 0.1 mL/min/106 hepatocytes to obtain
a value of 0.37 :L/min/106 hepatocytes (Table 1).

Permeability Data

The estimation of the effective permeability in hu-
man (Peff,man) for digoxin using the Mechanistic Peff
model and human physiology data was based on
a log Po:w value of 1.26, neutral compound type
(within the gut lumen physiological pH range) and
villous morphology values suggested by Oliver et al.
(1998).53 Assuming an average bile salt concentration
of 2.3 mM in the fasted state jejunum, a Peff,man value
of 4.67 × 10−4 cm/s can be estimated for the Jejunum
I segment. For the fed state the estimated Peff,man for
the Jejunum I is slightly lower with 3.96 × 10−4 cm/s,
based upon an assumed jejunal average bile salt con-
centration of 10 mM; transcellular, rather than para-
cellular, permeation provides the major route of ab-
sorption. The unstirred boundary layer (UBL) is not
rate limiting as expected at the low log Po:w of 1.26,
i.e. the transcellular permeability is not very high and
there is a high free fraction (fUBL) in the UBL even in
the fed state [fUBL = 100% where (bile) = 0; fasted
(bile) fUBL = 94%, fed (bile) fUBL = 77%). The reported
Peff,man includes within it this free fraction scalar and
accounts for most of the difference in the Peff,man val-
ues predicted above.

A performance evaluation of the Mechanistic Peff
model is given by Pade et al. (2011).54 In brief, and
for the purposes of this study only, the following pa-
rameters were used for the human physiology model:
(a) villous height 600 :m; (b) inter-villous distance
40 :m and (c) villous diameter 100 :m.53 A jejunal
Plicae circulares surface area expansion of threefold
was applied and a villous surface area expansion of
12-fold (based upon the villous dimensions above) but
reduced to 3.6 for the effective surface area available
for a compound of this epithelial permeability (using
the method described by Oliver et al. (1998)53).

The Peff,man in the ileum can be scaled down by
threefold relative to the jejunum, i.e. accounting for
the gradual reduction in the Plicae moving towards
the distal ileum where they are generally absent in

humans. Thus, a Peff,man in the ileum of 1.67 × 10−4

cm/s was assumed and the colon permeability was set
to 0.1 × 10−4 cm/s.

Formulation Data

The aqueous equilibrium solubility of digoxin is
0.024 mg/mL,55 which is low and in general re-
quires consideration in a PBPK modelling approach.
However, the formulations currently on the market
(Table 2) sufficiently increase the solubility and the
rate/extent of dissolution to allow a simplified model
to be used which assumes that digoxin remains in so-
lution at all times and is thus available for absorption.

In Vitro–In Vivo Extrapolation of Transporter Data

Intestinal Transporters

In vitro enzyme kinetic data for P-gp-mediated ef-
flux of digoxin were available from the literature
(Table 1). For Caco-2 data, Jmax (gut) values (pmol/
min) were scaled to whole organ values, using the
following equations:

Papp,Tran,n = Jmax (gut)
A(Km + fugutCent,n)

(2)

where the in vitro apparent active permeability per
gut segment (Papp,Tran,n) is calculated from the Jmax
(gut) and Km by accounting for the filter area of the
in vitro system (A, cm2) and the concentration at the
binding site of P-gp, that is, currently assumed as the
enterocyte concentration, Cent,n, in the nth segment.
Because we assume that only the unbound drug will
have access to the transporter binding site, the entero-
cyte concentration is corrected for the free fraction in
the gut (fugut). A series of ordinary differential equa-
tions describe the dynamics of the amount of solid
mass trapped in the formulation and not available for
dissolution (AF,n), the amount of solid mass available
for dissolution (AS,n), the amount of dissolved drug
(AD,n; Eqs. 3 and 4, respectively) and hence the drug
concentration in the enterocyte (Cent,n; Eq. 5).

dAS,n

dt
= −dAdiss,n

dt
− kt,nAS,n + kt,n−1AS,n−1 + dAF,n

dt
(3)

dAD,n

dt
= dAdiss,n

dt
− (

kdeg,n + ka,n + kt,n
)

AD,n

+ kt,n−1AD,n−1 + CLuint−T,nfugutCent,n

(4)

dCent,n

dt
= 1

Vent,n

[
ka,nAD,n − Qent,nCent,n

− (
CLuint−G,n + CLuint−T,n

)
fugutCent,n

]
(5)
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Table 2. PK Studies Used for Performance Verification

PK Study No. References Dosing Regime n Female (%) Age (Years) Formulation

PK study 1a Ref. 3 0.5 mg SD i.v. (1 h infusion) 9 0 25–37 Lanicor
PK study 2a Ref. 37 0.5 mg SD i.v. (30 s bolus) 12 0 22–34 Lanicor
PK study 3b Ref. 56 0.75 mg SD i.v. (20 min infusion) 6 NG NG Not stated
PK study 4a Ref. 40 0.75 mg SD i.v. (30 s bolus) 8 0 NG Lanoxin
PK study 5a Ref. 40 0.75 mg SD i.v. (1 h infusion) 8 0 NG Lanoxin
PK study 6a Ref. 41 0.75 mg SD i.v. (4 min bolus) 12 0 21–39 Novodigal
PK study 7b Ref. 56 1 mg SD i.v. (20 min infusion) 6 NG NG Not stated
PK study 8a Ref. 2 1 mg SD i.v. (30 min infusion) 8 0 21–37 Lanicor
PK study 9b Ref. 57 1 mg SD i.v. (30 s bolus) 8 0 21–32 Not stated
PK study 10a Ref. 3 1 mg SD i.v. (1 h infusion) 9 0 25–37 Lanicor
PK study 11a Ref. 42 1 mg SD i.v. (30 s bolus) 12 0 NG Lanoxin
PK study 12b Ref. 58 1 mg SD i.v. (30 min infusion) 11 0 19–48 Not stated
PK study 13a Ref. 3 1.5 mg SD i.v. (1 h infusion) 9 0 25–37 Lanicor
PK study 14c Ref. 33 0.25 mg SD p.o. 16 0.31 18–45 Glaxo Welcome
PK study 15c Ref. 59 0.5 mg SD p.o. 10 0.9 19–25 Orion, Espoo,

Finland
PK study 16c Ref. 36 0.5 mg SD p.o. 10 0 23–30 Lanicor
PK study 17c Ref. 58 0.5 mg SD p.o. 11 0 19–48 Not stated
PK study 18a Ref. 44 0.5 mg SD p.o. 12 0.42 19–35 Nativelle
PK study 19c Ref. 35 0.5 mg SD p.o. 12 0 21–31 Lanicor
PK study 20c Ref. 60 0.5 mg SD p.o. 12 0.08 22–35 Nativelle
PK study 21c Ref. 34 0.5 mg SD p.o. 18 0.44 19–36 Nativelle
PK study 22c Ref. 41 0.75 mg SD p.o. 12 0 21–39 Lanicor
PK study 23c Ref. 61 1 mg SD p.o. 5 0 23–32 Lanoxin
PK study 24a Ref. 2 1 mg SD p.o. 8 0 21–37 Lanicor
PK study 25c Ref. 62 1 mg SD p.o. 10 0 19–27 Lanoxin
PK study 26d ,c Ref. 63 MD (0.125 mg q.d., 14 days) 12 0 18–55 Not stated
PK study 27c Refs. 64,65 MD (0.25 mg q.d., 11 days) 20 0.55 23–49 Teofarma Srl
PK study 28d ,c Ref. 66 MD (0.25 mg q.d., 7 days) 22 0.38 19–38 Not stated
PK study 29c Ref. 45 MD (0.5 mg, b.i.d., 3 days then 0.25 mg, b.i.d., 11 days) 7 0 22–28 Not stated
PK study 30c Ref. 67 MD (0.25 mg b.i.d., 14 days) 9 0 23–40 Lanoxin
PK study 31c Ref. 67 MD (0.25 mg b.i.d., 14 days) 10 0 23–40 Lanoxin

SD, single dose; MD, multiple dose; NG, not given; i.v., intravenous.
The two oral studies in the training set were used only for the meta-analysis of renal clearance and to enable the assessment of the predicted ka from the

Mech Peff model.
aTrainings set (n = 11).
bTest set (n = 4).
cExternal validation set (16).
dMajority blacks.

where dAdiss,n/dt is the dissolution rate, which can
be either entered directly using measured in vitro
profiles or calculated using a diffusion layer model.8

The term dAF,n/dt indicates the release rate of solid
drug from the formulation cases where this process is
not immediate; kdeg,n and, kt,n, ka,n are drug degrada-
tion (luminal), segmental transit time and absorption
rate constants; CLuint-T,n and CLuint-G,n are the net ef-
flux clearance from the enterocyte and net metabolic
clearance within the enterocyte, respectively; and
Vent,n and Qent,n are the volume of enterocytes in the
segment and the blood flow to the segment, respec-
tively.

The Papp,Tran,n value is then transferred to the corre-
sponding in vivo effective active permeability values
(Papp,Tran,n) using the following equation for Caco-2
cells:

log(Peff ,Tran,n) = 0.6532 × log(Papp,Tran,n) − 0.3036

(6)

This Peff,Tran,n value is scaled up to the transporter
clearance in the nth gut segment, CLTran,n, using the
following equation:

CLTran,n(gut)

= REFP−gp × Peff ,Tran,n × Sn × TransporterG,P−gp

(7)

where Sn is the surface area of the gut segment and
TransporterG,P-gp is the relative abundance of trans-
porter (P-gp) in the gut segment, which is avail-
able within the Simcyp population library (details
of the corresponding meta-analysis have been pub-
lished recently10). The relative expression factor, REF,
is the ratio of intestinal transporter abundance in the
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.10

This value can for instance be obtained by compar-
ing relative abundances derived from Western blot
studies or by comparison of absolute abundance data
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from LC–MS/MS (liquid chromatography with tan-
dem mass spectrometry) data. The REF can also be re-
placed by a RAF (relative activity factor), which would
be more relevant. However, a REF and RAF can be
used interchangeably, if the same activity is assumed
per each transporter molecule in vivo and in vitro.
Although this is a reasonable assumption for ATP-
dependent transporters, this cannot be recommended
for solute carriers, because these are generally depen-
dent on counter ion gradients maintained by other so-
lute carriers and hence sensitive to the environment
in which they are located. An example is the Peptide
transporter 1 (PepT1) the activity of which is linked
to the sodium proton exchange 3 (NHE3).68

The transporter abundance in each segment of
the small intestine and the colon as a whole is ex-
pressed relative to the Jejunum I segment [trans-
porter per cm2 (relative values)]. The coefficient of
variation (CV) for the intestinal transporter abun-
dance (%) is expressed for Jejunum I only, but because
the abundance for other gut segments are relative to
Jejunum I, this CV is propagated to the other intesti-
nal segments.10

Hepatic Transporters

A similar approach is adopted for in vitro–in vivo ex-
trapolation of data relating to hepatic transporters.
Jmax,i (or CLint,i) is scaled to a whole liver value using
the scaling factor (SF) defined below:

SFi = HPGLi × LiverWti × REFi × CVi × 60 × 10−6

(8)

where CVi is the coefficient of variation for the ith
transporter, REFi is the relative expression factor
for the ith transporter, HPGLi is the inter-individual
assigned value of hepatocyte per gram of liver, and
LiverWti is the inter-individual assigned value for
the liver weight. In this case, the REF is the ratio
of the transporter abundance in human hepatocytes
(per million cells) to that in the in vitro system, for
example, Human Embriotic Kidney (HEK-293) cells
(per million cells). Within the Simcyp Simulator, three
apically localised efflux transporters, ABCB1 (P-gp),
ABCC2 (MRP2) and ABCG2 (BCRP) are available.
Information describing the variability in expression
of each transporter across a healthy North Euro-
pean Caucasian population was collated from pub-
lished data.10 Because the CLPD entry unit is mL/min/
millions of hepatocyte, the scaling factor for passive
permeability (SFPD,i) across the hepatocyte is:

SFPD,i = HPGLi × LiverWti × 60 × 10−3 (9)

It is worth noting that there is a difference between
the SFs for the transporters and the passive mem-
brane permeability.

Inhibition of P-gp-Mediated Efflux

A PBPK model accounting for competitive inhibition
or induction of P-gp-mediated efflux can be used to
simulate the effects of inhibitors or inducers on the
intestinal and hepatic efflux of digoxin. The concen-
tration of perpetrator at the binding site of P-gp, that
is, the enterocyte concentration, Cent,n, in the nth seg-
ment, corrected for the free fraction (fugut), is used
for inhibition/induction of P-gp-mediated intestinal
efflux of digoxin. The unbound (unionised and ionised)
concentration of the perpetrator in the intracellular
water of the liver (CuIW,Liver) is used for inhibition/
induction of the canalicular efflux of digoxin.

Observed Pharmacokinetic Data for Digoxin

Thirty-one independent pharmacokinetic studies that
evaluated digoxin were collated from the literature
and used for model building (training set), model test-
ing and verification (test set) and performance valida-
tion (external validation set). Details of these studies
are given in Table 2.

Studies that were used for building the model are
part of the training set—the parameters derived from
these studies are listed in Table 1. The test set stud-
ies were used for model verification and consist of
additional intravenous infusion and bolus studies not
used in the model building stage. Finally, the exter-
nal validation set consists of studies that involve oral
dosing of digoxin over the entire clinically relevant
dose range using both single and multiple dosing reg-
imens.

Simulations

The sub-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).13 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 rele-
vant to the prediction of drug–drug interactions are
generated for each individual using correlated Monte
Carlo methods and equations derived from population
databases obtained from literature sources.69

Studies Investigating the Impact of Dose on Digoxin
Exposure

Simcyp (version 12.2) was used to simulate the
time courses of digoxin concentrations in plasma. To
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ensure that the characteristics of the virtual subjects
were matched closely to those of the subjects studied
in vivo, numbers, age range and gender ratios were
replicated (Table 2). Twenty to forty separate trials
were generated to assess variability across groups.

• Intravenous single dose studies: Twenty virtual
trials of healthy volunteers (subject number, age
range, percentage female according to Table 2)
receiving a single intravenous bolus or infusion
dose of 0.5, 0.75, 1 or 1.5 mg were generated.
The simulated profiles for digoxin were compared
with observed data from nine independent pa-
pers with 13 PK studies,2,3,37,40–42,56–58 respec-
tively (Table 2).

• Single oral dose studies: Twenty virtual tri-
als of healthy volunteers (subject number, age
range, percentage female according to Table 2)
receiving a single oral dose of 0.25, 0.5, 0.75
or 1 mg were generated. The simulated profiles
for digoxin were compared with observed data
from 12 independent PK studies,2,33–36,41,44,58–62

respectively (Table 2).
• Multiple dose studies: Twenty virtual trials of

healthy volunteers (subject number, age range,
percentage female according to Table 2) receiv-
ing either 0.125 mg digoxin (q.d., quaque die or
“one a day”), 0.25 mg (q.d.), 0.25 mg (b.i.d.; bis
in die or “twice a day”) or 0.5 mg (b.i.d.) were
generated and the simulated profiles for digoxin
were compared with those observed in six inde-
pendent PK studies matching the dose regime
simulated44,63–67,70 (Table 2).

• Inter-individual concentration–time profiles:
Twenty virtual trials of 10 male subjects aged
23–30 years receiving a single oral dose of 0.5
mg digoxin were generated. The simulated indi-
vidual profiles for digoxin were compared with
observed data from Weiss et al.71 Forty virtual
trials of five male subjects aged 23–32 years re-
ceiving a single oral dose of 1 mg digoxin were
generated. The simulated individual profiles for
digoxin were compared with observed data from
Hayward et al. (1978).61

Simulation of Studies Investigating the Impact of P-gp
Expression

Simulations were performed to investigate the im-
pact of intestinal and hepatic P-gp abundance on the
exposure to digoxin. This was carried out by chang-
ing the REF from 0.1 to 20. In addition, data relat-
ing to induction of intestinal P-gp by rifampicin were
used to investigate the effects of this inducer on the
systemic exposure of digoxin. Because concentration-
dependent data relating rifampicin levels to P-gp in-
duction were not available, the intestinal REF was

increased 3.5-fold to replicate the increase in expres-
sion observed after rifampicin treatment in vivo.2 Al-
though additional validations of the digoxin model
with respect to inhibition of the P-gp-mediated efflux
of digoxin have also been performed, these form the
basis of another paper (Neuhoff et al., 2013; Part II;
accepted for publication in Journal of Pharmaceutical
Sciences).

RESULTS

Concentration–Time Profiles Following a Single Dose of
Digoxin

Predicted and observed plasma concentration–time
profiles of digoxin after a single intravenous dose of
0.5, 0.75, 1 or 1.5 mg digoxin were compared for 20
virtual trials. In Figure 3, representative profiles for
the best (a) and the worst (b) prediction overlay are
shown. The individual simulated profiles for all 13
intravenous studies overlaid with the observed data
are shown in the Supplementary Material I. Predicted
and observed plasma concentration–time profiles of
digoxin after a single oral dose of 0.25, 0.5, 0.75 or
1 mg digoxin in solution were also compared for 20
virtual trials. In Figure 3, representative profiles for
the best (c) and the worst (d) prediction overlay are
shown. The individual simulated profiles for all 12
oral studies overlaid with the observed data are also
shown in the Supplementary Material I.

Following oral administration, the mean predicted
area under the plasma concentration-time curve pro-
files (AUC(0-∞)) values of digoxin at 0.25 mg ranged
from 10.03 to 13.43 ng/mL × h for the 20 simulated
trials (median 11.55) using male subjects between 20
and 50 years; the observed mean value was 17.05 ng/
mL × h.33 Mean predicted AUC(0-∞) values of digoxin
at 0.5 mg ranged from 20.06 to 26.87 ng/mL × h for
the 20 simulated trials (median 23.1); the observed
mean values were 36.7,60 28.3,34 18.4,58 and 32.3 ng/
mL × h44 (Table S1). Mean predicted AUC(0-∞) val-
ues of digoxin at 0.75 mg ranged from 30.10 to 40.32
ng/mL × h for the 20 simulated trials (median 34.65);
the observed mean value was 14.9 ng/mL × h.41 Mean
predicted AUC(0-∞) values of digoxin at 1 mg ranged
from 40.13 to 53.76 ng/mL × h for the 20 simulated
trials (median 46.20); the observed mean values were
8.8 (reported only values for less than 7 h),2 61.9,62

14.9 (reported only values for less than 7 h) ng/mL ×
h,61 respectively (Table S2).

For an easy comparison between matched predic-
tions for gender, age and dosing regimen and observed
data, the ratio between predicted and observed max-
imum plasma concentration observed (Cmax), time to
maximum plasma concentration observed (tmax) and
total clearance after intravenous and oral adminis-
tration (CLivand CLpo) are presented (Figs. 4a–4d,
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Figure 3. Predicted versus observed plasma concentration–time profiles of digoxin after a
single intravenous bolus dose of (a) 1 mg42 and (b) 0.5 mg37 or an oral dose of (c) 0.5 mg44 and
(d) 0.75 mg41, respectively. These are example of the performance verification for a (a and c)
well-predicted and (b and d) the worst-predicted case. The grey lines represent 20 individual
trials and the solid black line is the mean of the simulated population. Thin black lines are the
95th and 5th percentile predictions. Mean observed data are indicated by circles.

Figure 4. Goodness of the prediction: The model is judged based on calculated fold over-
or under-prediction of the trainings set (filled circle), the test set (open circles) and the ex-
ternal validation set (open triangles). The ratio of the predicted and observed clearance of
digoxin after a single intravenous dose (a) and the corresponding clearance (b), Cmax (c) and tmax

(d) ratios after oral dose are given within a 1.25-fold (grey area), twofold (dashed lines) and
fivefold (dotted line) prediction range.
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respectively). From the 13 intravenous studies, 12
were predicted within twofold of the observed values,
independent of whether the study was used earlier in
the model building process or part of an independent
test set (Fig. 4a). Although a twofold change is gen-
erally accepted as an indicator of a good prediction,
a twofold change in digoxin Cmax or AUC is cause for
concern in the clinic, therefore, we evaluated a much
narrower window of 1.25-fold.72 Ten of the 13 intra-
venous studies were also within the 1.25-fold predic-
tion. From the 12 oral studies, only two were used
for building the PBPK model, hence the remaining
studies represented the external validation set. Of
these 10 studies, five were within 1.25-fold, three were
within twofold and two studies were within fivefold
of the observed clearance. Among the latter, digoxin
measurements were only collected up to 935 or 7 h
after dosing,61 thus the reported AUC was low and
the clearance high compared with those in the other
reports evaluated here. Although Cmax ratios and tmax
ratios were all within the twofold range, generally
the Cmax ratios were slightly under predicted (10 out
of 12; Figs. 4c and 4d). Three-quarters of the Cmax
ratios and two-thirds of the tmax ratios were within
1.25-fold of the observed values.

Figures 5a and 5b show the simulated and ob-
served individual plasma concentration–time profiles
of digoxin after a single oral dose of 0.5 and 1 mg
digoxin, respectively, based on the demographics (age,
gender) and trial design from clinical studies.36,61,71

The simulated profiles are consistent with observed
profiles which is also reflected in the Cmax and AUC ra-
tios of 1.11 (2.14/1.93 ng/mL) and 1.10 (24.74/22.50 ng/
mL × h) and 0.80 (3.81/4.74 ng/mL) and 0.77 (47.72/
61.9 ng/mL × h) for 0.5 and 1 mg digoxin, respec-
tively. A representative output of the simulated AUC
values with corresponding estimated variability and
comparable clinical data61 is shown in Figure 6.

When given alone, digoxin does not show a dose
non-linearity, which is reflected by the constant dose-
normalised, predicted Cmax (mean) values at different
oral doses (Fig. 7); the 95th and 5th percentile range
is based upon the study population reported (Table 2).

Concentration–Time Profiles During Chronic Oral
Administration of Digoxin

Individual simulated profiles for all six multiple dose
oral studies overlaid with the observed data are
shown in the Supplementary Material I. Predicted
and observed mean plasma concentration–time pro-
files of digoxin after 19 days of administration of 0.125
mg digoxin in solution (q.d.) were compared for 20 vir-
tual trials. Mean predicted AUC(0-∞) values of digoxin
at 0.125 mg q.d. ranged from 6.34 to 7.66 ng/mL ×
h for the 20 simulated trials (median 6.95); the ob-

Figure 5. Simulated versus observed inter-individual
plasma concentration–time profiles of digoxin (a) after a
single oral dose of 0.5 mg digoxin. Twenty trials of 10 sub-
jects were simulated based on trial design and age/sex of
Weiss et al.71 and Westphal et al.36 Thin grey lines repre-
sent the 200 simulated individuals; the small symbols indi-
cate observed data points for 10 individuals71 and the open
circles represent the observed mean data. (b) Represents
corresponding data for a single oral dose of 1 mg digoxin.
The thin grey lines are simulated data for 200 subjects; that
is, 40 trials of five subjects, simulated based on trial design
and age/sex of Hayward et al.61 The open circles indicate
mean observed data points and the small symbols the indi-
vidual data for the five individuals.61

served mean value was 6.96 ng/mL × h.63 Digoxin was
predicted to not accumulate over about 48 h during
repeat dose administration of digoxin, with consis-
tent maximum and minimum plasma concentrations
thereafter (Table S3).

Predicted and observed mean plasma concentra-
tion–time profiles of digoxin after 8 days of admin-
istration of 0.25 mg digoxin in solution (q.d.) using
the study design by Vaidyanathan et al.66 were com-
pared for 20 virtual trials in Figure 8. Mean predicted
AUC(0-∞) values of digoxin at 0.25 mg q.d. after 19
days ranged from 13.08 to 15.33 ng/mL × h for the 20
simulated trials (median 13.89); the observed mean
value was 14.89 ng/mL × h66 and 15.4 ng/mL × h64

(Table S3).
Predicted and observed mean plasma concentra-

tion–time profiles of digoxin after 19 days of admin-
istration of 0.25 mg digoxin in solution (b.i.d.) were
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Figure 6. Median AUC values (5th and 95th percentiles) of digoxin after an oral dose of 0.5 mg
digoxin in solution predicted in 40 different randomly selected groups of virtual subjects (n = 5;
open circles) and observed (solid diamond) values. The solid line represents the median of the
virtual population (n = 200); dashed lines represent the 5th and 95th percentiles of the virtual
population. Trial group 41 indicates the observed data from Hayward et al.,61 that is, PK study
Nr 23 in Table 2.

compared for 20 virtual trials. Mean predicted
AUC(0-∞) values of digoxin at 0.25 mg b.i.d. ranged
from 11.83 to 16.64 ng/mL × h for the 20 simulated
trials (median 14.10); observed mean values were
10.1645, 15.767 and 15.9 ng/mL × h67 (Table S3).

External Validations Using the Suppression
and Induction Data

In Figure 9a, a sensitivity analysis on the REF value
for intestinal P-gp is shown. The higher the REF value
the greater the contribution of the efflux transporter,
which has an obvious impact on Cmax, that is, it causes
a reduction. At an oral dose of 0.5 mg, a twofold in-
crease in the REF from 2 to 4 leads to a reduction in
the Cmax from 1.5 to 1.2 ng/mL, whereas a fourfold
increase reduces the Cmax to 0.8 ng/mL. In contrast,
reduced REF values of 0.4 and 0.1, lead to predicted

Figure 7. Sensitivity analysis on the linearity of the Cmax,
when normalised for dose. Simulated (open squares) and
observed (grey diamonds) dose-normalised Cmax values. The
grey area represents the simulated 95th and 5th percentile
of the virtual population matched to clinical studies.

increases in Cmax values of 2 and 2.3 ng/mL, respec-
tively. The observed range of mean Cmax values af-
ter 0.5 mg oral dose digoxin are between 1.3658 and
3 ng/mL.60 Therefore, the default REF of 2 reflects the
most contribution of P-gp within the observed range
of Cmax values and thus the worst case scenario for in-
testinal P-gp contribution to the absorption profile of
digoxin.

Predicted decreases in AUC(0–∞) and Cmax of
digoxin as a result of intestinal P-gp induction fol-
lowing administration of rifampicin (600 mg q.d. for
9 days) were 1.5- and 1.6-fold, which were broadly
consistent with observed values of 1.4- and 2.2-fold,
respectively.

Figure 8. Predicted versus observed plasma concentra-
tion–time profile of digoxin after an oral dose of 0.25 mg
q.d. during 8 days in a population of 220 individuals (20
trials of 22 healthy volunteers) age 19–38 years (0.38% fe-
male). The thin lines represent individual trials (n = 20) and
the solid black line is the mean of the simulated population
(n = 220). The open circles are mean observed values.64,65
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Figure 9. Sensitivity analysis on intestinal (a) and hep-
atic (b) REF of P-gp at a single oral dose of 0.5 mg. The
range of observed Cmax for this dose is indicated between
the two dotted lines. The grey arrows indicate the intesti-
nal and hepatic REFs used for the current PBPK model for
digoxin.

The impact of hepatic P-gp induction is shown in
Figure 9b. At an oral dose of 0.5 mg, a twofold increase
in the hepatic REF from 1.5 to 3 leads to a decrease in
the Cmax from 1.5 to 1.1 ng/mL, whereas a fourfold in-
crease decreases the Cmax to 0.85 ng/mL. In contrast,
reduced REF values of 0.4 and 0.1, lead to predicted
increases in Cmax values of 2.1 and 2.3 ng/mL, re-
spectively. It is worth mentioning that induction of
intestinal P-gp is more likely because of higher gut
(enterocyte) concentration compared with the liver
(hepatocyte).

DISCUSSION

Approximately half of currently marketed drugs are
substrates, inhibitors or modifiers of P-gp,73 thus pro-
viding an indication of the importance of P-gp in ab-
sorption, disposition, excretion and organ toxicity of
drugs. It is becoming increasingly important to have
interpretable in vitro assays and mathematical mod-
els that can describe the kinetics of P-gp substrates
in addition to assessing related drug-drug interaction

potential during drug development. Although from
a clinical standpoint, because of its narrow thera-
peutic window, digoxin can/should now be replaced
by other drugs on the market, it remains a com-
pound of interest. Digoxin is one of the few P-gp
substrates that is known to be poorly metabolised
and is “sensitive” to perpetrators of P-gp efflux, thus
making it an ideal “in vivo” probe for investigation
of P-gp-mediated interactions. Therefore, a PBPK
model for digoxin that is capable of accounting for
P-gp saturation, inhibition and induction/suppression
is a useful tool in current drug development programs.

The model developed in this study was able to re-
cover concentration–time profiles of digoxin that were
consistent with observed data across 31 independent
studies (13 intravenous single dose, 12 per oral sin-
gle dose and six multiple dose studies). The results
confirmed that there was no indication of a departure
from dose proportionality over the oral dose range
studied (0.25–1.5 mg), which is in agreement with
the fact that digoxin is not a good inhibitor for P-
gp but rather a substrate with a high Km value.23

Thus, digoxin itself does not saturate the transporter
within the clinical dose range as reflected in the con-
stant PK profiles. However, inhibitors and inducers
of transporters can affect the PK profile of digoxin
as indicated by the clinically relevant Cmax changes
evaluated (Fig. 9).

The PBPK model of digoxin fulfilled generally the
“twofold” criterion: however, digoxin has a narrow
therapeutic window and so requires a more precise
recovery of clinical data. Thus, a 1.25-fold prediction
range was evaluated with the majority of simulations
falling within this range. The studies that were not re-
covered by the model either reported incomplete con-
centration–time profiles or the formulation type was
not stated, leaving the possibility that here were sol-
ubility/dissolution issues with these studies, factors
currently not accounted for within our PBPK model.
The latter aspect could be added to a refined model,
although currently marketed formulations of digoxin
overcome the solubility and dissolution limitations of
the drug on its own.

Studies with human liver slices indicate that
digoxin uptake is due to both passive diffusion and
active processes. Experiments with transfected cells
(e.g. Chinese Hamster Ovary, HEK-293, Oocytes)
and sandwich cultured human hepatocytes (SCHH)
showed that digoxin is not transported by or-
ganic anion transporters (OAT1 and OAT2), organic
cation transporters (OCT1 and OCT2), monocar-
boxylic transporter 8 (MCT8) or organic anionic trans-
porting poplypeptides (OATP1B1, OATP1B3 and
OATP2B1),74–76 although digoxin has previously been
considered to be an OATP1B3 substrate.77 In humans,
a sodium-independent, basolaterally expressed, or-
ganic solute transporter heterodimer (OSTalpha/beta)

JOURNAL OF PHARMACEUTICAL SCIENCES DOI 10.1002/jps



APPLICATION OF PERMEABILITY-LIMITED PBPK MODELS: DIGOXIN PK 13

has been identified to efflux digoxin.78 However, also
at least one sodium-dependent uptake transporter75

has been discussed for digoxin, and it is known that
the overall transport of digoxin is H+-independent at
least across Caco-2 cell monolayers.79 Within the de-
scribed PBPK model, a CLPD value of 0.1 mL/min/
106 hepatocytes was assumed, which is in agreement
with a high diffusion rate into hepatocytes and high
intra-cellular accumulation of digoxin,76,80,81 thus ac-
counting indirectly for the sinusoidal uptake and ef-
flux transporters into the liver. If reliable in vitro data
on the specific sinusoidal uptake and efflux trans-
porter become available, these could easily be used
to extend and refine the current PBPK model. How-
ever, the relative contributions of passive and active
hepatic transport need to be refined and verified, as
described here for the intestinal efflux component.

The pharmacokinetics of digoxin is only partly un-
derstood. There are data suggesting that liver clear-
ance plays a relatively small role because less than
10% of the drug is excreted via the bile and digoxin is
mainly found to be excreted unchanged in the urine.
Also renal P-gp inhibition has been suggested as a
cause for drug–drug interactions. Recently OATP4C1
(SLCO4C1) was identified in the kidney as a trans-
porter putatively involved in tubular secretion of
digoxin.82 It is noteworthy that OATP4C1 (OATP-
H) is also expressed in the jejunum and liver47 and
that its membrane location in human is still unclear.83

Renal excretion of digoxin seems to be largely medi-
ated by glomerular filtration, but approximately one-
third of the renal clearance can be assigned to the
non-glomerular route.41 Therefore, it would be inter-
esting to extend our PBPK model of digoxin to in-
clude P-gp-mediated luminal efflux and tubular se-
cretion of digoxin, using the recently developed mech-
anistic kidney model (Mech KiM) within the Simcyp
Simulator.84

Several other, as yet unidentified, transporters are
involved in the transport of digoxin. Apical efflux and
basolateral uptake are essentially “working” in the
same direction, but inhibition (saturation or induc-
tion) of one or the other may lead to very different
effects, particularly for eliminating organs. Inhibition
of the basolateral uptake transporter results in ele-
vated digoxin exposure; that is, increased Cmax and or
AUC, whereas inhibition of P-gp increases, at least in
the first instance, the concentration within the elim-
inating organ (hepatic or renal cells). However, inhi-
bition and induction of the intestinal P-gp leads to
increased and decreased Cmax and AUC respectively
(Neuhoff et al., 2013; Part II; accepted for publication
in Journal of Pharmaceutical Sciences).

The PK parameters obtained from the digoxin
PBPK model were sensitive to changes in levels of
intestinal and hepatic efflux transporter within the
system. These changes can represent transporter in-

hibition or induction indicating the capabilities of
the model for the assessment of transporter-mediated
drug-drug interactions.

CONCLUSION

PBPK modelling in conjunction with a mechanistic
absorption model and reliable in vitro data on trans-
porters can be used to assess the impact of dose on
P-gp-mediated efflux and to elucidate the relative im-
portance of intestinal and hepatic P-gp to the bioavail-
ability of digoxin and other P-gp substrates.
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