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Abstract
Rivaroxaban (RIV; Xarelto; Janssen Pharmaceuticals, Beerse, Belgium) is one 
of the direct oral anticoagulants. The drug is a strong substrate of cytochrome 
P450 (CYP) enzymes and efflux transporters. This study aimed to develop a 
physiologically- based pharmacokinetic (PBPK) model for RIV. It contained three 
hepatic metabolizing enzyme reactions (CYP3A4, CYP2J2, and CYP- independent) 
and two active transporter- mediated transfers (P- gp and BCRP transporters). To 
illustrate the performance of the developed RIV PBPK model on the prediction 
of drug– drug interactions (DDIs), carbamazepine (CBZ) was selected as a case 
study due to the high DDI potential. Our study results showed that CBZ sig-
nificantly reduces the exposure of RIV. The area under the concentration- time 
curve from zero to infinity (AUCinf) of RIV was reduced by 35.2% (from 2221.3 
to 1438.7 ng*h/ml) and by 25.5% (from 2467.3 to 1838.4 ng*h/ml) after the first 
dose and at the steady- state, respectively, whereas the maximum plasma con-
centration (Cmax) of RIV was reduced by 37.7% (from 266.3 to 166.1 ng/ml) and 
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INTRODUCTION

Rivaroxaban (RIV; Xarelto; Janssen Pharmaceuticals, 
Beerse, Belgium) is one of the direct oral anticoagulants 
(DOACs) that binds directly and reversibly to the active 
site of factor Xa (both free and thrombin- bound forms). 
By completely inhibiting factor Xa activity and prothrom-
binase activity, RIV decreases thrombin generation1. RIV 
has been approved for clinical use to prevent and treat 
venous and arterial thromboembolic events in many 
countries.

Both the liver and kidneys eliminate RIV. About 43% 
of the administered dose is eliminated as the unchanged 
drug compound, including 36% eliminated in the urine 
(6% is excreted via glomerular filtration and 30% via ac-
tive renal transportation) and about 7% eliminated in 
the feces. About 46% of the administered dose is subject 
to metabolic degradation. Cytochrome P450 (CYP) 3A4/
A5 accounts for about 18% of the total RIV dose, CYP2J2 
accounts for about 14%, and CYP- independent hydrolysis 
mechanism (non– CYP- mediated hydrolysis of the amide 
bonds) accounts for ~14% of the administered dose. About 

11% of the administered dose (the remaining dose) is un-
accounted for RIV elimination.1– 3

P- glycoprotein (P- gp) or multi- drug resistance protein 
1 (MDR1, ABCB1) and breast cancer resistance protein 
(BCRP) transporters belong to the ATP- binding cassette 
family of efflux transporters. Both are expressed in various 
organs, primarily in the liver, kidneys, and gastrointestinal 
tract. They contribute to their substrate drugs’ absorption 
and elimination process. In vitro and in vivo drug interac-
tion studies of RIV suggest that P- gp and BCRP transporters 
are involved in the active transportation of the drug.4– 7 They 
were assumed to account for the renal active elimination of 
30% of the administered dose. In vivo, the absence of both 
P- gp and BCRP transporters synergistically and signifi-
cantly alters RIV disposition.7 In addition, there is a 2.5- fold 
increase in the area under the plasma concentration- time 
curve (AUC) of RIV when RIV is concomitantly adminis-
tered with ketoconazole (a strong inhibitor of both CYP3A4 
and P- gp/BCRP) or ritonavir (a strong inhibitor of CYP3A4 
and weak inhibitor of P- gp/BCRP).4

Considering the therapeutic indications, RIV is likely 
to be administered in combination with various drugs. 

Government (MSIT), Grant/Award 
Number: 2020- 0- 01441 and RS- 
2022- 00155857

36.4% (from 282.3 to 179.5 ng/ml), respectively. The developed PBPK model of 
RIV could be paired with PBPK models of other interested perpetrators to predict 
DDI profiles. Further studies investigating the extent of DDI between CBZ and 
RIV should be conducted in humans to gain a full understanding of their safety 
and effects.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
A physiologically- based pharmacokinetic (PBPK) model of rivaroxaban (RIV) 
has been previously developed and applied for the prediction of drug- drug in-
teractions (DDIs) for RIV. However, the efflux function of P- gp/BCRP trans-
porters is not implemented in the model.
WHAT QUESTION DID THIS STUDY ADDRESS?
A PBPK model for RIV to improve the previously published model was developed. 
In this model, in addition to the hepatic enzymatic (CYP3A4, CYP2J2, and non- 
CYP) reactions, the P- gp/BCRP transporter- mediated transfer was implemented. 
A case study of carbamazepine (CBZ) was selected to illustrate the performance 
of the developed model on the prediction of DDI profiles of RIV.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
A PBPK model of RIV that described well both the plasma concentration- time 
profiles, the eliminations profiles in urines and feces, and the hepatic metabolism 
profiles of RIV, was developed. This model was applied to predict the DDIs be-
tween CBZ and RIV. Further evaluation is needed to refine the P- gp/BCRP efflux 
transport parameterizing.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The developed PBPK of RIV could be applied for the prediction of DDIs between 
RIV and other interested enzymes/transporters perpetrators.



1432 |   NGO et al.

As being a strong substrate of the metabolic enzymes 
(CYP3A4/A5, CYP2J2, and non- CYP hydrolysis enzymes) 
and transporters (P- gp and BCRP), drug– drug interactions 
(DDIs), one of the most common causes of adverse drug 
reactions, could be expected when RIV is concomitantly 
administered with these enzyme and transporter perpe-
trators. Investigation of the potential DDI is imperative.

A physiologically- based pharmacokinetic (PBPK) 
model for RIV was developed in adults and scaled to the 
pediatric population by Willmann et al.8 The model was 
applied for several purposes, including the prediction of 
the potential DDI of RIV.9– 11 The role of active transport-
ers (P- gp/BCRP) was not directly implemented in that 
model. For application purposes relevant to transporters, 
the efflux function of the P- gp was considered in the renal 
elimination process. The authors assumed that P- gp was 
the major transport protein accounting for the net tubu-
lar secretion of RIV. For example, to scale the developed 
PBPK model of RIV in adults to children, the authors in-
directly calculated the age- dependence of net tubular se-
cretion through the age- dependency profile of P- gp (using 
digoxin as a marker of the P- gp transporter in the human 
kidneys).8 By accounting for at least the elimination of 30% 
of the administered dose (in the renal), the role of trans-
porters (P- gp/BCRP) is significant. Of note, in addition to 
the kidneys, it is well known that P- gp/BCRP is primarily 
expressed at the apical membrane of the gastrointestinal 
tract and liver. They contribute to the portion of RIV that 
pass through the gut (drugs will be eliminated into feces if 
they did not pass through the gut) and are metabolized in 
the liver. However, the efflux transport function of P- gp in 
all other organs, except the renal, was not considered in the 
RIV PBPK model of Willmann et al.8 We aimed to develop 
a PBPK model for RIV that improves the previously devel-
oped model of Willmann et al.8 The efflux activity of P- gp 
and also BCRP in all expressed locations were included. 
Considering that RIV follows a dose- dependent PK pro-
file,12 all of the latest RIV PK profiles with a broad dose 
range (from 1.25 to 80 mg) were collected in both fasted 
and fed conditions. After that, the PBPK model for RIV de-
veloped in this study was further applied to predict the RIV 
DDI potential. Herein, we describe a case study using car-
bamazepine (CBZ), one of the recommended first- line op-
tions for the treatment of seizures and epilepsy, to illustrate 
the performance of PK- Sim (Open Systems Pharmacology 
Suite 9.1, licensed by the Open Systems Pharmacology 
community, www.open- syste ms- pharm acolo gy.org) in 
predicting the DDI profile between RIV and CBZ. CBZ is 
well- known as a strong inducer of CYP enzymes13,14 and 
P- gp transporters.15,16 The drug decreases the exposures of 
CYP3A4 and P- gp substrate medications when they are co- 
administered.16– 19 CBZ interacts with ivabradine, a strong 
substrate of CYP3A4, in healthy volunteers, and lowers its 

bioavailability by about 80%.19 CBZ significantly alters the 
pharmacokinetics (PKs) of fexofenadine, a strong substrate 
of P- gp. A decrease of about 40% in the AUC is observed.18 
As RIV is a strong substrate of CYP3A4 and P- gp, DDIs 
between RIV and CBZ could be expected.

METHODS

The PBPK model of RIV was developed and all the models 
were performed using PK- Sim software. Clinical PK data 
used for model development (training datasets) and evalu-
ation (test datasets) were extracted from previous publica-
tions using the WebPlotDigitizer tool (https://autom eris.io/ 
WebPl otDig itize r/).20

For the development and evaluation, the PBPK model of 
RIV was performed in virtual individuals. Individual demo-
graphics (i.e., race, sex, age, weight, and body mass index) 
were generated based on those noted in each clinical study. 
If there was no demographic information, one default indi-
vidual (30 years of age, male, European, and a default mean 
weight and height according to the PK- Sim population data-
bases) was created. Physiological parameters were provided 
within the software. Whenever available, the PK- Sim expres-
sion database reverses transcription- polymerase chain reac-
tion (RT- PCR) profiles were used to define the relative tissue 
expression of enzymes and transporters. Drug- dependent 
parameters (i.e., physicochemical and absorption, distribu-
tion, metabolism, and excretion [ADME] properties) and 
formulation- dependent parameters (dissolution profile) 
were extracted from the literature.

The PBPK model of RIV was built containing three 
hepatic metabolizing enzyme reactions and two active 
transporter- mediated transfers. The hepatic metabolism 
of RIV included the metabolism by CYP3A4, CYP2J2, and 
CYP- independent hydrolysis.1,21,22 P- gp and BCRP were 
the two transporters accounting for the active transfer of 
RIV.4– 7 As they are primarily expressed at the apical mem-
brane of the gastrointestinal tract, the liver, and the kid-
neys’ proximal tubules, these transporters contribute to 
the transfer of RIV across the gut, in the hepatic metab-
olism, and the renal active elimination. The passive renal 
elimination of RIV through the glomerular filtration was 
also included. The glomerular filtration fraction was fixed 
to one. The hepatic metabolism and the active transfer of 
RIV were assumed to follow the Michaelis– Menten type 
kinetics, as described in the below equation:

where [E] is the enzyme/transporter concentration, Kcat is 
the catalytic/transport rate constant, [S] is the substrate con-
centration, and Km is the Michaelis– Menten constant.

(1)v =
[E] ∗Kcat ∗ [S]

Km + [S]

http://www.open-systems-pharmacology.org
https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
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The workflow of the model development and eval-
uation for RIV is presented in Figure  1. A summary 
of clinical datasets and parameters used in the PBPK 
model are listed in Tables  1 and S1 (Supplementary 
Material S1). In summary, the model was initially de-
veloped based on three clinical plasma concentration- 
time profiles,12,21 one fecal elimination profile,12 
one urinary elimination profile,12 and three hepatic 

metabolism profiles (metabolism by CYP3A4, CYP2J2, 
and non- CYP hydrolysis metabolism).12 All these data 
were observed following the administration of RIV in 
the solution form.

Km and Kcat parameters were used to model the en-
zymatic reactions. For the CYP3A4 and CYP2J2 re-
actions, Km values were taken from the literature30; 
they were 46.98 and 19.37 μM, respectively. For 

F I G U R E  1  The workflow of the PBPK model development and evaluation for RIV and its application to predict drug– drug interaction 
between RIV and CBZ in humans. AUCinf, area under the concentration- time curve from zero to infinity; CBZ, carbamazepine; Cmax, 
maximum plasma concentration; Kcat, catalytic/transport rate constant; Km, Michaelis– Menten constant; PBPK, physiologically- based 
pharmacokinetic; PK, pharmacokinetic; RIV, rivaroxaban.

Initial PBPK model of RIV
1. Clinical dataset of Kubitza et al.13 and Weinz et al.22 (i.e.,

plasma concentration profile; fecal and renal excretion

profile; metabolism profile through CYP3A4, 2J2, and

CYP-independent mechanism)

Output: Parameter estimates
1. Intestinal permeability

2. Km and Kcat values of the metabolism reactions

3. Kcat values of the transporter-mediated transfers

Refine PBPK model of RIV: Fasted and Fed conditions
1. Clinical datasets:

� all the clinical plasma concentration-time profiles of

RIV (ID number 01-23)

� Two clinical DDI profiles of RIV with clarithromycin

and fluconazole24

2. Refine Km and Kcat values of the metabolism reactions and

transporter-mediated transfers

3. Estimate permeability and dissolution time/shape of RIV

under the fast/fed state

Physiological Parameters:
• Individual demographic

• Others: PK-Sim

Physicochemical Parameters:
• Molecular weight

• Solubility

• Lipophilicity (logP)

• Fraction unbound

ADME Parameters:
• Intestinal permeability

• Organ permeability

• Protein binding

• Metabolizing enzymes (Km values)

• Renal plasma clearance

Formulation:
• Dissolution time and shape

PBPK Model Development

PBPK Model Evaluation

1. The acceptance criteria of two-fold dimensions of the

observed data (AUCinf, Cmax, and plasma concentration)

PBPK Model

1.RIV 
� CYP3A4/CYP2J2/CYP-independent metabolizing reaction

� P-gp and BCRP-mediated transportation

PBPK Model Application

Simulation
1. PK profile of RIV (20mg/day) when

administered alone

2. PK profile of RIV (20mg/day) when

co-administered with CBZ

(900mg/day)

Clinical datasets:
• Training dataset (n=20)

Clinical datasets:
• Training dataset (n=23)

• Test dataset (n=17)

2.CBZ
� Adopted from a study of Fuhr et al. 24

� CYP3A4 induction effects

RIV

CBZ
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non- CYP- mediated reaction, human carboxylesterase 1 
(CES1), located in the liver and responsible for the hy-
drolysis of ester and amide bonds of many drugs, was 
introduced into the model of RIV as a representative. 
The Km value for the reaction was assumed as the same 
as the value of the CYP3A4 reaction (i.e., 46.98 μM). 
The Kcat values for all reactions were estimated by pa-
rameter identification steps. For transporter- mediated 
transfer, the transporter concentration and Km values 
were fixed at the default value within the PK- Sim (fixed 
to 1 μM). The Kcat values were estimated by parameter 
identification steps. The model structure parameters 

were then refined by fitting the model to clinical plasma 
concentration- time profiles of the training datasets.

To inform the optimization of metabolic and transpor-
tation kinetics, the DDI between RIV and clarithromycin 
(a strong CYP3A4 and weak P- gp inhibitor) and the DDI 
between RIV and fluconazole (a moderate CYP3A4 inhib-
itor) were added to the training dataset.4 PBPK models 
of clarithromycin and fluconazole performing using PK- 
Sim, which is available on the “Gihub.com” library, were 
picked up.

The performance of a PBPK model during the model 
development and evaluation was assessed by comparing 

T A B L E  1  Input parameters and optimized parameters for the PBPK model of RIV

Parameter Value Unit Literature Note

Physicochemical properties

MW23 435.88 g/mol 435.88

Lipophilicity (LogP)24,25 0.57 – 0.57/1.36/1.5/1.74/2.18

Fraction unbound in plasma1,24,26,27 6.74 % 2– 13 Optimized

Solubility24,25,28,29 Solution: 9.9 (supersaturation)
Tablet: 9.9 (fasted state)
16.8 (fed state)

mg/L Unbuffered water (pH 7.0):
5– 7/10.4/25.05
FaSSIF (pH 6.5): 9.9
FaSSGF (pH 1.6): 11.0
FeSSIF (pH 5.0): 16.8
FeSSGF (pH 4.5): 24.0

ADME parameters

Absorption

Specific intestinal permeability28 2.24E- 7 (fasted state, solution)
2.66E- 7 (fasted state, tablet)
3.44E- 7 (fed state, tablet)

cm/s 2.69E- 6/8E- 6 Optimized

Distribution

Partition coefficients PK- Sim Standards

Cellular permeabilities PK- Sim Standards

Specific organ permeability 5.84E- 8 cm/s – Optimized

Specific binding with factor Xa, Kd 
and Koff

0.005 1/s; 0.29 nM 0.005 1/s; 0.29 nM

Metabolism

CYP3A4_Km
30 46.98 μM 46.98

CYP3A4_Kcat 9.77 1/min – Optimized

CYP2J2_Km
30 19.37 μM 19.37

CYP2J2_Kcat 4.67 1/min – Optimized

CES1_Km 46.98 μM – Assumption

CES1_Kcat 56.12 1/min – Optimized

Transport and excretion

P- gp Kcat 1.25 1/min – Optimized

BCRP Kcat 0.25 1/min – Optimized

Dissolution profile:

Dissolution time/shape28 0.90 h/1.27 (fasted state)
4.27 h/1.120 (fed state)

2.48 h/1.121 (fasted state)
1.47 h/1.125 (fed state)

Abbreviations: ADME, absorption, distribution, metabolism, and excretion; BCRP, Breast cancer resistance protein; FaSSIF, fasted state simulated intestinal 
fluid; FaSSGF, fasted state simulated gastric fluid; FeSSIF, fed state simulated intestinal fluid; FeSSGF, fed state simulated gastric fluid; RIV, rivaroxaban.

http://gihub.com
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the predicted and observed values of (1) the plasma 
concentration- time profiles and (2) the PK parameters 
(AUCinf [AUC from zero to infinity], and Cmax) of the drug. 
For quantitative measurement, the mean relative devia-
tion (MRD) of the predicted plasma concentrations and 
the geometric mean fold error (GMFE) of the predicted 
PK parameters were calculated. The MRD and GMFE 
were calculated as described in the equations below:

 

where Cpred,i is the predicted plasma concentration, Cobs,i 
is the corresponding observed plasma concentration, and 
m is the number of observed concentrations. PKpred,i is 
the predicted AUCinf or Cmax value, PKobs,i is the observed 
AUCinf or Cmax value, and n is the number of studies. The 
prespecified acceptance criterion during the model devel-
opment and evaluation was that the predicted parame-
ters were within the two- fold dimension of the observed 
data. In addition, for visualization, the comparisons be-
tween predicted and observed plasma concentrations and 
PK parameters in goodness- of- fit (GOF) plots were also 
presented.

After the evaluation of the RIV PBPK model, an in-
tegrated PBPK model of RIV and CBZ was performed to 
simulate the PK profile of RIV in the absence and pres-
ence of CBZ co- administration. In this step, the simulation 
was carried out in a Japanese population with a virtual 
population (n = 100, 50% women) with an age range of 
20– 50 years and without specific body weight or height re-
strictions as implemented in PK- Sim.

A PBPK model of CBZ, adopted from a study by Fuhr 
et al.,31 was applied to predict the DDI between RIV and 
CBZ in this study. Although the induction effect of CBZ 
on P- gp transporter is well known,15– 19 due to a lack of 
studies parametrizing this effect, the P- gp transport was 
not implemented in the available developed PBPK CBZ 
model. The CBZ- mediated CYP3A4 induction effect was 
described using a maximum effect (Emax) model, as de-
scribed in the equations below:

 

where E(t) is the enzyme concentration; Rsyn and Rsyn,ind 
are the synthesis rates of the enzyme in the absence and 
presence of the inducer CBZ, respectively; Kdeg is the deg-
radation rate constant; Emax is the maximal induction effect 
brought on by CBZ; EC50 is the concentration of CBZ that 
gives a half- maximal induction effect; and [Ind] is the free 
CBZ concentration.

DDIs between CBZ and RIV in healthy subjects were 
evaluated by comparing the PK profiles of RIV in the con-
trol and test groups. For the test group, subjects received 
900 mg/day of CBZ (450 mg, twice/daily) for 6 consecutive 
days (days 1– 6). During days 7 to 12, subjects additionally 
received RIV doses (20 mg, once/daily) in the morning 
concomitantly with CBZ doses (450 mg, twice/daily). In 
the control group, subjects received RIV doses only (20 mg 
once daily) for 6 consecutive days (days 7– 12) without any 
CBZ doses (days 1– 12).

The sensitivity of the final models was assessed to mea-
sure which input parameters impact the output curves 
most. Parameters were included in the analysis if they 
were optimized, if they were associated with optimized 
parameters, or if they might have significant variations 
due to calculation methods. Accordingly, Km and Kcat val-
ues for enzymatic reactions, specific intestinal permea-
bility, dissolution time and shape, solubility, lipophilicity, 
factor Xa binding kinetics, and fraction unbound were in-
cluded in the analysis.

RESULTS

Development and evaluation of the PBPK 
model of RIV

The whole- body PBPK models of RIV were developed and 
evaluated using a total of 40 clinical studies (Table  S1, 
Supplementary Material  S1). The PBPK models for RIV 
in the fed state and fasted state were developed separately.

Initially, the model was developed based on three clin-
ical plasma concentration- time profiles, one fecal elimi-
nation profile, one urinary elimination profile, and three 
hepatic metabolism profiles (metabolism by CYP3A4, 
CYP2J2, and non- CYP hydrolysis metabolism). All these 
data were observed following the administration of RIV 
in the solution form.12,21 It is known that RIV is metab-
olized via CYP3A4/3A5 (which accounts for about 18% 
of total RIV dose), CYP2J2 (accounts for about 14%), and 
CYP- independent mechanism (non– CYP- mediated hy-
drolysis of the amide bonds, accounts for about 14%).1– 3 
Furthermore, it is known that about 36% and 7% of the 
administered dose, respectively, are excreted in the renal 
and feces as an unchanged compound.3 Therefore, based 
on the time- dependent cumulative excretion profile of 

(2)

MRD = 10x , with x =

√√√
√ 1

m

m∑

i=1

(
log10Cpred,i− log10Cobs,i

)2

(3)

GMFE = 10x , with x =
1

n

n∑

i=1

|||
(
log10PKpred,i − log10PKobs,i

)|||

(4)dE(t)

dt
= Rsyn,ind − Kdeg × E(t)

(5)Rsyn,ind = Rsyn ×

(

1 +
Emax × [Ind]

EC50 + [Ind]

)
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RIV reported by Weinz et al.,21 the time- dependent excre-
tion profile of RIV in the renal and feces, as well as the 
time- dependent metabolism profiles of RIV (via CYP4A4, 
2J2, and non- CYP reactions), were drawn. These profiles 
together with three clinical plasma concentration- time 
profiles were used for the initial model development. The 
model parameters were then refined by fitting the model 
to clinical plasma concentration- time profiles of all the 
training datasets.

The final model parameters for the PBPK model of RIV 
are listed in Table 1. As seen, the solubilities of RIV under 
the fasted and fed conditions were 9.9 and 16.8 mg/L, re-
spectively. The specific intestinal permeability of RIV was 
2.24E- 7 cm/s when the drug was administered as an RIV 
solution under the fast state, and 2.66E- 7 and 3.44E- 7 cm/s 
when it was administered as a tablet under the fast and fed 
state, respectively. The dissolution time (the time at which 
50% of the dose releases from the table form) was 54 and 

256 min, respectively. The Kcat values for the CYP3A4, 2J2, 
and CYP- independent reactions were 9.77, 4.67, and 56.12 
1/min, respectively. The Kcat values for the P- gp and BCRP 
mediated transfer were 1.25 and 0.28 1/min, respectively. 
The organ permeability of RIV was 5.84E- 8 cm/s.

Results of the evaluation steps for the developed 
models are presented in Figures  2– 4, Table  S2, and 
Figure  S1 (Supplementary Material  S1) showing that 
the developed model described well the PK profiles 
of RIV in a wide dose range (from 1.25 to 80 mg), not 
only the plasma concentration- time profile but also 
the elimination profiles in urine and feces. The hepatic 
metabolism profiles and the DDI profiles of RIV with 
two CYP3A4/P- gp perpetrators were also well predicted 
(Figure  S1). Only one PK parameter value (over 104 
values of AUCinf and Cmax parameters) was out of the 
twofold acceptance range. The GMFE values for the PK 
parameters are 1.229 and 1.263, respectively, and 73.8% 

F I G U R E  2  Predicted and observed plasma concentration– time curves of RIV after oral administration of RIV in healthy subjects. 
Training dataset. Solid lines are predicted values of each model. Circles are clinical observations. Details on dosing regimens, characteristics, 
subject demographics, and references are listed in Table S1. RIV, rivaroxaban.
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F I G U R E  3  Predicted and observed plasma concentration– time curves of RIV after oral administration of RIV in healthy subjects. Test 
dataset. Solid lines are predicted values of each model. Circles are clinical observations. Details on dosing regimens, characteristics, subject 
demographics, and references are listed in Table S1. RIV, rivaroxaban.

F I G U R E  4  Goodness- of- fit plots for the developed PBPK model of RIV for the prediction of (a) plasma concentration, (b) Cmax, and 
(c) AUCinf. The line of identity is presented as a solid line; 1.25- fold dimensions and 2.0- fold dimensions are shown using dotted lines and 
dashed lines, respectively. AUCinf, area under the concentration- time curve from zero to infinity; Cmax, maximum plasma concentration; 
PBPK, physiologically- based pharmacokinetic; RIV, rivaroxaban.
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of all predicted plasma concentrations fall within two-
fold dimensions of the corresponding observed concen-
trations. The overall MRD value for predicted plasma 
concentrations of the PBPK model is 1.927. This model 
is appropriate to be applied for the prediction of DDIs 
between RIV and CBZ.

Prediction of DDIs between CBZ and RIV

The effects of CBZ on the PKs of RIV were determined by 
comparing RIV PK profiles when the drug was adminis-
tered alone and those when the drug was co- administered 
with CBZ at the steady- state of CBZ. The corresponding 
RIV plasma concentration- time curve and PK parameters 
after the first dose and at the steady- state of RIV are illus-
trated in Table 2 and Figure 5. As seen, CBZ significantly 
reduced the RIV exposure. Decreases of 35.2% (from 
2221.3 to 1438.7 ng*h/ml) and by 25.5% (from 2467.3 to 
1838.4  ng*h/ml) in AUCinf and of 37.7% (from 266.3 to 
166.1  ng/ml) and 36.4% (from 282.3 to 179.5  ng/ml) in 
Cmax were observed at the first dose and at the steady- state 
of RIV, respectively.

DISCUSSION

DDI is one of the most common causes of adverse drug 
reactions due to a reduction in the efficacy and/or safety 
of certain drug(s) that could be a significant cause of post-
marketing drug withdrawals.32 Commonly, clinical trial 
studies were conducted to investigate DDIs; however, 
due to the high expense, time consumption, and un-
known potential risks related, alternative approaches to 
studying DDIs are imperative. Over the last decade, PK 
model- based prediction using in vitro and in vivo data has 
increased significantly.33– 35

A PBPK model for RIV was previously developed in 
adults by Willmann et al.8– 11 Wherein, the role of the ef-
flux transporter (P- gp) was considered only in the renal 
elimination process of RIV. The authors assumed that 
P- gp was the major transport protein accounting for the 
net tubular secretion of RIV. To scale the developed PBPK 
model of RIV in adults to pediatrics, the age- dependence 
of the net tubular secretion was calculated indirectly via 
the age- dependence of the P- gp transporter in the kid-
neys of humans.8 To predict the RIV potential DDI with 
P- gp perpetrators, the PK profile of RIV was simulated in 

T A B L E  2  Predicted PK parameters of RIV following oral administration of RIV 20 mg/day alone or concomitantly with CBZ 900 mg/day 
simulated by the developed PBPK and PopPK model

Parameters Unit RIV alone RIV + CBZ Relative change (%)

PBPK model- based 
approach

AUCfirst ng*h/ml 2221.3 (488.3– 4087.9 1438.7 (338.8– 3002.0) 35.2

AUCSS ng*h/ml 2467.3 (544.6– 4667.7) 1838.4 (463.8– 3684.4) 25.5

Cmax_first ng/ml 266.3 (80.7– 452.3) 166.1 (54.1– 299.4) 37.7

Cmax_SS ng/ml 282.3 (86.2– 473.6) 179.5 (59.0– 321.5) 36.4

T1/2 h 12.9 15.5 – 

Note: The subscription of “first” and “SS” stands for “the first dose” and “the steady- state condition”, respectively.
Data are presented as mean (5th percentile- 95th percentile), except t1/2.
Relative change (%) = 

[
1 −

PK ParameterRIV with CBZ

PK ParameterRIV alone

]
× 100 (% ).

Abbreviations: AUC, area under the concentration- time curve; CBZ, carbamazepine; Cmax, maximum plasma concentration; PBPK, physiologically- based 
pharmacokinetic; PK, pharmacokinetic; PopPK, population pharmacokinetic; RIV, rivaroxaban; T1/2: elimination half- life.

F I G U R E  5  Simulated plasma 
concentration– time profiles of RIV in 
humans after oral administration at a 
dose of 20 mg/day with or without the 
co- administration of CBZ at a dose of 
900 mg/day. CBZ, carbamazepine; RIV, 
rivaroxaban.
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individuals with the same biometrics, anatomy, and phys-
iology parameters, but different in P- gp activity, compared 
to the individuals administered RIV alone. P- gp inhibition 
of the perpetrators was arbitrarily classified into four cat-
egories: no inhibition (0% to <25%), weak inhibition (25% 
to <50%), weak to moderate inhibition (50% to <75%), 
and strong inhibition (75% to <100%).10 Because the au-
thors considered only the efflux function of P- gp in the 
kidneys, the efflux transport function of P- gp in all other 
organs, particularly in the gastrointestinal tract and the 
liver where the P- gp function significantly contributes to 
the PK of drugs, was not considered. In addition, by just 
classifying the P- gp inhibition of a perpetrator into one 
of the four categories, the DDI profiles between RIV and 
one perpetrator were assumed to be the same even in the 
different perpetrator dosage scenarios. Of note, the inhi-
bition/induction effects of many drugs are concentration- 
dependent. To overcome the limitations of the previously 
developed model of RIV, this study was performed to de-
velop a PBPK model for RIV that includes all the major 
enzymatic (CYP3A4/2J2 and non- CYP) reactions and 
transporter (P- gp/BCRP)- mediated transfers. This model 
considered the active transfer function of these transport-
ers in all expressed locations. When pairing to PBPK mod-
els of interest enzyme/transporter perpetrators, the DDI 
profile of RIV with these perpetrators could be simulated 
at different dosage scenarios.

Of note, the rate and extent of the drug absorption in 
the gut are primarily governed by the solubility and the 
penetration across the gastrointestinal tract of the drug. As 
RIV is practically insoluble in water (its solubility ranges 
from 5– 25 mg/L), the drug has a solubility- limited absorp-
tion profile. However, when RIV is in the solution form, 
the impact of solubility on the absorption becomes negli-
gible, and intestinal penetration (including the passive in-
testinal permeability and the P- gp/BCRP efflux mediated 
transfer) becomes the key factor governing the drug ab-
sorption. In this case, the plasma concentration- time pro-
files of RIV after the oral administration of RIV solutions 
add significant value to the estimation of the gastrointesti-
nal penetration of RIV. Three plasma concentration- time 
profiles12,21 following oral administration of RIV solutions 
at the doses of 5 mg and 10 mg were gathered for the ini-
tial model development. One available excretion profile 
in the feces of a patient on RIV after the administration 
of a 10  mg RIV solution was also used considering that 
the drug will be eliminated into feces if it did not pass 
through the gut. In addition, it has been well known that 
P- gp/BCRP is primarily expressed in the liver and kidneys 
and contributes to the drug hepatic metabolism and renal 
elimination. The available hepatic metabolism and renal 
elimination profiles of RIV after the oral administration 
of RIV solution also add value to the estimation of both 

the hepatic enzymatic reactions and the P- gp/BCRP efflux 
mediated transfers. In summary, three clinical plasma 
concentration- time profiles, one fecal elimination profile, 
one renal elimination profile, and three hepatic enzymatic 
metabolism profiles were initially used for the estimation 
of model structure parameters of the PBPK model, espe-
cially for the estimation of intestinal permeability, enzy-
matic reactions, and P- gp/BCRP efflux mediated transfers. 
These initial PBPK model parameters were then refined 
by fitting the model to all the training datasets. To inform 
the optimization of metabolic and transportation kinet-
ics, the DDI between RIV and clarithromycin (a strong 
CYP3A4 and weak P- gp inhibitor) and the DDI between 
RIV and fluconazole (a moderate CYP3A4 inhibitor) were 
added to the training dataset.4

It has been determined that food significantly affects 
the PK of RIV.28,36 After a single oral dose of 20 mg of RIV 
under the fed state, the mean plasma AUCinf and Cmax in-
creased by 39% (from 1477 to 2048 μg × h/L) and 76% (from 
159.9 to 281.4  μg/L), respectively, and the time to reach 
Cmax of RIV was prolonged from 2.5 to 4 h compared to 
the fasted state. PBPK models for RIV, therefore, were de-
veloped separately in the fed and fasted states. Our results 
showed that the enhanced solubility (16.8 vs. 9.9 mg/L) 
and intestinal permeability (2.66E- 7 vs. 3.44E- 7 cm/s) of 
RIV accounted for the increased RIV exposure. The pro-
longed dissolution time (256 vs. 54 min) accounted for the 
prolonged time to reach Cmax under the fed state. Relevant 
ADME processes were predominantly parameterized 
using literature values.

A case study of CBZ was selected in this study be-
cause there was a high possibility of comedication of 
CBZ with RIV. One of the indications of RIV is the 
prevention of the risks of stroke and systemic embo-
lism in adults with nonvalvular atrial fibrillation (AF). 
Whereas, cerebrovascular diseases (disorders in the 
blood flow to the brain) cause ~40% of epileptic sei-
zures occurring in the elderly, and stroke is the most 
common type of cerebrovascular event.37,38 In patients 
with stroke- associated seizures, in addition to taking 
medication long- term for the prevention of stroke, most 
require chronic treatment with anti- epileptic therapy. 
To control seizures and epilepsy, CBZ is one of the rec-
ommended first- line options.39,40 In the literature, ad-
verse events following co- administration of CBZ and 
RIV have been reported in several case studies.41,42 For 
instance, Stöllberger and Finsterer42 reported that ve-
nous thrombosis recurred in a 55- year- old male patient 
who was treated with RIV (20 mg/day) for 4 months (for 
unprovoked venous thrombosis) and CBZ (900 mg/day) 
for years (for epilepsy). However, the venous thrombo-
sis was controlled after 5 days when therapy with RIV 
was stopped and switched to low- molecular- weight 
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heparin followed by phenprocoumon. The authors sug-
gested that the patient’s recurrence of venous throm-
bosis resulted from insufficient anticoagulation due 
to a DDI between CBZ and RIV. However, up to date, 
no studies have investigated the PK DDIs between 
CBZ and RIV in humans, although DDIs between the 
two drugs could be expected. As it was reported that a 
50% decrease in mean AUCinf of RIV parallelly yields 
a decrease in its pharmacodynamics.1 In this case 
study, the AUCinf of RIV was reduced by 35.2% (from 
2221.3 to 1438.7 ng*h/ml) and by 25.5% (from 2467.3 to 
1838.4 ng*h/ml) after the first dose and at the steady- 
state, respectively, whereas the Cmax of RIV was reduced 
by 37.7% (from 266.3 to 166.1 ng/ml) and 36.4% (from 
282.3 to 179.5 ng/ml), respectively, even when the P- gp 
transporter- mediated induction effect was not consid-
ered to the DDI profile. We suggest that clinical studies 
should be conducted in humans to obtain a full under-
standing of their safety and effects when concomitantly 
administering these drugs.

The present study has some limitations. First of all, 
this is a common limitation of any PBPK model that 
they are so complex with many physiological-  and drug- 
dependent parameters. Some parameters can be fixed to 
data collected in vitro or in vivo, and some are optimized 
because the related information is unavailable. Therefore, 
the predicted PK profiles of the drug could be affected sig-
nificantly by the initial input values of these parameters. 
In this study, a few parameters were optimized, including 
specific intestinal permeability; organ permeability, disso-
lution time, dissolution shape of the RIV tablet; and Kcat 
values for transportation and metabolism processes. The 
dissolution time and dissolution shape were optimized 
to describe the delayed time to reach peak concentration 
under the fed state. It might come from the reduced in-
terface of the tablet with the intestinal wall due to the 
presence of food that could not be stimulated in the in 
vitro experiment. For non– CYP- mediated reactions, 
CES1, which is located in the liver and responsible for 
the hydrolysis of ester and amide bonds of many drugs, 
was introduced into the model as a representative. The Km 
value for the non– CYP- mediated reaction was assumed as 
the same as that of the CYP3A4 reaction. In addition, the 
Kcat values for both enzymatic reactions and transporter- 
mediated transfer were optimized due to the lack of in 
vitro and in vivo data. Results from the sensitivity analysis 
(Supplementary Material S1) showed that the initial input 
parameters do not significantly impact the prediction of 
the PK profile of RIV. Both Km and Kcat values are not 
part of the parameters accounting for the most sensitive 
of the PKs of RIV. The fraction unbound in plasma and 
the specific intestinal permeability are the two most sen-
sitive factors and their sensitivity is not significant. A 10% 

increase in the fraction unbound leads to a 9.5% decrease 
in the AUC value. A 10% increase in the specific intestinal 
permeability leads to a 9.4% increase in the AUC value of 
RIV. Therefore, our strategy of model development does 
not significantly impact the PK profile of RIV. Second, 
there is another common limitation of a PBPK model- 
based approach. In the case of a DDI study, it would be 
impossible to predict the full impact of concomitant drug 
administration if the enzymes/transporters involved in 
their metabolism are not known. In the present study, a 
PBPK model for RIV, that included all the major enzyme 
reactions and transporter- mediated transportation, has 
been well developed. However, when pairing to an ad-
opted PBPK model of CBZ (that was previously developed 
by Fuhr et al.31) to predict the DDI profile between them, 
the P- gp transporter- mediated induction effect of CBZ 
was not counted in the DDI simulation. The reason was 
that the induction effect of CBZ on the P- gp transporter 
was not implemented in the developed CBZ model due 
to a lack of in vitro and in vivo experiments concerning 
the reaction. However, this is not a limitation of the RIV 
PBPK model itself, this model could show good perfor-
mance in the prediction of DDI profiles of RIV with other 
interested CYP3A4/P- gp perpetrators by pairing to their 
PBPK models.
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