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Supplemental Methods

1 Model Development

1.1 PBPK Model of Rivaroxaban

Supplemental Table 1. Clearance parameters of rivaroxaban utilized for retrograde analysis within 
the Simcyp simulator

Trial No. of 

subjects

Dose (mg) AUC0h-∞

(ng.h/mL)

Apparent Oral 

Clearance 

(L/h)

(Kubitza, Becka, et al., 

2013)

6 10 8.26

6 10 6.77

(Kubitza, Becka, 

Mueck, Halabi, 

Maatouk, Klause, 

Lufft, Dominic D. 

Wand, et al., 2010)

8 10 8
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(Kubitza, Roth, et al., 

2013)

16 10 6.6

(Kreutz et al., 2017) 24 20 10.9

(Dias et al., 2016) 8 15 8.31

(Moore et al., 2014) 45 20 2277 8.78

(Stampfuss et al., 2013) 24 10 1201 8.33

24 15 1801 8.33

24 20 2294 8.72

Weighted Mean Clearance: 8.61 L/h

Weighted Mean Renal Clearance: 36% × 8.61 L/h

= 3.1 L/h



3

Mechanistic Kidney Model Development via In Vitro In Vivo Extrapolation

Materials for In Vitro Uptake and Efflux Assays.  Madin-Darby canine kidney sub-clone I cells 
transfected with multi drug resistance gene (MDCK-MDR1) were donated by A/P Gigi Chiu. Human 
embryonic kidney 293 (HEK293) cells transfected with OAT1 and OAT3 were obtained from Dr. 
Kathleen Giacomini (University of California, San Francisco, San Francisco, CA). Dulbecco's modified 
eagle's medium (DMEM) with L-Glutamine (DMEM Glutamax) and DMEM (high glucose), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), heat inactivated foetal bovine serum (FBS), 
penicillin/streptomycin 10,000 IU antibiotic solution (pen/strep), 10× trypsin-EDTA, hygromycin B, 
lucifer yellow CH dilithium salt and Hank’s balanced salt solution (HBSS) were from Gibco® Life 
Technologies (Waltham, MA, USA). 1 M stock solution of phosphate buffer saline (PBS) was 
purchased from Vivantis (Subang Jaya, Malaysia). Lucifer yellow was dissolved in milli-Q water 
obtained using a milli-Q water purification system (Millipore, Billerica, MA). Rivaroxaban was 
purchased from Carbosynth (Compton, Oxford, England) and was reconstituted in dimethyl sulfoxide 
(DMSO). 4-aminohippuric acid was from Cayman Chemical (Ann Arbor, Michigan, USA) Propranolol, 
quinidine, estrone-3-sulfate and probenecid were from Sigma Aldrich (St. Louis, MO, USA) and were 
reconstituted in either DMSO or methanol. Subsequent dilutions for all compounds were carried out 
using DMSO. All other reagents were of analytical grade. 

MDCK-MDR1 Cell Culture. MDCK-MDR1 cells were cultured at 37°C and were maintained in 
DMEM Glutamax culture media supplemented with 10% FBS and 1% pen/strep in humidified air-5% 
CO2. Cells were passaged upon reaching approximately 100% confluence using 5× trypsin–EDTA and 
seeded in T75 flasks. For transport studies, MDCK-MDR1 cells (passage number 20 to 29) were seeded 
at a density of 200,000 cells on 24 well ThinCertTM cell culture inserts (8.4 mm id, 0.1 μm pore size). 
After allowing the cells to settle for at least 24 h, the culture media was refreshed. Transport assays 
were conducted approximately 48 h after seeding (Shirasaka et al., 2008).

Setup of the Bidirectional Transport Assay. Culture media was first removed and each well and insert
were washed with PBS before initiation of transport assays to minimize residual metabolic waste. As 
shown in the setup below, for absorptive transport, solutions (300 µL) containing test drugs and lucifer 
yellow in DMEM were added to the donor apical compartment (A), with culture media (600 µL) in the 
receiver basolateral compartment (B). In parallel wells measuring secretory transport, test solutions 
were added to the donor basolateral compartment (B) with culture media in the receiver apical 
compartment (A). 

Bidirectional transport assay experimental setup.

Validation of Transport Assay Functionality. To ascertain the functionality of the proposed in vitro 
system in quantifying the P-gp-mediated transport of rivaroxaban, rigorous assay validation was also 
performed (Volpe, 2016; FDA/CDER, 2017). Monolayer integrity was established via the calculation 
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of the paracellular flux of low permeability compound lucifer yellow as described in eq. S1 (Polli et al., 
2008). 

Papp,AB of lucifer yellow (nm/s) = – (( ) ) ln [1 − 
( ) ( )( ) ( )] × 10 (S1)

where is the volume of donor solution (mL), is the volume of receiver solution (mL), A is the 
surface area of monolayer (cm2), t is the incubation time (s), ( ) is the measured concentration in the 
donor well at time t (nM), ( ) is the measured concentration in the receiver well at time t (nM).
Acceptance criteria was defined as a passive permeability (Papp) of < 5 x 106 cm/s (Ellens et al., 2017).
Efflux ratios of positive control (quinidine 10 μM) and negative control propranolol (10 μM) were 
assessed and compared with literature reported values. As accuracy of the transport ratios could be 
compromised by poor recovery which can be calculated by eq. S2, a mass balance cut-off exceeding 
70% was deemed acceptable according to previously published guidelines by the International 
Transporter Consortium (Brouwer et al., 2013).

Percentage recovery (%) = × 100% (2)

where Dt and Rt represent the amount of substrate in the donor and receiver chambers at the end of 
experiment respectively, and D0 is the amount of substrate in the donor chamber at t = 0 min.

Investigation of the In Vitro P-gp-mediated Transport of Rivaroxaban. To ensure that transport 
studies were conducted under conditions where flux was linearly related to time, time-dependent 
changes in rivaroxaban transport (10 μM in donor) in both absorptive and secretory directions were 
monitored by quantifying receiver compartment concentrations at 30, 60, 120, 180, 240, 300 and 360 
min. Subsequent concentration-dependent permeation experiments were conducted with 5 different 
concentrations of rivaroxaban (3, 10, 30, 75, 100 μM) using the optimized incubation time of 90 min. 
Absorptive (JAB) or secretory (JBA) flux was calculated using eq. S3:

= (S3)

where Q is the amount of compound transported over time t of the experiment. Apparent passive 
permeability (Papp) was derived from flux using eq. S4: 

= × (S4)

where CD is the initial concentration of the test compound added to the donor compartment and S is the 
surface area of the porous membrane in cm2. The efflux ratio (ER) was calculated using eq. S5 
(Troutman and Thakker, 2003): 

= ,
,

(S5)

Rivaroxaban flux (Jpass) and apparent permeability solely due to passive diffusion (Ppass) were 
approximated in the presence of 100 µM of verapamil (~20× greater than the reported half maximal 
inhibitory concentration (IC50) in L-MDR1 cells = 4.3 ± 1.9 µM) (Gnoth et al., 2011), ensuring 
abolishment of P-gp efflux activity. 

Analyzing P-gp Mediated Efflux of Rivaroxaban Using the Conventional Michaelis-Menten 
Approach. Overall flux during absorptive (JAB) and secretory transport (JBA) can be quantified using 
eqs. S6 and S7, where and , represent passive and P-gp-mediated flux respectively 
(Troutman and Thakker, 2003). X denotes transport direction, either A to B or B to A. 

= − , (S6)
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= , + (S7)

Relationships specified in eqs. S4, S6 and S7 can be further modified to obtain permeability equations 
describing the concentration dependence of clearance (Papp×S) derived from both absorptive and 
secretory directions. Eqs. S8 and S9 comprise a saturable component that describes P-gp-mediated 
efflux where Jmax,app and Km,app represent the maximal achievable transport rate and the donor chamber 
concentration associated with half-maximal transport rate respectively. Additionally, passive 
permeability was quantified via the term denoting first order passive diffusion clearance (Ppass×S). 

, × = × − 1000 × ,
, + (S8)

, × = 1000 × ,
, + + × (S9)

Papp obtained from concentration-dependent transport experiments along with Ppass obtained in the 
presence of P-gp inhibitor verapamil were fitted to Eqs. S8 and S9 using GraphPad PRISM® software 
version 7.01 (San Diego, CA, USA) to calculate initial estimates of Jmax,app and Km,app. 

Analyzing P-gp Mediated Efflux of Rivaroxaban Using A Three Compartmental Model. Measured 
time- and concentration-dependent data for the absorptive and secretory transport of rivaroxaban were 
fitted separately to a three-compartment model using the Simcyp In Vitro Analysis (SIVA) Toolkit 
Version 3, where a system of differential equations (Eqs. S10, S11 and S12) was applied to dynamically 

model changes in drug concentration ( ) in the apical, intracellular and basolateral compartments

respectively (refer to table and diagram for additional details on system-dependent parameters 
required). Given that only unbound concentrations are involved in bidirectional passive diffusion 
across the apical and basolateral membranes, and apical efflux is also driven by the intracellular 
unbound concentrations, ultrafiltration was performed to determine the fraction unbound of rivaroxaban 
in media (fumedia) as well as within the cell (fucell) (More details on the ultrafiltration protocol are 
highlighted in the subsequent section). Naïve pooled fitting was performed to estimate Jmax, Km and 
passive diffusion clearance (CLPD) based on the initial values of Jmax,app, Km,app and Ppass,app obtained from 
the Michaelis-Menten model. Given the potential uncertainty associated with initial estimates, both 
hybrid (global followed by Nelder-Mead) and local Nelder-Mead optimization were used to minimize 
the objective function value (OFV), defined by the overall sum of square residuals between the 
experimental and simulated data which are weighted by the reciprocal of predicted squared. Model 
performance was assessed via goodness of fit between observed and predicted values, the coefficient of 
determination (R2), Akaike information criterion (AIC) and difference in small sample size corrected 
version of AIC (∆AICc). Confidence intervals around final estimated parameters were employed as 
diagnostics of parameter certainty.

. = . . [ ] ,
, + [ ] , + × × 60/1000([ ] , − [ ] , ] (S10)

. = − . . [ ] ,
, + [ ] , + × × 60/1000([ ] , ] + [ ] ,

− 2[ ] , ]
(S11)

. = × × 60/1000([ ] , − [ ] , ] (S12)
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Three-compartment permeability and transport model in the Simcyp in vitro analysis (SIVA) toolkit. Drug-
dependent parameters include Jmax: In vitro maximal rate of transporter mediated efflux; Km: Michaelis Menten 
constant; Ppass: Passive permeability, fu: fraction unbound. System dependent parameters include the surface area 
occupied (SA) and volumes of the intracellular (Vcell), apical (Vap) and basolateral (Vbl) compartments respectively.

System-dependent parameters utilized for three-compartmental analysis

Parameter Value Method/Reference

Surface area (cm2) 0.33 Greiner Bio-one ThincertTM

Tissue Culture Inserts for 24-
well plates

Volume of the apical 
compartment (Vap) (µL)

300 Defined experimentally

Volume of the basolateral 
compartment (Vbl) (µL)

600 Defined experimentally

Volume of the intracellular 
compartment (Vcell) (µL)

0.47 (von Bonsdorff et al., 1985)

Substrate in Apical Media

V

[S]
bl

, V
bl

Substrate in cell
[S]

cell
, V

cell

Ppass. SA.([ ] × )Ppass. SA.([ ] × )

Ppass. SA.([ ] × )Ppass. SA.([ ] × )

Active Efflux

. . ([ ] × )
, + ([ ] × )

Passive Permeability
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HEK293 Cell Culture. HEK wild type cells were cultured at 37°C and were maintained in DMEM 
culture media supplemented with 10% FBS and 1% pen/strep in humidified air - 5% CO2. Similar 
culture conditions were utilized for HEK-OAT3 and OAT1 culture albeit with the addition of 
hygromycin B (50 µg/mL). For transport studies, wild type and OAT1/3-transfected cells (passage 
number 3-15) were directly seeded into Biocoat 24-well poly-D-lysine coated plates (Corning, NY) 48 
hours before each experiment, at densities of 2.4 (wild type) and 3.6×105 (OAT3/1-transfected) 
cells/well in a volume of 400 µL. Transport assays were conducted approximately 48 h after seeding 
upon verification of monolayer confluence as described previously (Mathialagan, Piotrowski, et al., 
2017; Mathialagan, Rodrigues, et al., 2017).

Setup of the Uptake Assay and Verification of Assay Functionality. Transport buffer was prepared 
at pH 7.4 using Hank’s balanced salt solution supplemented with 20 mM HEPES. Estrone 3-sulfate (2
µM) and para aminohippuric acid (3 µM) were used as control probe substrates for OAT3 and OAT1 
respectively, to monitor the functionality of the cells. Immediately before the experiment, the cells were 
washed twice with 200 µL of transport buffer, leaving the final rinse volume for 10 min to allow 
equilibration. Uptake was initiated by incubating with 200 µL transport buffer (containing 0.5 -100 µM 
rivaroxaban) at 37°C. At four different time points from 0.5 to 2 min, cellular uptake was terminated 
by washing the cells twice with 200 µL of ice-cold PBS and lysed directly on the plate with 100% 
methanol containing internal standard (IS).

Analyzing OAT-3 Mediated Uptake of Rivaroxaban Using the Conventional Two-Step Approach.
Initial estimates for clearances via passive diffusion (CLPD) and active uptake (CLint,T = Jmax/Km) were 
derived based on the two-step approach. Uptake rates of rivaroxaban in both wild type and transfected 
HEK cells were calculated over 2 min (time-linear conditions) and expressed as the slope of the linear
regression of the rates of transport versus time plot. Passive diffusion clearance (CLPD) was calculated 
from the uptake rates measured in wild type cells (eq. S13) and inserted into eq. S14, which describes
total cellular uptake measured at 37°C as a composite of both saturable active uptake and non-saturable 
passive transport.

= × (S13)

= × [ ]+ [ ] + × [ ] (S14)

v represents the rate of uptake (pmol/min/mg), [S] is the substrate concentration (μM), Jmax is the 
maximum rate of active transport (pmol/min/mg), Km is the Michaelis constant (μM) and CLPD is the 
passive diffusion clearance (μL/min/mg).

Determination of Uptake Kinetics Parameters using a Mechanistic Two-Compartmental Model. 
To facilitate the dynamic evaluation of flux in rivaroxaban concentrations due to active transport, 
bidirectional passive diffusion and intracellular/extracellular binding processes occurring during 
uptake, naïve pooled concentration-time data of rivaroxaban in the intracellular compartment was fitted 
to a mechanistic two-compartmental model using the Simcyp In Vitro Analysis (SIVA) Toolkit Version 
3 (figure above) as described by eqs. S15 and S16 (refer to table and diagram for additional details 
on system-dependent parameters required). 

+ × [ ]
= − , , . . . , + ([ ] × ,
− [ ] . , )

(S15)

( . ) [ ]
= , , . . . , + ([ ] . , − , × [ ] ) (S16)
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Initial CLPD and CLint,T values derived from the two-step approach were converted from units of 
μL/min/mg protein to μL/min/106 cells on the basis that 1 million HEK293 cells contain 0.15 mg of 
total protein (measured). Naïve pooled fitting of measured time-and concentration-dependent uptake 
data was performed to estimate CLint,u,uptake, with CLPD and the surface binding constant (Kmem) inserted 
as constants into the model (see table below). The unbound fraction of rivaroxaban in media and the 
cellular homogenate was also fixed at 1 and 0.023 respectively.

Two-compartment permeability and transport model in the Simcyp in vitro analysis (SIVA) toolkit. Drug-
dependent parameters include CLint,u,uptake: unbound intrinsic clearance for active uptake; CLPD: Passive diffusion 
clearance, fumedia/cell: fraction unbound in media/within the cell and Kmem; surface binding constant. System 
dependent parameters include the volumes of the intracellular (Vcell), and media compartments as well as the 
number of cells.

System-dependent parameters utilized for two compartmental analysis

Parameter Value Method/Reference

System-Dependent 

Vmedia (µL) 300 Defined experimentally

Vcell (µL/106 cells) 1.7 Measured assuming spherical structure and a 
cell diameter of 14.8 µm (Mathialagan, 
Piotrowski, et al., 2017)

No. of cells (106 cells) 0.06 Calculated based on average measured protein 
concentration per well and the number of cells 
per measured protein (0.15 mg/106 cells)

Drug-Dependent 

Kmem (µL/106 cells) 0.001 Default value in SIVA

fumedia 1 Assumed to be 1 despite known non-specific 
binding to test apparatus for many compounds

fucell 0.023 Assumed to be the same as that measured using 
ultrafiltration in the MDCK-MDR1 homogenate

CLPD (µL/min/106 cells) 22.64 Calculated from linear regression of uptake rates 
across rivaroxaban concentrations measured in 
wild type HEK cells to be 159.4 µL/min/mg 
protein (Supplemental Fig. 2F)

Corrected to units of µL/min/106 cells based on 
0.15 mg protein/106 HEK cells

Substrate in Media

[S]
media

, Vmedia

Substrate in Cell

[S]
cell

, V
cell

. . . [ ] ,,. . . [ ] ,

Active Uptake Passive Permeability

, , . . [ ] ,

Surface 
Binding
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1.2 PBPK Models of Verapamil, Norverapamil and Ketoconazole

Supplemental Fig. 1 In vitro in vivo correlation workflow to recapitulate the PK of a controlled release 
formulation of verapamil.
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Supplemental Table 2.1. Key input parameters for the PBPK model of verapamil

Parameter Value Method/Reference

Molecular weight (g/mol) 454.6 Simcyp compound file

log P 4.46 Simcyp compound file

Compound type Monoprotic Base Simcyp compound file

pKa 8.78 Simcyp compound file

B/P 0.709 Simcyp compound file

fu 0.09 Simcyp compound file

Main plasma binding protein Human serum albumin Simcyp compound file

Absorption Model ADAM Model

fugut 1 Predicted

Peff,man (10-4cm/s) 6.08477 Predicted, Simcyp 
compound file

Permeability Assay Caco-2

Apical pH : Basolateral pH 7.4 : 7.4

Activity Passive & Active

PappaA:B(10-6 cm/s) 50

Reference Compound Propranolol

Reference Compound 
PappaA:B (10-6 cm/s)

109

Scalar 0.3944954

Solubility pH Type Intrinsic Predicted

Solubility (mg/mL) 0.022 (Popović-Nikolić et al., 
2017)

Transporter ABCB1 (P-gp/MDR1) Simcyp compound file

Jmax (pmol/min/cm2) 2.814

Km (μM) 0.734

fuinc 1

Insert growth area of the 
Transwell (cm²)

1

System User

RAF/REF 0.608
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Transporter ABCC2 (MRP2) Simcyp compound file

CLint,T (μL/min/cm2) 18

fuinc 1

Insert growth area of the 
Transwell (cm²)

1

System User

Distribution Model Full PBPK Model

VSS (L/kg) 5.366168 Predicted - Method 2

Enzyme CYP2C8 Simcyp compound file

Pathway Norverapamil

Vmax (pmol/min/pmol) 221.2

Km (μM) 140.5

Enzyme CYP3A4 Simcyp compound file

Pathway Norverapamil

Vmax (pmol/min/pmol) 154.3

Km (μM) 122

Enzyme CYP3A5 Simcyp compound file

Pathway Norverapamil

Vmax (pmol/min/pmol) 169.3

Km (μM) 87.5

Enzyme CYP2C8 Simcyp compound file

Pathway D-617

Vmax (pmol/min/pmol) 218.9

Km (μM) 156

Enzyme CYP3A4 Simcyp compound file

Pathway D-617

Vmax (pmol/min/pmol) 174

Km (μM) 99.5
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Enzyme CYP3A5 Simcyp compound file

Pathway D-617

Vmax (pmol/min/pmol) 117.7

Km (μM) 73

CLint (HLM) (μL/min/mg 
protein)

79.57 Simcyp compound file

CLR (L/h) 2.52 Simcyp compound file

Enzyme CYP3A4 Internal Data

Ki (μM) 0.487

fumic 0.67

KI (μM) 1.653

kinact (1/h) 3.924

fumic 0.67

Enzyme CYP2J2 Internal Data

Ki (μM) 12.2
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Supplemental Table 2.2. Key input parameters for the PBPK model of norverapamil 

Parameter Value Method/Reference

Molecular weight (g/mol) 440.575 Simcyp compound file

log P 4.66 Simcyp compound file

Compound type Monoprotic Base Simcyp compound file

pKa 10.29 Simcyp compound file

B/P 0.675 Simcyp compound file

fu 0.083 Simcyp compound file

Main plasma binding protein Human serum albumin Simcyp compound file

fugut 1

Distribution Model Minimal PBPK Model

VSS (L/kg) 4.166812 Predicted - Method 1

Q (L/h) 18

VSAC (L/kg) 2

Enzyme CYP2C8 Simcyp compound file

Pathway D-620

Vmax (pmol/min/pmol) 38.5

Km (μM) 68

Enzyme CYP3A4 Simcyp compound file

Pathway D-620

Vmax (pmol/min/pmol) 46

Km (μM) 90

Enzyme CYP3A5 Simcyp compound file

Pathway D-620

Vmax (pmol/min/pmol) 18.8

Km (μM) 19.5

Enzyme CYP2C8 Simcyp compound file

Pathway D-715
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Vmax (pmol/min/pmol) 113.2

Km (μM) 59

CLR (L/h) 1.91 Simcyp compound file

Enzyme CYP3A4 Determined experimentally

Ki (μM) 0.27

fumic 0.78

KI (μM) 0.28

kinact (1/h) 2.44

fumic 0.78

Enzyme CYP2J2 Determined experimentally

Ki (μM) 162
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Supplemental Table 2.3. Key input parameters for the PBPK model of ketoconazole

Parameter Value Method/Reference

Molecular weight (g/mol) 531.4 Simcyp compound file

log P 4.04 Simcyp compound file

Compound type Diprotic Base Simcyp compound file

pKa 2.94, 6.51 Simcyp compound file

B/P 0.62 Simcyp compound file

fu 0.029 Simcyp compound file

Main plasma binding protein Human serum albumin Simcyp compound file

fugut 0.06 Simcyp compound file

Distribution Model Minimal PBPK Model

VSS (L/kg) 0.345 Simcyp compound file

CLpo (L/h) 7.4 Simcyp compound file

CLR (L/h) 0.147 Simcyp compound file

Enzyme CYP2J2

Ki (μM) 0.082 Determined experimentally

Enzyme CYP3A4

Ki (μM) 0.094 Determined experimentally

Transporter ABCB1 (P-gp/MDR1)

Organ Gut

Ki (μM) 0.17 Determined experimentally

Transporter OAT3

Organ Kidney

Ki (μM) 0.01

Optimized based on 
experimentally derived IC50 of 
15.77 µM and reported IC50 of 
0.86 µM with estrone-3-sulfate 
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as the probe substrate 
(Vermeer et al., 2016)
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2 Model Verification – PK and Retrospective DDI Simulations

Supplemental Table 3. Details of clinical study designs for PBPK model verification
Reference Study Dosing Regimen Study 

conditions
Subjects

(Greenblatt et al., 
2018)

Rivaroxaban: Single dose of
20 mg on the mornings of 
day 1 and day 15

Extended Release 
Verapamil: 120 mg (Day 8), 
240 mg (Day 9), 360 mg 
(Days 10-17)

Fed Normal renal function: 
13 Caucasians 
(Male/Female: 8/5)

Mild renal impairment: 
14 Caucasians 
(Male/Female: 8/6)

Age: 38-72
(Kubitza, Becka, 
Mueck, Halabi, 
Maatouk, Klause, 
Lufft, Dominic D 
Wand, et al., 
2010)

Single dose of 10 mg 
rivaroxaban

Fasted Normal renal function: 8 
Caucasians 
(Male/Female: 5/3)

Mild renal impairment: 8 
Caucasians
(Male/Female: 5/3)

Age: 36-69
(Mueck et al., 
2013)

Rivaroxaban: 10 mg once 
daily (Days 1-10)
Ketoconazole: 400 mg once 
daily (Days 5-10) 

Fed 20 healthy Caucasian 
males

Age: 22-45
(Haeri et al., 2014) Single dose of 80 mg

verapamil
Fasted 24 healthy volunteers 

(Male/Female: 12/12)

Age: 21-29
(Frishman and 
Lazar, 1992)

Single dose of 120 mg 
controlled release verapamil
capsule

Fasted 28 patients with mild to 
moderate hypertension
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Supplemental Table 4. Serum creatinine input for mild renal impaired population
GFR 30 to 60 mL/min

Population in Simcyp

GFR 50 to 79 mL/min

Created Population

Age Group

(years)

Serum 

Creatinine 

(µmol/L)

GFR

(mL/min)

GFR

(mL/min)

Serum 

Creatinine 

(µmol/L)

Male < 61 yo 152 48.8 68.8 107.9

Male > 61 yo 143 51.9 71.9 103.2

Female < 60 yo 152 33.5 53.5 95.2

Female > 60 yo 148 34.4 54.4 93.6

Female > 75 yo 143 28.5 48.5 83.9
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Parameterizing the PBPK-DDI Models via In Vitro Inhibitory Parameters

In Vitro Enzymatic and Transport Inhibition Assays. The verified PBPK models of rivaroxaban, 
verapamil, norverapamil and ketoconazole were subsequently used for PBPK-DDI model development. 
Inhibition potencies (Ki for reversible inhibition and KI and kinact for mechanism-based inhibition) were 
derived using rivaroxaban as the probe substrate (FDA/CDER, 2017). 

Chemicals. High performance liquid chromatography (HPLC)-grade acetonitrile (ACN) was purchased 
from Tedia Company Inc (Fairfield, OH). Formic acid was purchased from BDH Chemicals (Radnor, 
PA). Ketoconazole, verapamil hydrochloride, prednisolone vetranal and dexamethasone were acquired 
from Sigma-Aldrich (St. Louis, MO). Norverapamil hydrochloride was purchased from Cayman 
Chemicals (Ann Arbor, MI). Human recombinant cytochrome P450 supersomes (rCYP) and NADPH 
regenerating system consisting of NADPH A (NADP+ and glucose-6-phosphare) and B (glucose-6-
phosphate dehydrogenase) were obtained from BD Gentest (Woburn, MA). All other reagents were of 
analytical grade.

Mechanism-Based Inactivation of CYP3A4/2J2. Incubations (n=3) were conducted in 96-well plates. 
In the primary inactivation incubation, either verapamil or norverapamil (0.1 to 5 µM or 2.5 µM for 
rCYP3A4 and rCYP2J2 respectively) were pre-incubated at 37°C for 5 min with rCYP3A4 (40 
pmol/mL) or rCYP2J2 (20 pmol/mL) and NADPH B in potassium phosphate buffer (100 mM, pH 7.4). 
Reactions were initiated by the addition of 5 µL of NADPH A. The final primary incubation mixture 
had a total volume of 100 µL and the final organic concentration in the mixture was 1% ACN (v/v). At 
0, 3, 8, 15, 22, 30 and 45 min after the addition of NADPH A, 5 µL of the primary incubation was 
transferred to 95 µL of the secondary incubation containing saturating rivaroxaban concentrations 
([S]=50 µM >> Km), effecting a 20× dilution. Apart from rivaroxaban, the secondary incubation mixture 
comprised the NADPH regenerating system and 100 mM potassium phosphate buffer (pH 7.4). The 
secondary incubation mixture was incubated for 2 h (rCYP3A4) or 30 min (rCYP2J2) at 37°C before 
an 80 µL aliquot was removed and quenched with an equal volume of ice-cold ACN containing 4 µM 
dexamethasone (internal standard). Quenched samples were subjected to centrifugation at 2755 g, 4°C 
for 30 min. Subsequently, the supernatants were removed for the determination of hydroxylated-
rivaroxaban metabolite (main metabolite) by liquid chromatography tandem mass spectrometry 
(LC/MS/MS).

Calculation of Inactivation Kinetic Parameters (KI and kinact). The natural logarithm of percentage 
of enzyme activity remaining versus inactivation pre-incubation time was plotted for each inactivator 
concentration and kobs values (apparent inactivation rate constants) were described as the negative slopes 
of the lines. Subsequently, a plot of observed inactivation rate constants (kobs) against inactivator 
concentration [I] allowed for inactivation kinetic parameters, KI and kinact to be fitted with non-linear 
least squares regression using eq. S13.

= ×[ ]
[ ] (S13)

Reversible Inhibition of CYP3A4 and CYP2J2. Incubations (n=3) were conducted in 96-well plates. 
Rivaroxaban (0.5 to 100 µM) was pre-incubated at 37°C for 5 min with rCYP3A4 (40 pmol/mL) and 
rCYP2J2 (20 pmol/mL), NADPHB and 100 mM potassium phosphate buffer (pH 7.4) in the presence 
of several concentrations of the test inhibitor (i.e. verapamil, norverapamil). The reactions were 
commenced by the addition of 5 µL NADPHA and the final mixture had a total volume of 100 µL 
comprising 1% ACN (v/v). Incubation was carried out for 2 h and 30 min for rCYP3A4 and rCYP2J2 
respectively at 37°C and quenched with an equal volume of ice-cold ACN containing 4 µM 
dexamethasone (internal standard). The quenched samples were subjected to centrifugation at 2755 g, 
4°C for 30 min. The same protocol was adopted to determine IC50 of ketoconazole with rivaroxaban 
concentration at Km (10 µM). Subsequently, the supernatants were removed for the determination of 
hydroxylated-rivaroxaban metabolite (main metabolite) by LC/MS/MS.
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Calculation of Reversible Inhibition Parameters (Ki). A series of Michaelis-Menten (substrate-
velocity) curves were generated in the presence of various concentrations of the inhibitor. Lineweaver-
Burk transformations were used to discern the type of inhibition that was exhibited by the inhibitor-
enzyme interaction. The derived inhibition modality dictated the selection of appropriate equations to 
determine the Ki value via non-linear regression analyses. IC50 values computed from log(inhibitor) vs. 
response variable slope (four parameters) analysis were also corrected to Ki based on the mode of 
inhibition identified (eq. S17a for competitive and eq. S17b for mixed mode inhibition)

= × (1 + [ ]) (S17a)

= ×( [ ] )
× [ ]

(S17b)

Inhibition of P-gp-mediated Efflux of Rivaroxaban. The inhibitory potential of ketoconazole (0.1-
50 μM) on the absorptive transport of rivaroxaban (10 µM) was assessed after the incubation period of 
90 min. A model-based approach detailed by Kishimoto et al was used for calculation of the IC50 value 
of ketoconazole (eq. S18) (Kishimoto et al., 2016).

1
, −

1
( ) = ,× × 1

1 + [ ] ,
(S18)

where , and ( ) represent the observed A to B clearance with inhibitor and complete 
P-gp inhibition respectively, and represent permeability-surface area products (PS) for 
influx across apical membrane and efflux across basolateral membrane of MDCK-MDR1 cell 
monolayers, , represents PS of P-gp in the absence of inhibitor and is defined by 

. , estimates were derived from previous three-compartmental analysis. 

[ ] , represents the unbound intracellular ketoconazole concentrations obtained from three-
compartmental modelling of ketoconazole’s bidirectional transport at t = 90 min. All regression
analyses were performed using GraphPad Prism version 7 (GraphPad Software, San Diego, CA).

Inhibition of OAT3-mediated Uptake of Rivaroxaban. Investigation of the potential inhibition of 
OAT3-mediated rivaroxaban uptake by ketoconazole and verapamil adhered to the protocol previously 
outlined by Vermeer et al (Vermeer et al., 2016). Prior to addition of ketoconazole, OAT3-transfected 
HEK cells were washed once with HBSS containing 20 mM HEPES (pH 7.4). Subsequently, HBSS 
containing varying concentrations of ketoconazole and verapamil (0.1 – 100 µM) was added for 15 min. 
Following pre-incubation, inhibitor solutions were aspirated and replaced with HBSS containing the 
inhibitors (or solvent control, dimethylsulfoxide) and rivaroxaban (1 µM) probe substrate . After 5 min, 
cellular uptake was terminated by washing the cells twice with 200 µL of ice-cold PBS and lysed 
directly on the plate with 100% methanol containing internal standard. IC50 values were determined
from the average percent inhibition values fitted to log(inhibitor) vs. response variable slope (four 
parameters) analysis.

Ultrafiltration in the Determination of Fraction Unbound. To estimate the extent of non-specific 
binding of rivaroxaban (victim substrate) and inhibitors within the in vitro system, ultrafiltration was 
performed using the Centrifree® device. The calculated fraction unbound was subsequently used to 
correct the apparent kinetic and inhibition constants previously derived. 

Non-Specific Binding (NSB) of Substrates and Inhibitors to Centrifree Device. Binding to the 
Centrifree tube sample reservoir and collection cup (as annotated in the diagram below) was determined 
by adding rivaroxaban 100 μM and the inhibitors (verapamil, norverapamil and ketoconazole) in protein 
free buffer (pH 7.4) directly to the reservoir (1000 μL) and cup (500 μL) followed by incubation for 20 
min (Ballard and Rowland, 2011).
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Centrifree device consisting of sample reservoir, membrane and collection cup.

Fraction unbound to the sample reservoir ( ) and collection cup ( ) was obtained using eqs. S19a 
and S19b.

= (19a) = (19b)

Where , and represent the unbound concentration of drug in the sample reservoir, 
collection cup and total concentration of test substrate respectively. Fraction unbound to the membrane, 

, determined from a control filtration containing no protein in the supernatant, can be calculated 
using eq. S20.

= × (S20)

Unbound Fraction of Rivaroxaban in Media and within the Cell. Binding of rivaroxaban to culture 
media (DMEM + 10% FBS) and the MDCK-MDR1 cell homogenate was determined by the addition 
of rivaroxaban 100 μM to media and cell homogenate respectively. After incubation at 37℃ for 90 min, 
aliquots of the solutions were added to the reservoir, incubated for 20 min to ensure equilibration and 
subsequently centrifuged (2000 g) using a swing bucket for 30 min at 37℃. The ultrafiltrate was 
incubated for another 20 min to ensure equilibration with the collection cup. Both fraction unbound to 
DMEM ( ) as well as the diluted intracellular fraction unbound ( , ) were obtained using 
eq. S21.

/ , = 1
1 + [ , × × − 1 ]

(S21)

Where , represent the total concentration measured in DMEM or cell homogenate and is the 
concentration measured in the ultrafiltrate (Ballard and Rowland, 2011).

Calculation of . , that is determined under incubation conditions needs to be corrected by 
the dilution factor, D, to obtain the intrinsic undiluted (Eq. S22) (Riccardi et al., 2018).  

= 1
1 , − 1 + 1

(S22)

Where D at 10 × 10 / = and = ( )

Reservoir

Membrane

Collection Cup
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Unbound Fraction of Verapamil, Norverapamil and Ketoconazole in the In Vitro Enzymatic 
Incubation. Binding of the inhibitors (1 µM) in the enzymatic incubation containing 40 pmol/mL of 
rCYP3A4 or 20 pmol/mL of rCYP2J2 was determined via the same protocol defined above. 

Sample Processing for LC/MS/MS Quantitation

Efflux Assay. A calibration curve was built using 0.001, 0.005, 0.01, 0.1, 0.3, 0.5, 0.75, 1, 2, 5 µM of 
rivaroxaban. For sample concentrations above 5 µM, samples were diluted using media before sample 
processing to minimize any matrix effects during quantitation. To ascertain accuracy, quality control 
(QC) samples were prepared in triplicates using a similar method where low and high QCs were 0.05 
and 3.5 µM respectively. To account for chemical degradation that might have occurred during the cell 
assay, the calibrants were also exposed at room temperature for the same duration as the transport assay. 
For rivaroxaban samples, calibration standards and controls, the samples were spiked with 2.02 µL of 
50 µM prednisolone (IS) and subjected to a 2-step liquid-liquid extraction (LLE). In the first extraction, 
1 mL of methyl tert butyl ether (MTBE) was aliquoted into each tube and vortexed at high speed for 5 
min. Samples were then centrifuged using a microfuge at 18 000 g for 5 min at 4°C to ensure complete 
separation of the media from the extraction solvent. 800 µL of MTBE was carefully aliquoted from 
each tube to a corresponding 2 mL Eppendorf tube. For the second extraction, another 500 µL of MTBE 
was added, vortexed and spun down in a similar manner before 600 µL of MTBE was aliquoted and 
added to the same corresponding tube. The extraction solvent was then dried down in a turbovap using 
nitrogen gas at 3-5 psi before reconstitution in 100 µL of a 0.1% formic acid in ACN and 0.1% formic 
acid in water mixture (85:15 v/v) for LC/MS/MS analysis.

Uptake Assay. For in vitro studies of rivaroxaban uptake, the matrix was a mammalian cell lysate 
derived from HEK293 cells. Confluent monolayers were lysed with 100 µL of ice-cold methanol/cm2

for 1 h before centrifugation at 18000 g for 15 min to pellet precipitated protein. Culture lysates were 
spiked with rivaroxaban working solutions to obtain final rivaroxaban concentrations of 0,0025, 0,005, 
0.0125, 0.025, 0.05, 0.1, 0.25, 0.75, 1, 2 and 2.5 µM, containing the IS prednisolone at a concentration 
of 1 µM. QC samples were prepared independently at concentrations of 0.01 (low), 0.5 (medium) and
1.5 (high) µM of rivaroxaban.

NSB Assay. Collected samples were quenched by the addition of ACN containing 1 µM of prednisolone 
as IS. All samples were centrifuged at 4℃, 18000 g for 30 min and the supernatant was subjected to 
LCMS/MS analysis.
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LC/MS/MS Quantitation

All samples were analysed using an Agilent 1290 Infinity ultra-high pressure liquid chromatography 
(UHPLC) (Agilent Technologies Inc., Santa Clara, CA, USA) interfaced with the AB SCIEX QTRAP 
5500 tandem mass spectrometry (MS/MS) system (AB SCIEX, Framingham, MA, USA). The 
ACQUITY UPLC BEH C18, 1.7 µM, 2.1 × 50 mm column (Waters, Mildord, MA, USA) was used for 
chromatographic separation. Samples were delivered using injection volumes of 1-4 µL. The aqueous 
mobile phase (A) was 0.1% formic acid in milli-Q water whereas the organic mobile phase (B) consisted 
of 0.1% formic acid in ACN. Mobile phases were delivered at a flow rate of 0.6 ml/min. The column 
was maintained at 45°C. 

Transport Assay. The gradient program for rivaroxaban, propranolol, quinidine and prednisolone was 
as follows: linear gradient from 15 % to 85 % B (0-1.2 min), isocratic at 100 % B (1.21-2 min), linear 
gradient from 100 % to 15 % B (2-2.01 min) and isocratic at 15 % B (2.01-2.5 min). 

Enzymatic Inhibition Assay. The gradient program for hydroxylated rivaroxaban metabolite and 
dexamethasone was as follows: linear gradient from 20% B to 80% B (0-1.2 min), isocratic at 100% B 
(1.21–2 min), linear gradient from 100% to 20% B (2-2.01 min) and isocratic at 20% B (2.01 – 2.5 
min).

Transport Inhibition Assay. The gradient program for rivaroxaban, ketoconazole and prednisolone 
was as follows: linear gradient from 30 % to 70 % B (0 – 1.2 min), isocratic at 100 % (1.21 – 2 min) 
and isocratic at 20 % B (2.01 – 2.5 min). 

NSB to PBS, DMEM culture media and cell homogenates. The gradient program for rivaroxaban, 
ketoconazole and prednisolone was as follows: linear gradient from 15% to 85% B (0 – 1.2 min), 
isocratic at 100% B (1.21 – 2 min) and isocratic at 15% B (2.01 – 2.5 min).

The MS source conditions were: source temperature 500 °C, curtain gas 30 psi, ion source gas 1 (sheath 
gas) 25 psi, ion source gas 2 (drying gas) 25 psi, ion spray voltage +5000V, collision gas (nitrogen) 
medium. All analyses were performed in ESI positive mode. Acquisition and analysis of data were 
performed with Analyst software ver. 1.6.2 (Applied Biosystems). For all LC/MS/MS analyses, the 
peak area of the analyte was expressed as a ratio to the peak area of the internal standard. The MRM 
transitions and compound dependent MS parameters of the analytes are summarized in the following 
table.
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Optimized compound-specific MS parameters for LC/MS/MS analysis

Compound
MRM Transition 

(m/z)

Collision 

Energy 

(CE)

(V)

Declustering 

Potential 

(DP)

(V)

Entrance 

Potential 

(EP)

(V)

Collision 

Exit 

Potential 

(CXP)

(V)

Dwell 

Time

(ms)

Rivaroxaban 436.200→145.000 33 95 10 9 100

Rivaroxaban 

Metabolite
452.200→406.100 25 100 10 9 100

Ketoconazole 531.200→489.200 40 103 9 25 100

Quinidine 325.300→172.100 27 100 7 6 100

Propranolol 260.300→116.200 23 45 11 6 100

Estrone-3-

Sulfate (E3S)
349.200→269.200 -40 -116 -11 -8 100

Pregnenolone 

Sulfate (IS for 

E3S)

395.300→97.000 -79 -136 -8 -6 100

Para-

aminohippuric 

acid (PAH)

195.300→120.200 18 34 7 8 100

Acetaminophen 

(IS for PAH)
152.100→110.000 23 64 12 8 100

Prednisolone 361.200→147.000 29 100 6 9 100

Dexamethasone 393.200→355.100 14 112 4 14 100
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Supplemental Results 

Supplemental Fig 2. Investigation of the P-gp-mediated transport kinetics of rivaroxaban. Time-dependent (A) 
A to B and (B) B to A transport of rivaroxaban. Both graphs were fitted with nonlinear regression Michaelis-
Menten models. Concentration-dependent (C) A to B and (D) B to A transport of rivaroxaban was investigated at 
180 min and 120 min respectively. Fitting of concentration-dependent absorptive and secretory clearances using 
eqs. S8 and S9 yielded Jmax,app and Km,app values. Each point represents the mean of triplicate determinations.   
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Supplemental Table 5. Non-specific binding of rivaroxaban and ketoconazole to ultrafiltration 
apparatus, culture media and cell homogenate.

Rivaroxaban Ketoconazole

fuR 0.94 0.80

fuC 0.90 1

fumem 0.88 0.49

fumedia 1 0.57

fucell 0.023 0.01

Cell diameter (µm) 13.6 13.6

Cell volume (µL/million 

cells)

1.317 1.317

D 75.9 at 10 × 106 cells/mL 25.3 at 30 × 106 cells/mL
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Supplemental Fig. 3. Investigation of the hOAT-mediated uptake transport kinetics of rivaroxaban. Uptake for 5 
min by wild type HEK293 cells and those stably expressing hOAT3/1 was determined at 37°C for (A) estrone-3-
sulfate (2 µM) and (B) para-aminohippuric acid (3 µM) to verify uptake functionality. Uptake of rivaroxaban (1 
µM) in the absence and presence of prototypical OAT inhibitor, probenecid was subsequently investigated in (C) 
hOAT3-expressing HEK293 cells compared to wild type cells and (D) hOAT1-expressing HEK293 cells
compared to wild type cells. Time course of uptake kinetics in wild type and OAT3-transfected cells is presented 
in (E). Time-dependent passive permeability up to 2 min was determined across 0.5 to 100 µM of rivaroxaban in 
wild type cells at both 4°C and 37°C (data not shown). Uptake rates obtained in wild type cells were plotted 
against rivaroxaban concentration in (F) to obtain the passive diffusion clearance (CLPD) via linear regression (eq. 
S13). (G) Time-dependent total uptake up to 2 min was also quantified across 0.5 to 100 µM of rivaroxaban in 
OAT3-transfected HEK cells at 37°C. (H) Total uptake (black solid line) in OAT3-transfected HEK cells was 
analyzed via non-linear regression (eq. 14), and active uptake (grey dashed line) was obtained after subtracting 
the passive diffusion component (black dashed line) determined in wild type HEK cells. Uptake experiments 
carried out in (E-H) are represented as the mean ± SD of two experiments. All other data are results from a single 
experiment carried out in triplicate.
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Supplemental Fig. 4. Top-down optimization of the OAT3-mediated basolateral uptake of rivaroxaban. Estimates 
of OAT3 CLuint were obtained via a sensitivity analysis approach and was defined to be 43 µL/min/106 cells 
where simulated CLR converged with the weighted mean CLR of 3.1L/h when serum creatinine was fixed at 80 
µmol/L (healthy volunteers). 

CLR (L/h)

OAT3 CLuint

(μL/min/106 cells)

Serum Creatinine
(μmol/L)
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Supplemental Table 6. Comparison of PK parameters between simulated and observed data for 
model verification of verapamil and norverapamil

Simulated (n=200) Observed (n=20)

Verapamil 80 mg
AUC

(µg.h/L)
AUC

(µg.h/L)

Geometric mean 404 389
CV (%) 45 66
Ratio of 
simulated/observed

1.04

Success criteria for ratio 
of simulated/observed

0.58-1.73

Simulated (n=200) Observed (n=20)

Norverapamil 80 mg
AUC

(µg.h/L)
AUC

(µg.h/L)

Geometric mean 722 674
CV (%) 42 38
Ratio of 
simulated/observed

1.07

Success criteria for ratio 
of simulated/observed

0.72-1.39

AUC, area under the concentration-time curve from time zero to infinity; CV, coefficient of variation
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Supplemental Table 7. Comparison between Simcyp and experimental inhibitory parameters
Simcyp

(Index substrate)

Experimental

(Rivaroxaban Substrate)

In vitro parameter V NV K V NV K

MBI on 

CYP3A4

KI (µM) 2.21 10.3 - 1.653 0.284 -

kinact (h-1) 2 18 - 3.924 2.440 -

Potency 0.90 1.74 - 2.37 8.59 -

Reversible 

Inhibition 

on CYP3A4

Ki (µM) - - 0.015 0.487 0.270 0.094

Fraction 

Unbound

fuinc 1 1 1 0.67 0.78 1

V, verapamil; NV, norverapamil; K, ketoconazole
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Supplemental Fig. 5. MBI of CYP3A4 and CYP2J2-mediated metabolism of rivaroxaban by verapamil and 
norverapamil. Semi-logarithmic plots demonstrate time- and concentration-dependent inhibition of CYP3A4 by (A)
verapamil and (B) norverapamil using rivaroxaban as probe substrate and enabled the determination of pseudo-first 
order rates of inactivation (kobs) at various verapamil and norverapamil concentrations. In (C) and (D), the relationship 
between kobs values determined from (A) and (B) and inhibitor concentration was further investigated via non-linear 
regression analysis to derive inactivation kinetic constants, KI and kinact. In contrast, time-dependent decrease in CYP2J2 
activity across pre-incubation times was not apparent with verapamil (E) and norverapamil (F) as the putative inhibitors.
Each point in the semi-logarithmic plots represents the mean of triplicate determinations.
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Supplememtal Fig. 6. Reversible inhibition of CYP3A4 and CYP2J2-mediated metabolism of rivaroxaban by 
verapamil and norverapamil. Michaelis-Menten plots illustrate reversible inhibition of CYP3A4 and CYP2J2 in the 
presence of (A and E) verapamil as well as (B and F) norverapamil. Data from (A, B, E and F) were transformed to 
corresponding Lineweaver-Burk plots in to reveal mixed mode inhibition of CYP3A4 in (C, D) and competitive 
inhibition of CYP2J2 in (G, H) when rivaroxaban was used as the probe substrate. Each point represents the mean of 
triplicate determinations. 
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Supplemental Fig. 7. Inhibition of the enzyme and transporter-mediated elimination of rivaroxaban by 
ketoconazole and verapamil. (A and B) represent in vitro IC50 curves used to quantify the reversible inhibition of 
CYP3A4- and CYP2J2-mediated metabolism of rivaroxaban respectively. (C and D) illustrate the inhibitory 
effects of intracellular unbound concentrations of ketoconazole on the CLAtoB,i; CLBtoA,i and 1/CLAtoB,i - 1/CLAtoB(-
P-gp) values of rivaroxaban. Intracellular unbound concentrations derived from three compartmental modeling 
were verified via assessing the goodness of fit between measured versus predicted ketoconazole concentrations in 
the (E) basolateral and (F) apical compartments of the transwell apparatus. The in vitro IC50 values describing the 
inhibition of the P-gp-mediated efflux of rivaroxaban by ketoconazole was converted to the inhibition constant Ki

by applying the Cheng Prusoff equation (eq. S14a) assuming competitive inhibition. (G and H) illustrate the 
inhibitory effects of ketoconazole and verapamil respectively on the OAT3-mediated uptake of rivaroxaban into 
HEK cells. Inhibition experiments performed in (G) is represented as the mean ± SD of two experiments. All 
other data are results from a single experiment carried out in triplicate.
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C

Supplemental Fig. 8. (A) Simulated rivaroxaban AUC ratio at different input values of OAT3 Ki and P-gp Ki. 
(B) Simulated rivaroxaban CLR at different input values of OAT3 CLint,T and P-gp REF. Values of OAT3 CLint,T, 
P-gp REF, OAT3 Ki and P-gp Ki were varied using the automated sensitivity analysis tool in the Simcyp simulator 
in a population representative following the clinical trial design reported by (Mueck et al., 2013). (C) Predicting 
the effect of various physiological changes (either reductions in PTCPGK or transporter abundance) 
characterizing mild and moderate renal impairment on the CLR of rivaroxaban



36

Supplemental Table 8. Comparison of (A) clinically observed renal clearance with simulated renal clearances of rivaroxaban using the (B) 35-compartment 
mechanistic kidney model versus (C) MechKiM module within the Simcyp simulator

fu,p Reported 
Apparent 

Permeability 
(10-6 cm/s)

CLapi,scr (L/h)a CLbsl,scr (L/h)a Observed
CLR (L/h)

(A)

Simulated CLR 

(L/h)b

(B)

Simulated CLR

(Mech
KiM)
(L/h)b

(C)

Fold difference

0.065 21.8 
(Caco-2)

12.7 
(L-MDR1)

25.8 
(LLC-PK1)

12.88 
(MDCK-MDR1)

0 0 3.1 0.27

0.32

0.26

0.32 0.35 B/C = 0.91

0.065 12.88 
(MDCK-MDR1)

42.3 0 3.1 0.37 0.35 B/A = 0.12

0.065 12.88 
(MDCK-MDR1)

42.3 52.9 3.1 4.4 3.26 B/A = 1.41
C/A = 1.05

a Prediction of in vivo rivaroxaban basolateral and apical secretion clearances based on in vitro transporter data (Supplemental Table 1) using scaling factors of 60 million 
proximal tubule cells per gram kidney and 341.5 g of kidney per person.
b Renal clearance was calculated as the steady state urinary excretion rate (amount of drug excreted into the urine in a unit time) divided by the plasma rivaroxaban concentration 
at steady state.
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Supplemental Table 9: Physiological changes in renal impairment

GFR 
(mL/min/1.73m2)

Tubular Flow 
(L/h)

(Percentage of 
Cardiac 
Output)a

OAT3 
Abundanceb

P-gp 
Abundanceb

PTCPGKb

136.4 59.0 1 1 60
120 59.0 0.88 0.88 52.8
80 59.0 0.59 0.59 35.2
60 54.6 0.44 0.44 26.4
40 54.6 0.29 0.29 17.6

Reduction in both filtration and secretion was performed to represent changes in renal impairment. Simulated 
population representative of the healthy “NEurCaucasian” population available in Simcyp population had an age, 
weight, and body surface area of 58 years, 82 kg, and 1.97 m2 respectively. 
aCardiac output for the population representative was defined as CO = BSA×60×(3-0.01*(age-20)). Tubular flow 
was defined as 19% of cardiac output for a healthy population (GFR > 80 mL/min/1.73 m2), 17.67% of cardiac 
output for GFR 30-60 mL/min/1.73m2 and 16.98% for GFR < 30 mL/min/m2

bRelative change in GFR for each scenario was calculated using the value of 136.4 ml/ min/m2 as baseline and 
applied to the OAT3 abundance, P-gp abundance or PTCPGK parameter. Reductions in renal transporter 
expression was represented in MechKiM by assigning relative abundances for the OAT3 and P-gp transporters in 
kidney in the “poor transporter” (PT) phenotype as a proportion of the Simcyp “extensive transporter” phenotype 
value of 1 and setting the frequency of PT in the modified population to 1 (Scotcher et al., 2017). Changes were 
applied equally to each of the 3 sub-regions of the proximal tubule.
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