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ARTICLE

Physiologically-Based Pharmacokinetic Modeling for 
the Prediction of a Drug–Drug Interaction of Combined 
Effects on P-glycoprotein and Cytochrome P450 3A 

Yukio Otsuka1,*, Mary P. Choules2, Peter L. Bonate2 and Kanji Komatsu1

Direct oral anticoagulants, such as apixaban and rivaroxaban, are important for the treatment and prophylaxis of venous 
thromboembolism and to reduce the risk of stroke and systemic embolism in patients with nonvalvular atrial fibrillation. 
Because apixaban and rivaroxaban are predominantly eliminated by cytochrome P450 (CYP) 3A and P-glycoprotein (P-gp), 
concomitant use of combined P-gp and strong CYP3A4 inhibitors and inducers should be avoided. Physiologically-based 
pharmacokinetic models for apixaban and rivaroxaban were developed to estimate the net effect of CYP3A induction, P-gp 
inhibition, and P-gp induction by rifampicin. The disposition of rivaroxaban is more complex compared with apixaban because 
both hepatic and renal P-gp is considered to contribute to rivaroxaban elimination. Furthermore, organic anion transporter-3, 
a renal uptake transporter, may also contribute the elimination of rivaroxaban from systemic circulation. The models were 
verified with observed clinical drug–drug interactions with CYP3A and P-gp inhibitors. With the developed models, the 
predicted area under the concentration time curve and maximum concentration ratios were 0.43 and 0.48, respectively, 
for apixaban, and 0.50–0.52 and 0.72–0.73, respectively, for rivaroxaban when coadministered with 600 mg multiple doses 
of rifampicin and that were very close to observed data. The impact of each of the elimination pathways was assessed for 
rivaroxaban, and inhibition of CYP3A led to a larger impact over intestinal and hepatic P-gp. Inhibition of renal organic anion 
transporter-3 or P-gp led to an overall modest interaction. The developed apixaban and rivaroxaban models can be further 
applied to the investigation of interactions with other P-gp and/or CYP3A4 inhibitors and inducers.

The use of physiologically-based pharmacokinetic (PBPK) 
models for predicting drug–drug interactions (DDI) is 
an emerging area during the past decade. Although its 
usefulness is based on mechanistic consideration of a 
drug’s elimination pathway, the use of PBPK has primar-
ily been applied for cytochrome P450 (CYP)–mediated 

DDIs. CYP3A4-mediated DDIs have been thoroughly in-
vestigated,1,2 and the prediction results are well accepted 
by regulatory agencies as a part of new drug application 
submissions.3 Recently, the prediction of P-glycoprotein 
(P-gp)–mediated induction has received increased atten-
tion as P-gp shares substrates and inducers with CYP3A4. 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  Both apixaban and rivaroxaban are known as com-
bined cytochrome P450 (CYP) 3A and P-glycoprotein (P-
gp) substrates and should be used with care when CYP3A 
and/or P-gp inhibitors and/or inducers are concomitantly 
used. No verified physiologically-based pharmacoki-
netic (PBPK) model for apixaban and only partially veri-
fied PBPK models for rivaroxaban have been previously 
reported.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  Can the developed apixaban and rivaroxaban PBPK 
models predict the drug–drug interaction (DDI) with com-
bined CYP3A and P-gp inhibitors and inducers?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  The qualification process and results shown in the pre-
sent analysis strengthen the ability to predict intestinal 
and hepatic P-gp-mediated DDI. The developed models 
can predict complex DDIs that involve the interplay of 
CYP3A and P-gp inhibitors and inducers.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DE-
VELOPMENT, AND/OR THERAPEUTICS?
✔  PBPK modeling and simulation of P-gp-mediated DDIs 
will be evaluated using our qualified models. The apix-
aban and rivaroxaban models developed in the present 
work will be used in the prospective prediction of a DDI 
with CYP3A and/or P-gp inhibitors/inducers.
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One of the most potent CYP3A inducers, rifampicin, also 
induces P-gp.4 Because rifampicin is reported to inhibit 
P-gp,5 the mechanism of interaction of rifampicin with com-
bined CYP3A and P-gp substrates is considered complex. 
Mechanistic understanding of the contribution of P-gp and 
CYP3A is important to prospectively predict inhibition and/
or induction effects on the disposition of substrates of P-gp 
and CYP3A.

Apixaban and rivaroxaban are direct oral anticoagulants 
that are used for the treatment and prophylaxis of venous 
thromboembolism and to reduce the risk of stroke and sys-
temic embolism in patients with nonvalvular atrial fibrillation. 
Both drugs are substrates of CYP3A and P-gp and current 
labeling guidelines recommend avoiding concomitant use 
with combined P-gp and strong CYP3A inhibitors and in-
ducers.6,7 The actual extent of the DDI with rifampicin is 
dependent on the interplay of the inhibition and/or induction 
effects between CYP3A and P-gp. Accordingly, understand-
ing the contribution of CYP3A and P-gp on apixaban and 
rivaroxaban disposition and the net effect of CYP3A and 
P-gp combined inhibitors/inducers is essential to estimate 
the magnitude of the DDI of these drugs.

To date, no verified PBPK model for apixaban has been 
reported. In contrast, there are a number of rivaroxaban 
PBPK models found in the literature. Four studies aimed to 
predict DDI in organ impairment patients, and one aimed 
to predict pharmacokinetics (PK) in pediatrics. All of these 
studies used verified rivaroxaban PBPK models to fulfill 
their specific requirements and only focused on inhibitory 
interaction. Our goal was to establish the PBPK model of 
apixaban and rivaroxaban and methodology that can pre-
dict combined inhibition and induction effects on P-gp and 
CYP3A4. To achieve this, the qualification of intestinal and 
hepatic P-gp-mediated DDI was shown using digoxin as 
probe substrate of P-gp.

METHODS
General approach
All PBPK model development, PK simulations, and DDI 
simulations were performed using the Simcyp popula-
tion-based simulator v18.2 (Certara UK Limited, Sheffield, 
UK). The observed clinical PK data were obtained from the 
literature, which provided plasma concentration profiles 
at clinical efficacious dose levels (10 mg for apixaban and 
20 mg for rivaroxaban) in healthy volunteers using GetData 
Graph Digitizer v2.26 (http://getda​ta-graph​-digit​izer.com/). 
The intestinal absorption of rivaroxaban is known to be 
affected by food at high dose levels; thus, the PK data 
at 20  mg under the fed condition was selected for rivar-
oxaban. For the model verification, PK data after multiple 
oral (p.o.) administrations at several dose levels in healthy 
volunteers were obtained from respective phase I study re-
sults. The overall workflow of the present analysis is shown 
in Figure  1. The qualification of hepatic P-gp-mediated 
interaction was shown with digoxin after intravenous (i.v.) 
administration and then combined with digoxin’s effects on 
hepatic and intestinal P-gp after p.o. administration in the 
presence and absence of several P-gp inhibitors. To inves-
tigate the induction effect on hepatic and intestinal P-gp, 
rifampicin’s effect after i.v. and p.o. digoxin was tested. 

Apixaban and rivaroxaban PBPK models were developed 
and verified as combined CYP3A and P-gp substrates. 
The developed models were then applied to evaluate the 
net effect of rifampicin on the absorption and elimination 
of apixaban and rivaroxaban. PBPK models, other than 
apixaban and rivaroxaban, were used from the Simcyp 
provided compound library, and any modifications made 
to the models are described in the supplementary mate-
rials. Throughout the present analysis, the magnitude of 
the predicted DDI was evaluated using area under the con-
centration time curve (AUC) and maximum concentration 
(Cmax) ratios of in the presence or absence of a perpetrator 
drug. As the extent of the DDI observed in apixaban and 
rivaroxaban clinical studies was weak to moderate, the val-
idation criteria were calculated using the method proposed 
by Guest et al.8 to avoid misleading judgment by using 
traditional twofold range criteria. The variability of PK pa-
rameters was assumed to be 20% as recommended by the 
authors.

Apixaban PBPK model
The workflow of model development and verification is 
described in Figure S1-1. The apixaban PBPK model was 
developed based on in vitro, in vivo, and in silico data 
obtained from the public domain. At first, a model for i.v. 
administration was developed with the CYP3A contribution 
determined from clinical DDI results with rifampicin after 
i.v. apixaban administration. Because biliary excretion of 
unchanged apixaban had a minor contribution (0.84% of 
dose) on the elimination of apixaban after p.o. adminis-
tration of [14C]apixaban,9 only CYP3A is considered to be 
affected by rifampicin. The i.v. model was then modified 
to an oral model by adding an absorption component. 
Considering apixaban’s low renal clearance (~0.9 L/h)10 
and high binding to plasma proteins, renal clearance was 
considered to occur primarily through glomerular filtration. 
Accordingly, P-gp-mediated secretion clearance in the 
kidney was not considered in the present model. Further 
details of model development are provided in the supple-
mentary materials.

Rivaroxaban PBPK model development
The model development and verification workflow is de-
scribed in Figure S2-1. The PBPK models for rivaroxaban 
have been investigated in previous work.11–15 The purposes 
of the model developments were different, and the mod-
els were verified to fulfill their intended uses. In the current 
analysis, we aimed to confirm whether the developed rivar-
oxaban model can reproduce observed clinical DDI data 
that are related to rivaroxaban’s absorption and elimination 
as a model verification step. After a comprehensive litera-
ture review, CYP3A, CYP2J2, hydrolysis, P-gp, and organic 
anion transporter-3 (OAT3) were considered to be involved 
in rivaroxaban disposition. The contribution of CYP3A was 
determined from clinical DDI study results with fluconazole, 
as fluconazole is reported to not inhibit CYP2J2, P-gp, or 
OAT3. The model was verified with results from several clin-
ical DDI studies using CYP3A and P-gp inhibitors. Further 
details of rivaroxaban PBPK model development is pro-
vided in the supplementary materials.

http://getdata-graph-digitizer.com/
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Rifampicin P-gp inhibition and induction effects
The Simcyp provided rifampicin compound file (SV-
Rifampicin-MD) was used with the addition of a P-gp 
inhibition component. Rifampicin reversible inhibition con-
stant or concentration resulting in 50% inhibition values on 
P-gp were investigated using in vitro studies and reported 
to be in the range of 4.3–279 μM.5,16 In the present analy-
sis, the smallest, most potent, in vitro value was employed. 
Greiner et al.17 determined the increased expression of 
P-gp in duodenal biopsies after multiple doses of 600 mg 
rifampicin for 10 days with quantitative immunohistochem-
istry and western blotting; 1.4-fold and 3.5-fold increases in 
P-gp expressions, respectively, were observed. Increased 
duodenal ABCB1 mRNA after multiple doses of rifampicin 
600 mg dose were reported to be 1.55-fold to 3.67-fold.18,19 
Furthermore, Yamazaki et al.20 investigated rifampi-
cin’s P-gp induction effects with several P-gp substrates 
using PBPK modeling and simulation and demonstrated 
a threefold to fourfold increase in intestinal P-gp activity 
reasonably predicted the DDI between rifampicin and P-gp 
substrates. Taken together, the fold increase in intestinal 
P-gp after rifampicin 600 mg multiple doses was defined 
to be 3.5-fold. When 600 mg rifampicin was administered 
once daily, a higher increase in CYP3A expression was 

simulated in the intestine compared with the liver (10-fold 
vs. 6-fold, respectively) because of the differences in rifam-
picin concentrations and enzyme turnovers in each organ. 
Both CYP3A and P-gp induction mechanisms were consid-
ered via pregnane X receptor activation, and similar organ 
differences are expected with P-gp induction. Accordingly, 
the same fold difference between the intestine and liver to 
CYP3A induction was applied to P-gp induction. As intesti-
nal P-gp induction was defined as a 3.5-fold increase after 
rifampicin 600  mg once daily administration, the hepatic 
P-gp increase was set to 2.0-fold. The induction effects of 
rifampicin on P-gp was modeled as an increase in the scal-
ing factor for activity/expression (a unique parameter of the 
software that is used for scaling differences in activity or 
expression of transporter between in vitro and in vivo) of 
intestinal and hepatic P-gp in the substrate models. As for 
the kidney, P-gp induction was not expected because renal 
expression of the pregnane X receptor is considered low 
compared with the liver and intestine.21 Benson et al.22 in-
vestigated rifampicin’s effect on the expression of CYP3A4 
mRNA in normal human proximal tubular kidney cells and 
demonstrated no significant change in CYP3A4 mRNA level. 
Accordingly, rifampicin’s induction effect on kidney P-gp 
was not addressed in the present study. Rifampicin’s effect 

Figure 1  Overall workflow of apixaban and rivaroxaban physiologically-based pharmacokinetic model development and assessment 
as combined CYP3A and P-gp substrate including the qualification of hepatic and intestinal P-gp inhibition and induction evaluation. 
CYP, cytochrome P450; i.v., intravenous; P-gp, P-glycoprotein; p.o., oral.

Verification of apixaban and rivaroxaban models

Qualification of intestinal and hepatic P-gp inhibitionQualification of hepatic P-gp inhibition

Digoxin i.v. Digoxin p.o.� P-gp inhibitors � P-gp inhibitors

Apixaban p.o. � CYP3A and P-gp inhibitors

Rivaroxaban p.o. � CYP3A and P-gp inhibitors

Application to DDI simulation

Apixaban p.o. � CYP3A and P-gp inducer (rifampicin)

Rivaroxaban p.o. � CYP3A and P-gp inducer (rifampicin)

Qualification of intestinal and hepatic P-gp inductionQualification of hepatic P-gp induction

Digoxin i.v. Digoxin p.o.� P-gp inducer (rifampicin) � P-gp inducer (rifampicin)

Development of apixaban and 
rivaroxaban models
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on inhibition and induction of intestinal and hepatic P-gp-
mediated transport following multiple doses were qualified 
with a clinical DDI study between rifampicin and i.v. and 
p.o. digoxin. Lastly, the predicted DDI between rifampicin 
and combined P-gp and CYP3A substrates, apixaban and 
rivaroxaban, was conducted to evaluate if the complex 
rifampicin effects on P-gp and CYP3A can be predicted. 
The use of PBPK for the prediction of CYP3A induction 
has been investigated in several previous studies,2,23 and 
CYP3A induction prediction with PBPK is considered suf-
ficiently valid to apply to further complex DDI simulations.

Impact assessment
As the absorption and elimination pathways of the rivar-
oxaban model is quite complex, the relative impact of the 
inhibition or induction on each elimination pathway was 
assessed as the ratio of interaction on specific enzyme/
transporter inhibition or induction to overall interaction.

RESULTS
Qualification of intestinal and hepatic P-gp-mediated DDI
The inhibitory effect of several P-gp inhibitors on hepatic 
elimination and digoxin’s combined effect on intestinal 

absorption and hepatic elimination were assessed with 
simulation after i.v. and p.o. administrations of digoxin, 
respectively. Although ritonavir’s inhibitory effect on i.v. di-
goxin underpredicted the observed AUC increase (1.16 vs. 
1.86 for predicted vs. observed), the other DDI simulation 
results confirmed accurate prediction of P-gp-mediated 
interactions (Table  1). The DDI simulation with rifampicin 
also confirmed the validity of current assumptions on P-gp 
induction after multiple p.o. administrations of 600  mg 
rifampicin.

Apixaban PBPK model
Two key parameters for DDI simulation, CYP3A4 con-
tribution in liver metabolism and the scaling factor for 
intestinal P-gp activity, were optimized with clinical data. 
The primary metabolic route of [14C]apixaban’s major 
metabolites in urine and feces (M1 and M2) after p.o. ad-
ministration was O-demethylation.24 In an in vitro study, 
CYP3A4 and CYP1A2 were shown to be responsible for 
the formation of O-demethylated metabolites, indicating 
the possibility that both isozymes are involved in he-
patic metabolism in humans. The contributions of each 
isozyme were estimated based on the clinical DDI study 

Table 1  Observed and predicted drug–drug interactions between P-glycoprotein inhibitor/inducer and digoxin

Inhibitor/
inducer

Mode of digoxin 
administration

Without inhibitor/
inducer With inhibitor/inducer

AUClast 
ratio Cmax ratio

AUClast 
(ng‧h/mL)

Cmax  
(ng/mL)

AUClast 
(ng‧h/mL)

Cmax (ng/
mL)

Ritonavir i.v. Observed40 22a NA 41a NA 1.86b NA

Predicted 24 NA 28 NA 1.16 NA

Criteria 1.16–2.97

p.o. Observed41 5.45 1.24 7.59 1.55 1.37 1.16

Predicted 13.7 2.03 17.3 3.19 1.29 1.61

Criteria 0.94–1.99 0.86–1.57

Clarithromycin i.v. Observed42 27 NA 32 NA 1.19 NA

Predicted 29 NA 34 NA 1.16 NA

Criteria 0.87–1.63

p.o. Observed43 7.3 1.2 10.7 2.1 1.47 1.75

Predicted 7.5 0.9 9.7 1.3 1.36 1.46

Criteria 0.99–2.19 1.23–2.50

Verapamil i.v. Observed44 73.34 NA 91.08 NA 1.24 NA

Predicted 52.66 NA 61.18 NA 1.18 NA

Criteria 0.89–1.73

p.o. Observed45 15.7 2.5 23.6 3.6 1.50 1.44

Predicted 13.7 1.8 18.2 2.7 1.44 1.60

Criteria 1.00–2.25 0.97–2.13

Rifampicin i.v. Observed17 87.3 NA 74.5 NA 0.85 NA

Predicted 62.7 NA 48.4 NA 0.76 NA

Criteria 0.62–1.16

p.o. Observed17 54.8 5.4 38.2 2.6 0.70 0.48

Predicted 50.3 3.6 33.3 2.4 0.63 0.65

Criteria 0.47–1.03 0.29–0.79

Criteria were calculated using the method proposed by Guest et al.8 with assuming 20% variability in pharmacokinetic parameters.
AUCinf, area under the concentration-time curve from the time of dosing extrapolated to time infinity; AUClast, area under the concentration-time curve from 
the time of dosing up to the time of last measurable concentration; Cmax, maximum concentration; i.v., intravenous; NA, not assessed; p.o., oral.
aAUCinf.
bAUCinf ratio.
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with rifampicin after i.v. administration of apixaban be-
cause the induction effect of rifampicin on CYP1A2 is 
considered weak25 and only CYP3A4 was affected by ri-
fampicin after apixaban i.v. administration. The optimized 
CYP3A4 contribution in hepatic metabolism was 42%, 
which reproduced the clinical DDI result (Table  S1-3). 
Intestinal P-gp intrinsic clearance was estimated from in 
vitro P-gp-facilitated transport velocity data.26 When in 
vitro intestinal P-gp intrinsic clearance was used directly, 
Cmax was significantly overpredicted (245.8  ng/mL vs. 
139.5  ~  176.3  ng/mL for predicted vs. observed range, 
respectively) with an estimated fraction of absorbed drug 
from gut (Fa) of 0.84. Assuming moderate absorption of 
apixaban from the gut, Fa was considered overestimated. 
Based on a sensitivity analysis, a scaling factor of 25 to 
intestinal P-gp activity was applied to obtain the clinically 
observed AUCinf and Cmax (Figure  S1-4). Estimated Fa 
was 0.65, which is similar to what was observed in the 
clinical mass balance study.9 The postulated mass bal-
ance after p.o. administration of apixaban is shown in 
Figure  S1-2. The developed apixaban model was then 
verified with PK profiles after single and multiple oral 
dose administrations (Figure 2, Table S1-5) and clinical 
DDI results with combined CYP3A and P-gp inhibitors 
(Table  2). Simulated plasma concentration-time profiles 
mimicked observed data appropriately (Figure 2) across 
the dose ranges tested. All predicted DDI results were 
within predefined criteria and thus indicated the verifica-
tion of apixaban PBPK model as combined CYP3A and 
P-gp substrate. The parameters used in the model are 
summarized in Table S1-4.

Rivaroxaban PBPK model
At first, the contribution of hepatic CYP3A metabolism 
was optimized with clinical DDI results with fluconazole. 
Grillo et al.11 estimated the fraction metabolized with 
CYP3A4 in liver (fm,CYP3A4) as 0.37 in their PBPK analy-
sis, and subsequent PBPK works also used the same 
assumption.12,15 It is noteworthy that they did not use 
fluconazole DDI study results for the verification of their 
models and thus only evaluated the combined effects on 
CYP3A and P-gp. When a fm,CYP3A4 of 0.37 was used, the 
DDI with fluconazole was considerably underpredicted 
(Table  S2-2). Accordingly, fm,CYP3A4 was optimized to 
0.61 to reproduce the fluconazole DDI results, and the 
assumption was further evaluated with other clinical DDI 
studies. Another parameter that was optimized with clin-
ical data was relative activity factor/relative expression 
factor (RAF/REF) of intestinal P-gp. P-gp transport kinetic 
data were determined from the in vitro study by Cheong et 
al.15 When the in vitro data were used directly, estimated 
Fa was 0.92, indicating a slight underprediction in gut 
absorption because complete absorption was evident in 
the clinical study when 20 mg of rivaroxaban was dosed 
under fed conditions.27 Sensitivity analysis indicated a 
10-fold decrease in activity/expression of intestinal P-gp 
resulted in almost complete absorption from gut. Cheong 
et al. demonstrated in their PBPK work the involvement of 
OAT3 in rivaroxaban’s renal elimination. However, OAT3 
only affects rivaroxaban uptake on the basal membrane 

of the proximal tubular cells when passive diffusion is as-
sumed to be very low. This assumption may not be exact 
because rivaroxaban is known as a high permeable com-
pound.28 Accordingly, two separate models with different 
assumptions were built: model  1 (with OAT3 and low 
passive diffusion) and model  2 (without OAT3 and high 
passive diffusion). The postulated mass balance after p.o. 
administration of rivaroxaban is shown in Figure  S2-2. 
The developed rivaroxaban models were verified with PK 
profiles after multiple oral dose administrations (Figure 3, 
Table  S2-5) and clinical DDI results with combined 
CYP3A and P-gp inhibitors (Table 2). Simulated plasma 
concentration-time profiles mimicked observed data ap-
propriately (Figure 3) across the dose range tested in both 
models 1 and 2. In all inhibitors tested, AUCinf and Cmax 
ratios were within the prediction criteria with the excep-
tion of the AUCinf ratios of clarithromycin and verapamil 
in model  2 simulations. Clarithromycin and verapamil in 
model  2 simulations also showed poor predictability of 
the renal clearance (CLr) ratio. The changes in CLr in the 
presence of ketoconazole, ritonavir, and erythromycin 
were well predicted.

DDI with rifampicin
In the application step of DDI prediction between rifampi-
cin and combined P-gp and CYP3A substrates, apixaban 

Figure 2  Mean apixaban plasma concentrations after multiple 
oral dose administrations of apixaban at (a) twice daily and (b) 
once daily dosing. Symbols are observed data38 at 2.5 mg (circle), 
5 mg (triangle), 10 mg (diamond), and 25 mg (square). Lines are 
predicted data at 2.5 mg (dashed-dotted), 5 mg (dotted), 10 mg 
(solid), and 25 mg (dashed).

(a)

(b)

10

100

1000

0 24 48 72 96 120 144 168

Ap
ix

ab
an

 P
la

sm
a 

 C
on

ce
nt

ra

o

n 
(n

g/
m

L)

Time (h)

0

50

100

150

200

250

300

350

400

450

0 24 48 72 96 120 144 168

Ap
ix

ab
an

 P
la

sm
a 

 C
on

ce
nt

ra

o

n 
(n

g/
m

L)

Time (h)



664

CPT: Pharmacometrics & Systems Pharmacology

DDI Simulation on P-gp and CYP3A with PBPK
Otsuka et al.

Ta
b

le
 2

 O
b

se
rv

e
d

 a
n

d
 p

re
d

ic
te

d
 e

ff
e

c
ts

 o
f 

c
o

m
b

in
e

d
 c

yt
o

c
h

ro
m

e 
P

45
0 

3A
4 

a
n

d
 P

-g
ly

c
o

p
ro

te
in

 in
h

ib
it

o
rs

 t
o

 t
h

e 
p

la
sm

a 
ex

p
o

su
re

/r
e

n
a

l c
le

a
ra

n
c

e 
o

f 
a

p
ix

a
b

a
n 

a
n

d
 r

iv
a

ro
xa

b
a

n

In
h

ib
it

o
rs

W
it

h
o

u
t 

in
h

ib
it

o
r

W
it

h 
in

h
ib

it
o

r

A
U

C
in

f r
a

ti
o

C
m

a
x 

ra
ti

o
C

L
r r

a
ti

o
A

U
C

in
f  

(n
g
‧h

/m
L

)
C

m
a

x 
(n

g
/m

L
)

C
L

r (
L

/h
)

A
U

C
in

f (
n

g
‧h

/
m

L
)

C
m

a
x 

(n
g

/m
L

)
C

L
r (

L
/h

)

V
ic

tim
: a

p
ix

ab
an

K
et

o
co

na
zo

le

O
b

se
rv

ed
46

1,
49

0a
13

9.
5

N
A

2,
93

9a
22

5.
3

N
A

1.
97

b
1.

62
N

A

P
re

d
ic

te
d

2,
01

7a
15

9.
0

N
A

2,
82

6a
22

2.
0

N
A

1.
42

b
1.

43
N

A

C
ri

te
ri

a
1.

22
–3

.1
9

1.
05

–2
.4

9

D
ilt

ia
ze

m

O
b

se
rv

ed
46

1,
89

7
14

8.
1

N
A

2,
6

0
6

19
4.

6
N

A
1.

40
1.

31
N

A

P
re

d
ic

te
d

1,
9

68
15

6.
0

N
A

2,
6

65
21

5.
1

N
A

1.
37

1.
41

N
A

C
ri

te
ri

a
0.

95
–2

.0
3

0.
92

–1
.8

7

C
yc

lo
sp

o
ri

ne

O
b

se
rv

ed
47

1,
87

5
17

9
N

A
2,

23
7

25
7

N
A

1.
19

1.
43

N
A

P
re

d
ic

te
d

2,
03

0
15

2
N

A
2,

55
4

22
3

N
A

1.
28

1.
51

N
A

C
ri

te
ri

a
0.

87
–1

.6
5

0.
97

–2
.1

1

V
ic

tim
: r

iv
ar

ox
ab

an

K
et

o
co

na
zo

le

O
b

se
rv

ed
48

1,
08

8
14

8.
8

3.
2

1,
98

0
22

8.
1

2.
1

1.
82

1.
53

0.
6

6

P
re

d
ic

te
d

 (m
o

d
el

 1
)

98
1

12
4.

9
3.

1
1,

83
9

17
3.

2
1.

4
1.

9
0

1.
39

0.
45

P
re

d
ic

te
d

 (m
o

d
el

 2
)

1,
0

92
13

0.
5

2.
1

1,
70

8
16

6.
4

1.
8

1.
58

1.
27

0.
86

C
ri

te
ri

a
1.

15
–2

.8
9

1.
01

–2
.3

1
0.

44
–0

.9
9

R
ito

na
vi

r

O
b

se
rv

ed
48

1,
0

0
0

15
3.

7
4.

0
2,

52
9

23
8

1.
0

2.
53

1.
55

0.
25

P
re

d
ic

te
d

 (m
o

d
el

 1
)

94
5

12
2.

8
3.

17
2,

42
0

17
5.

3
1.

29
2.

56
1.

43
0.

41

P
re

d
ic

te
d

 (m
o

d
el

 2
)

1,
0

61
12

8.
9

2.
13

2,
55

7
17

6.
8

1.
07

2.
41

1.
37

0.
50

C
ri

te
ri

a
1.

49
–4

.3
1

1.
02

–2
.3

5
0.

14
–0

.4
5

C
la

ri
th

ro
m

yc
in

O
b

se
rv

ed
48

9
64

13
9.

4
3.

8
1,

46
9

19
4.

4
3.

4
1.

54
1.

40
0.

89

P
re

d
ic

te
d

 (m
o

d
el

 1
)

98
2

12
4.

8
3.

08
1,

58
9

15
0.

0
3.

02
1.

59
1.

20
0.

98

P
re

d
ic

te
d

 (m
o

d
el

 2
)

1,
0

93
13

0.
4

2.
07

2,
64

4
17

0.
2

0.
57

2.
35

1.
31

0.
28

C
ri

te
ri

a
1.

02
–2

.3
3

0.
9

6
–2

.0
5

0.
67

–1
.1

9

E
ry

th
ro

m
yc

in

O
b

se
rv

ed
48

1,
0

69
17

0.
5

3.
0

1,
42

5
22

8.
6

3.
4

1.
34

1.
38

1.
13

P
re

d
ic

te
d

 (m
o

d
el

 1
)

95
3

12
3.

2
3.

12
1,

34
8

14
0.

3
3.

12
1.

41
1.

14
1.

0
0

(C
on

tin
ue

s)



665

www.psp-journal.com

DDI Simulation on P-gp and CYP3A with PBPK
Otsuka et al.

and rivaroxaban, the predicted AUC and Cmax ratios were 
all within the prediction criteria, showing good prediction 
accuracy (Table 3).

Impact of each elimination pathway
For rivaroxaban, the impact of each elimination pathway 
on overall interaction was assessed. The impact on CYP3A 
inhibition/induction was the largest in all compounds 
tested in both models 1 and 2 (Figure 4). Inhibition of renal 
transporters, OAT3 and P-gp, had a relatively high impact 
compared with intestinal or hepatic P-gp in compounds that 
have strong inhibitory effects on these transporters (e.g., 
ketoconazole, ritonavir, clarithromycin, and verapamil). The 
rivaroxaban model was developed with the assumption that 
intestinal P-gp has minimal impact on rivaroxaban absorp-
tion because of the high oral bioavailability of rivaroxaban. 
This assumption confirmed that intestinal P-gp was not af-
fected by the inhibitors as largely as expected in the model 
development.

DISCUSSION

In any PBPK analysis, qualification of the PBPK plat-
form with its intended use is important for assessing the 
accuracy of the modeling and simulation results.29 The 
qualification of transporter-mediated DDI (tDDI) predic-
tions is one of the more challenging aspects because of 
the difficulties in in vitro to in vivo extrapolation; lack of 
specific substrates, inhibitors, and inducers; and lack of 
transporter-specific clinical DDI studies.30 To estimate the 
net effect of inhibitors/inducers that have combined ef-
fects on enzymes and transporters, a stepwise approach 
that separately validates the interaction on enzymes and 
transporters is useful, although it is possible only when 
enough clinical DDI results are available. The DDI sim-
ulations on CYP3A has been well investigated for both 
inhibition and induction and considered qualified for the 
use of the prospective prediction of DDI. Accordingly, the 
present analysis focused on the qualification of P-gp-
mediated DDI. P-gp is a well-investigated transporter in 
clinical studies because there is a substrate with high 
specificity for P-gp, digoxin.

In the present analysis, the goal was to develop PBPK 
models for the combined CYP3A and P-gp substrates apix-
aban and rivaroxaban. The inhibition and induction effects of 
P-gp were first qualified with the P-gp substrate digoxin. The 
impact of P-gp inhibitors and inducers on the hepatic P-gp 
can be assessed following i.v. administration of digoxin. With 
the tested three P-gp inhibitors, ritonavir underpredicted 
the interaction with i.v. digoxin. The extent of interaction 
between ritonavir and digoxin is stronger after i.v. admin-
istration of digoxin than after p.o. administration. This was 
an unexpected result because generally the interaction after 
p.o. administration of victim drug is considered stronger 
than after i.v. administration because of the additional inter-
action of intestinal P-gp, if considering inhibition as the only 
relevant interaction. However, if there is also induction of en-
zymes or transporters, it is possible that the net interaction 
effect (increase in exposure) is stronger after i.v. administra-
tion. A previous investigation indicated that ritonavir has an 
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induction effect on P-gp,31 thus ritonavir’s combined inhibi-
tion and induction effects on P-gp may be the reason for the 
poor predictability of the interaction between ritonavir and 
digoxin. Overall, the DDI simulations between P-gp inhibitors 
and digoxin showed good predictabilities (Table 1).

Furthermore, the DDI simulation results between rifam-
picin and digoxin agree with observed results. The results 

from the i.v. simulation indicate the assumption in the extent 
of P-gp induction (3.5-fold increase vs. 2.0-fold increase in 
P-gp activities in the intestine and liver, respectively) worked 
well. Using a mechanistic model, which predicts P-gp ex-
pression change based on inducer drug concentration, to 
predict an induction effect is preferred, but there are still data 
lacking for this type of mechanistic modeling. It is especially 

Figure 3  Mean rivaroxaban plasma concentrations after twice daily multiple oral dose administrations of rivaroxaban for (a) model 
1 and (b) model 2. Symbols are observed data39 at 5 mg (circle), 10 mg (triangle), 20 mg (diamond), and 30 mg (square). Lines are 
predicted data at 5 mg (dashed-dotted), 10 mg (dotted), 20 mg (solid), and 30 mg (dashed).
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Table 3  Observed and predicted effects of rifampicin to the plasma exposure of apixaban and rivaroxaban

Victim

Without inhibitor/inducer With inhibitor/inducer

AUClast ratio Cmax ratioAUClast (ng‧h/mL) Cmax (ng/mL) AUClast (ng‧h/mL) Cmax (ng/mL)

Apixaban

Observed50 1,795a 148.6 866a 88.0 0.46b 0.58

Predicted 1,900a 151.8 808a 72.6 0.43b 0.48

Criteria 0.28–0.76 0.37–0.91

Rivaroxaban

Observed 1,776 229 906 178 0.51 0.78

Predicted (model 1) 1,792 217 928 159 0.52 0.73

Predicted (model 2) 1,993 227 998 165 0.50 0.72

Criteria 0.32–0.82 0.55–1.10

Criteria were calculated using the method proposed by Guest et al.8 with assuming 20% variability in pharmacokinetic parameters.
AUCinf, area under the concentration-time curve from the time of dosing extrapolated to time infinity; AUClast, area under the concentration-time curve from 
the time of dosing up to the time of last measurable concentration; Cmax, maximum concentration.
aAUCinf.
bAUCinf ratio.
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difficult to estimate intestinal and hepatic P-gp turnover. 
Two PBPK studies tried to predict P-gp induction using a 
mechanistic model32,33; however, both applied CYP3A4 
turnover values to P-gp because of a lack of experimen-
tal data. Under this situation, we employed a static method 
to predict P-gp’s induction effect. Because the induction of 
enzymes and transporters are evaluated under steady-state 
conditions, a static increase in P-gp activity after multiple 
administrations of a P-gp inducer is considered a reason-
able assumption. Taken together, we concluded that DDI 
simulations via hepatic and intestinal P-gp using the current 
PBPK platform were qualified.

In the PBPK model development of apixaban and rivarox-
aban, the literature information that was relevant to model 
development and verification were thoroughly reviewed and 
incorporated into the models. In apixaban model develop-
ment, the key assumptions were as follows: (i) dissolution of 
tablet formulation was not rate limiting (absorption of tablet 

formulation from gut is similar to that of solution formulation); 
(ii) oral bioavailability was 66%; (iii) unrecovered radioactivity 
in human mass balance study was assigned to an unknown 
elimination pathway; (iv) there was no P-gp-mediated elimi-
nation from liver and kidney; and (v) P-gp, not breast cancer 
resistance protein (BCRP), was mainly involved in apix-
aban efflux in the apical membrane of enterocytes. The key 
assumptions in rivaroxaban model development were as fol-
lows: (i) the model was developed for the fed state assuming 
complete absorption from the gut at 20  mg, (ii) intestinal 
P-gp does not affect rivaroxaban absorption from the gut 
under normal conditions, (iii) BCRP was not involved in rivar-
oxaban absorption and elimination, and (iv) passive diffusion 
in sinusoidal membrane of the hepatocyte and apical mem-
brane within the kidney proximal tubular cells were both low.

The rivaroxaban model employed a mechanistic kidney 
model to evaluate the effects of inhibitors/inducers on OAT3 
and P-gp-mediated secretory clearance. Several PBPK 

Figure 4  Relative impact of interaction on absorption or elimination pathways that are related to rivaroxaban disposition when 
coadministered with ketoconazole (a and b), ritonavir (c and d), clarithromycin (e and f), erythromycin (g and h), verapamil (i and j), and 
rifampicin (k and l). Data are shown for model 1 (a, c, e, g, i, and k) and model 2 (b, d, f, h, j, and l). CYP, cytochrome P450; hP-gp, 
hepatic P-gp; iP-gp, intestinal P-gp; P-gp, P-glycoprotein; rP-gp, renal P-gp.
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studies investigated renal transporter-mediated DDIs, al-
though most of the studies were for the inhibition of basal 
membrane transporters, such as OAT1 and OAT3.34,35 The 
inhibitory effects of probenecid, an OAT1 and OAT3 inhib-
itor, were investigated, and PBPK accurately predicted 
probenecid’s effect on S4412134 and baricitinib35 plasma 
exposures. DDI predictions for efflux transporters on the 
apical membrane are more challenging because the con-
centration in the proximal tubular cells should be accurately 
estimated for predicting the interaction on apical membrane 
transporters. Moreover, the interplay of active uptake and 
passive diffusion on the influx and efflux of a compound in 
the basal membrane of proximal tubular cells is important to 
reflect the interaction on apical membrane transporters on 
the change in plasma exposure. Nishiyama et al.36 showed 
that higher passive permeability at the basal membrane of 
proximal tubular cells resulted in greater impact of apical 
membrane transporter inhibition on secretory clearance in 
the kidney. We showed similar results. The impact of P-gp 
inhibition at the apical membrane of proximal tubular cells 
were only seen in model 2, which was a high passive perme-
ability model (Figure 4). The mechanism of renal elimination 
of rivaroxaban is not known well. The DDI simulation with 
ketoconazole and ritonavir indicated that OAT3 inhibition 
at the basal membrane of proximal tubular cells accurately 
reproduced the observed exposure increase when using a 
100-fold lower Ki from in vitro values. In vitro and in vivo 
discrepancies in transporter Ki values are well known.31 
However, there is an uncertainty in using a 100-fold lower Ki 
value than the in vitro value because as shown by Posada et 
al.,35 there is an example that the in vitro Ki value of probene-
cid for OAT3 showed good predictability of clinical DDI after 
no deviation of in vitro Ki value. Combined with the high pas-
sive permeable nature of rivaroxaban, the uncertainty around 
the contribution of OAT3 in uptake from the basal membrane 
of proximal tubular cells led to the development and testing 
of model 2 as another scenario. Both ketoconazole and ri-
tonavir showed reasonable predictability, even in model 2, 
whereas clarithromycin and verapamil overpredicted the 
AUC increase and CLr decrease (Table 2). Further investi-
gation into the mechanism of rivaroxaban’s renal secretory 
clearance may be needed, but for the purpose of DDI risk 
assessment via CYP3A and P-gp, the current two-model ap-
proach was deemed a reasonable solution. Actually, in the 
DDI simulation with rifampicin, the impact on renal P-gp in-
hibition was limited and rifampicin DDI risk can be evaluated 
only with intestinal and hepatic P-gp inhibition/induction and 
CYP3A induction (Figure 4). This is because rifampicin has 
only a weak inhibitory potential at OAT3 and P-gp trans-
porters in vitro.5,37 For the compounds that have a strong 
inhibition on OAT3 and P-gp, careful assessment of the in-
hibition effects on these transporters with the models we 
developed will help further understanding the mechanism of 
interaction and prospective prediction of the extent of DDI.

In conclusion, we developed PBPK models for apixaban 
and rivaroxaban that successfully predicted the DDI with 
CYP3A and P-gp inhibitors/inducers. Our models enabled 
prospective prediction of the net effect of inhibition and in-
duction of CYP3A and P-gp on apixaban and rivaroxaban 
plasma exposure. Furthermore, qualification of hepatic and 

intestinal P-gp-mediated interaction prediction was demon-
strated using the present PBPK platform. We believe the 
efforts of qualification of tDDI such as the present analysis 
strengthens the confidence of tDDI prediction with PBPK 
and leads to efficient drug development.

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology 
website (www.psp-journal.com).
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