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Abstract

Background and Objectives The thrombin inhibitor dabigatran is administered as the prodrug dabigatran etexilate, which
is a substrate of esterases and P-glycoprotein (P-gp). Dabigatran is eliminated via renal excretion but is also a substrate of
uridine 5'-diphospho (UDP)-glucuronosyltransferases (UGTs). The objective of this study was to build a physiologically
based pharmacokinetic (PBPK) model comprising dabigatran etexilate, dabigatran, and dabigatran 1-O-acylglucuronide to
describe the pharmacokinetics in healthy adults and renally impaired patients mechanistically.

Methods Model development and evaluation were carried out using (i) physicochemical and absorption, distribution, metabo-
lism, and excretion (ADME) parameter values of all three analytes; (ii) concentration—time profiles from 13 studies of healthy
and renally impaired individuals after varying doses (0.1-300 mg), intravenous (dabigatran) and oral (dabigatran etexilate)
administration, and different formulations of dabigatran etexilate (capsule, solution); and (iii) drug—drug interaction studies
of dabigatran with the P-gp perpetrators rifampin (inducer) and clarithromycin (inhibitor).

Results A PBPK model of dabigatran was successfully developed. The predicted area under the plasma concentration—time
curve, trough concentration, and half-life values of the assessed clinical studies satisfied the two-fold acceptance criterion.
Metabolic clearances of dabigatran etexilate and dabigatran were implemented using data on carboxylesterase 1/2 enzymes
and UGT subtype 2B15. In severe renal impairment, the UGT2B 15 metabolism and the P-gp transport in the model were
reduced to 67% and 65% of the rates in healthy adults.

Conclusion This is the first implementation of a PBPK model for dabigatran to distinguish between the prodrug, active
moiety, and main active metabolite. Following adjustment of the UGT2B 15 metabolism and P-gp transport rates, the PBPK
model accurately predicts the pharmacokinetics in renally impaired patients.

1 Introduction deep vein thrombosis (DVT) and pulmonary embolism

(PE) in patients treated with a parenteral anticoagulant for
Dabigatran (Pradaxa®) is a synthetic, non-peptidic, potent, 5-10 days or who have undergone hip replacement surgery.
specific, competitive, and reversible inhibitor of thrombin =~ Moreover, dabigatran reduces the risks of (i) stroke and sys-
that overcomes the major drawbacks of vitamin K antago- temic embolism in patients with non-valvular atrial fibrilla-
nists. It is indicated for the treatment and prophylaxis of ~ tion and (ii) recurrence of DVT and PE in patients who have
been previously treated [1].

Dabigatran is administered orally as the pharmacologi-
Electronic supplementary material The online version of this Cally inactive prodrug and P_glycoprotein (P_gp) substrate
article (https://doi.org/10.1007/540262-019-00776-y) contains dabigatran etexilate. Carboxylesterases (CESs) have been
supplementary material, which is available to authorized users. R ) . .

proposed to be involved in the two-step conversion of dabi-

5< Thorsten Lehr gatran etexilate to dabigatran in humans: CES1 in the liver
thorsten.lehr @mx.uni-saarland.de and CES?2 in the intestine [2, 3]. In healthy male volunteers
the mean oral bioavailability of dabigatran is 6-7% [4] and
the inter-individual variability in pharmacokinetic param-
eters has been described with an average inter-individual
coefficient of variation (CV) of approximately 30% [5].
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A comprehensive physiologically based pharmacokinetic
(PBPK) model of dabigatran etexilate, dabigatran, and
dabigatran 1-O-acylglucuronide has been developed
based on varying dabigatran (etexilate) doses, admin-
istration routes (intravenous, oral), and different for-
mulations (capsule, solution) of dabigatran etexilate in
healthy and renally impaired individuals.

PBPK disease modeling allows mechanistic incorpora-
tion of hypothesized alterations in absorption, distribu-
tion, metabolism, and excretion (ADME) mechanisms
such as reduced uridine 5'-diphospho (UDP)-glucuron-
osyltransferase (UGT) metabolism and P-glycoprotein
(P-gp) transport due to renal impairment.

Independently developed PBPK models of the P-gp
inducer rifampin and P-gp inhibitor clarithromycin were
linked with the dabigatran PBPK model. The drug—drug
interactions, primarily based on the interaction with
intestinal P-gp, could be described (rifampin) and pre-
dicted (clarithromycin).

Maximum plasma concentrations (C,,,,) of dabigatran occur
approximately 2—3 h after oral dabigatran etexilate dosing
and the disposition is bi-exponential. In renally healthy sub-
jects, the half-life (#,,) is 12-17 h and steady state is attained
within 3 days of multiple dosing [5, 6]. The C,,,, and the
area under the plasma concentration—time curve (AUC)
are dose proportional after dabigatran doses of 0.1-5.0 mg
(single intravenous dose) and dabigatran etexilate doses of
50-400 mg (three times daily orally) [5, 7]. Following intra-
venous dabigatran administration, about 80% of the dose is
eliminated via renal excretion [4]. Dabigatran itself has not
been identified as a substrate of any transporter. Its main
metabolite is the 1-O-acylglucuronide (dabigatran glucuro-
nide), which in vitro data suggest is formed primarily by the
uridine 5'-diphospho (UDP)-glucuronosyltransferase (UGT)
2B15 [8]. Cytochrome P450 enzymes play a negligible role
in the pharmacokinetic characteristics of dabigatran, which
lowers the likelihood of drug—drug interactions (DDIs) [4].
Dabigatran glucuronide exhibits a similar concentration-
dependent pharmacological activity as its parent compound
dabigatran [8]. Dabigatran concentrations are measured
either as non-conjugated (‘free’) dabigatran or as the total
(‘sum’) of non-conjugated dabigatran and dabigatran acyl-
glucuronides, which account for 3% or 20% of the total
exposure to dabigatran following intravenous or oral dos-
ing, respectively [4].

As dabigatran is mainly eliminated via urinary excretion,
elderly and patients with chronic kidney disease have higher
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dabigatran plasma concentrations when given the same dose
as healthy adults. Clinical studies of dabigatran in patients
with different stages of renal impairment showed that the
exposure of dabigatran increases in correlation with the
severity of renal dysfunction [9-11].

Overall, dabigatran shows favorable and predictable lin-
ear pharmacokinetics in healthy adults and renally impaired
patients. So far, the pharmacokinetic properties of dabigatran
have been intensively characterized in empirical popula-
tion pharmacokinetic modeling analyses considering only
‘sum’ dabigatran concentration data [12—-15]. An attempt to
include all three analytes (dabigatran etexilate, dabigatran,
and dabigatran glucuronide) separately in a physiologically
based pharmacokinetic (PBPK) model has not been under-
taken previously. Such a model may incorporate physiologi-
cal differences between patient populations (healthy, renally
impaired, children) that lead to population-specific pharma-
cokinetic characteristics of the analytes.

1.1 Objectives
The objectives of this study were as follows:

1. To build a whole-body PBPK model of the prodrug
dabigatran etexilate, the active moiety dabigatran, and
its pharmacologically active metabolite dabigatran glu-
curonide in healthy adults.

2. To apply this model to describe the pharmacokinetics
of dabigatran in renally impaired patients, exploring the
potential influence of protein binding, glomerular filtra-
tion, and P-gp and UGT2B15 activity due to various
degrees of renal impairment.

2 Methods
2.1 Model Development and Evaluation

A schematic overview of the PBPK model development is
shown in Fig. 1 and the detailed steps of model building are
outlined in the following sections. In brief, PBPK model-
ling was performed in a stepwise procedure. First, a PBPK
model of dabigatran alone following intravenous applica-
tion of dabigatran was developed. Second, this intravenous
dabigatran model was expanded by adding the prodrug dabi-
gatran etexilate (oral administration form) and the metabo-
lite dabigatran glucuronide to establish a PBPK model for
all three analytes following oral application of dabigatran
etexilate. This step includes the incorporation of the P-gp
transport of dabigatran etexilate using DDI study data with
rifampin and clarithromycin. It was assumed that both CES1
and CES2 can directly cleave the two ester groups of dabi-
gatran etexilate to release dabigatran. Third, the impact of
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renal impairment was implemented into the PBPK model.
Finally, sensitivity analyses were performed to investi-
gate the impact of changes in parameter estimates on the
AUC during a dosing interval at steady state (AUC_ ) and
the trough concentration (Cioygp)-

Experimental datasets from 13 clinical studies were used
for PBPK model development in healthy adults and patients
with different stages of renal impairment. All studies were
reviewed by the relevant regulatory authorities. These stud-
ies were split into an internal model development and an
external model evaluation dataset with six internal and
seven external studies, respectively (Table 1). Physicochemi-
cal parameters and information on the absorption, distri-
bution, metabolism, and excretion (ADME) of the three
analytes dabigatran etexilate, dabigatran, and dabigatran
glucuronide were gathered from the literature or in-house
reports (Table 2). Parameter optimizations were carried
out using either a Monte-Carlo or Simplex method [16,
17]. For the single process where the K, value had to be
optimized (P-gp), a stepwise change of K,; with subsequent
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Development: Intravenous PK profiles of
dabigatran + urinary excretion data [7]

[
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Evaluation: Intravenous PK profiles
of dabigatran [7]

optimization of the remaining parameters was performed
until the best model was found.

Model evaluation was carried out (i) using visual predic-
tive checks; (ii) by comparison of observed and simulated
pharmacokinetic parameters and urinary excretion data; and
(iii) by prediction of DDIs. Pharmacokinetic parameter com-
parisons were deemed successful if they satisfied the two-
fold acceptance criterion [18, 19] or, for DDI prediction, if
they satisfied the acceptance limits proposed by Guest et al.
[20]. Mathematical implementation of DDIs, DDI model-
ling, and evaluation is detailed in the Electronic Supplemen-
tary Material (ESM).

Population simulations were performed for all model
evaluation steps. Virtual populations were created accord-
ing to the ranges of age, weight, and height described in
the clinical studies (Table 1) [21]. To assess the inter-study
variability of pharmacokinetic parameters, ten virtual popu-
lations were created for each study using the reported num-
ber of study individuals of each study. Dabigatran etexilate
doses were administered in a fasted state in all studies used

Parameter estimation:
Dabigatran:

Cellular permeability [cm/s].
UGT2BI1S5 kcat [min-1]

S — P v t . t' t‘ 2
f In-vitro and in-silico data of D;lbain:\en;lne: t:'r;:a :‘:]
Intravenous PBPK model of 1 dabigatran etexilate and € 1 bili : p
dabipatren 1 dabigatran glucuronide Intestinal permeability [cm/s].
= Vemm e S e e ———— Cellular permeability [cm/s],

(

Development: Oral PK profiles of dabigatran etexilate, dabigatran and total
dabigatran [29, 30] + urinary excretion data [4] + rifampin DDI [31]

CESI kcat [min-1].
CES2 kcat [min-1].

)

P-gp kcat [min-1],

[

Evaluation: Oral PK profiles of dabigatran and total dabigatran
[64-66. 68] + clarithromycin DDI [63]

P-gp KM [uM]
Dabigatran glucuronide:

)

Cellular permeability [cm/s].
GFR fraction

Oral PBPK model comprising: dabigatran etexilate, dabigatran and

dabigatran glucuronide (capsule and solution)

[

Development: Oral PK profiles of dabigatran and total
dabigatran [9] + urinary excretion data [9]

Parameter estimation:
Dabigatran:
UGT2BI15 kcat [min-1]

J >

[

dabigatran [10

Evaluation: Oral PK profiles of dabigatran and total
. 67]

)

[

Impact of renal impairment on
dabigatran ADME processes

)

Renal Impairment

Fig. 1 Workflow of the physiologically based pharmacokinetic model
development and evaluation from healthy adults to renally impaired
patients. ADME absorption, distribution, metabolism, and excretion,
DDI drug—drug interaction, GFR glomerular filtration rate, k., enzy-

Oral PBPK model for renally
impaired patients

matic rate constant, PBPK physiologically based pharmacokinetic,
PK pharmacokinetic, UGT uridine 5'-diphospho (UDP)-glucurono-
syltransferase
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for PBPK model development. Dosing regimens and cre-
atinine clearance (CL) values were incorporated into the
model as listed in the clinical study reports. The CLg was
used as an estimator of the glomerular filtration rate (GFR)
and was calculated using the Cockcroft-Gault equation [22].

Sensitivity analyses were generated in PK-Sim® using a
variation range of 1.0 and the maximum number of nine
steps [16]. A detailed description of the sensitivity calcula-
tion can be found in the ESM.

PBPK simulations and parameter optimizations were car-
ried out in PK-Sim® and MoBi® version 6.0.3; sensitivity
analyses and quality check were performed in version 7.2.0
(Bayer Technology Services, Leverkusen, Germany). Sta-
tistical analysis of the results and graphics were compiled
using MATLAB® (version R2013b, The MathWorks Inc.,
Natick, MA, USA).

2.1.1 Intravenous Application of Dabigatran

Dabigatran plasma and urine concentrations obtained fol-
lowing intravenous administration of dabigatran were used
to establish a PBPK model (intravenous PBPK model) for
the active moiety dabigatran, including a description of its
distribution, metabolism, and excretion [4, 7]. To describe
the distribution phase correctly, the cellular permeability of
dabigatran needed to be estimated. Tissue-to-plasma water
partition coefficients for dabigatran were calculated using
the method of Rodgers and Rowland [23-25]. The blood-to-
plasma ratio was taken from the literature. The UGT2B15
liver reference concentration was assumed to be 2.05 pmol/L
[26, 27]. The contribution of other UGTSs was assumed to be
negligible. The PK-Sim® gene expression database was used
to implement organ-specific expressions of all enzymes and
transporters. The plasma and urine concentrations were used
to adjust the enzymatic rate constant (k) of the UGT2B15
metabolism, which was described by Michaelis—Menten
kinetics. Adjustment was necessary as the model was not
able to describe the plasma and urine concentrations using
the initial value. The turnover number £, is the maximum
metabolic rate (V,,,,) divided by the enzyme concentration.
The obtained parameter values of dabigatran were fixed for
all further model development steps (Table 2). Excretion
of unchanged dabigatran into feces accounts for a negligi-
ble 1.9% of the dose following intravenous administration
and was therefore not considered in the model [4]. The PK-
Sim® default passive drug transport from plasma to urine
(Tpiasma-urine) 10 the kidneys [28] was altered in MoBi® to
allow direct input of individual CLy values (Eq. 1):

T lasma—urine [pl’l’lOl/h] :le X CLCRi [L/h] X GFRfraclion

p
X Cplasma,kidney [meI / L]

where f, is the unbound fraction of dabigatran, CLy; is the
individual observed creatinine clearance, GFRy;, o, 1S the
fraction of GFR with which a drug is passively excreted into
urine, and Cjyqma kidney 1S the plasma drug concentration in
the kidney. This equation applies equally to dabigatran etex-
ilate and dabigatran glucuronide.

2.1.2 Oral Application of Dabigatran Etexilate

The developed intravenous PBPK model of dabigatran was
expanded by including its prodrug dabigatran etexilate (oral
administration form) and the major metabolite of dabi-
gatran, namely dabigatran glucuronide, which is formed by
UGT2B15 metabolism (oral PBPK model). Clinical studies
assessing the pharmacokinetics of the etexilate and the glu-
curonide individually following intravenous administration
of these compounds were not available. Tissue-to-plasma
water partition coefficients for dabigatran etexilate and dabi-
gatran glucuronide were also calculated using the method of
Rodgers and Rowland [23-25]. Parameters for dabigatran
etexilate and dabigatran glucuronide were optimized to
improve the description of free dabigatran and total dabi-
gatran plasma concentrations following oral administrations
of dabigatran etexilate with and without rifampin coadmin-
istration [29-31]. In MoBi®, total dabigatran concentrations
were calculated as the sum of dabigatran and dabigatran glu-
curonide using Eq. 2:

DAB(SUM) [ng/mL| = (DAB [umol/L| + DAB
—GLUC [pmol/L]) 2)
X MW(DAB) [g/mol]

where DAB(SUM) denotes total dabigatran, DAB the
unconjugated dabigatran, DAB-GLUC the dabigatran glucu-
ronide, and MW(DAB) the molecular weight of dabigatran
of 471.51 g/mol. The reference concentrations for CES1,
CES2, and P-gp were set to 54.93, 19.81, and 1 umol/L,
respectively [27, 32-34]. For CES1 it has been found that
the single nucleotide polymorphism (SNP) rs2244613 in
the CESI gene is associated with a decrease of the Cygn
values of total dabigatran by 15% and 28% for one or two
minor alleles, respectively [35]. For the purpose of simula-
tions, it has been assumed that two minor alleles of CES/
(liver) would equal a loss of function of the CES1 enzyme,
setting the CES1 k,, value to 0 in the model so that dabi-
gatran etexilate is solely metabolized to dabigatran by CES2
(intestine). The CES1/2 metabolism and the P-gp transport
were implemented using Michaelis—Menten kinetics. Some
physicochemical and ADME parameters needed for PBPK
modeling of dabigatran glucuronide have not been reported.
Due to large structural similarities between dabigatran and
dabigatran glucuronide, the unavailable parameter values for
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Table 2 Physicochemical

and absorption, distribution,
metabolism, and excretion
(ADME) information on
dabigatran etexilate, dabigatran,
and dabigatran glucuronide
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Parameter

Literature value

Estimated value used in
simulations (SE?)

Dabigatran etexilate
Molecular weight (g/mol)
Lipophilicity
Fraction unbound (%)
Blood:plasma ratio
pKa
Solubility (mg/mL)
Cellular permeability (cm/s)

Intestinal permeability (cm/s)

REF g, (umol/L)
CESI k,
CES1 Ky (umol/L)
REF g, (umol/L)
CES?2 k,, (min~")
CES2 Ky; (umol/L]
REFp,,, (umol/L)
P-gp key
P-gp Ky; (umol/L)
GFR fraction
Dabigatran

(min™")

(min~")

Molecular weight (g/mol)
Lipophilicity
Fraction unbound (%)
Blood:plasma ratio
pKa
Solubility (mg/mL)
Cellular permeability (cm/s)
REFyGrop;5 (umol/L)
UGT2BI5 kg, (min~")
UGT2B15 K, (umol/L)
GFR fraction

Dabigatran glucuronide
Molecular weight (g/mol)
Lipophilicity
Fraction unbound (%)
Blood: plasma ratio
pKa
Cellular permeability (cm/s)
GFR fraction

627.73
3.8[33]

7133]

3.08 [PK-Sim®]
4.0,6.7 [33]

1.8 [33]

5.0% 1073 [PK-Sim®]
2.9%107° 2]
54.93 [32]
0.41°[3, 32]
24.9 [3]

19.81 [32]
0.41°[3, 32]
5.5[3]

1.0 [33]

0.051¢

1.0 [33]

1.0f

47151
-2.2[69]

65 [4]

0.67 [70]
4.1,4.4,12.4[69]
0.017 [69]

2.8x 1070 [PK-Sim®]
2.05 [26, 27]
0.518 [8, 26]

512 (8]

1.0 [4]

647.23
—4.15"

65"

0.74 [PK-Sim®]
4.1,4.4,12.4
4.6%10~13 [PK-Sim®]
NA

627.73
3.8

7

3.08

40,67

1.8

5.5%1073 (fixed)
6.6x107% (0.02%)
54.93

2.29 (0.1%)

249

19.81

0.49 (0.1%)

5.5

1.0

48.8 (0.3%)

0.08°

1.0

471.51

22

65

0.67
4.1,44,124
0.017

8.0x 1077 (21.0%)
2.05

2.62 (10.7%)
512

1.0

647.23
—4.15

65

0.74
4.1,44,124
3.8x1073 (0.7%)
6.36 (0.1%)

CES carboxylesterase, GFR glomerular filtration rate, k., enzymatic rate constant, K;, Michalis-Menten
constant, NA not available, P-gp P-glycoprotein, pKa acid dissociation constant, REF reference concentra-

tion, SE standard error, UGT uridine 5’-diphospho (UDP)-glucuronosyltransferase,

bolic rate

%In case of estimation

PCES1 liver abundance of 1664.4 pmol/mg and V,,,. of 676.0 pmol/min/mg
°CES?2 liver abundance of 174.1 pmol/mg and V,,, of 71.1 pmol/min/mg

V,

max MAXIMUM meta-

4QOriginal value determined in-house: 0.051 nmol/mL/min (=0.051 min~") at dabigatran etexilate 10 uM

Stepwise reduction of P-gp K, and subsequent optimization of the remaining parameters until there was

no further improvement of the model fit
fAssumed to be equal to dabigatran value
€UGT2B15 abundance of 62.1 pmol/mg and V,,,, of 31.8 pmol/min/mg

hCalculated with the online tool Marvin JS [76] (https://www.chemaxon.com/products/marvin/marvin-js/)
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f, and the acid dissociation constant (pKa) were assumed to
be equal to the dabigatran values. Further, the glucuronide
was assumed to be solely renally cleared by GFR and tubular
secretion (modelled by allowing the apparent GFR¢,, o, tO
be>1in Eq. 1).

2.1.3 Oral Application of Dabigatran Etexilate in Renal
Impairment

The oral PBPK model of dabigatran etexilate, dabigatran,
and dabigatran glucuronide was subsequently expanded to
predict plasma concentration—time profiles of the analytes in
patients with different stages of renal impairment. The con-
sidered key physiological parameters were GFR, metabolic
enzymes, and albumin concentration change with the degree
of renal impairment [36]. The CLy value was used in the
simulations as stated in the study reports. The f, values of
dabigatran etexilate, dabigatran, and dabigatran glucuronide
in plasma for different stages of renal impairment (fu,), based
on the concentration of albumin in the plasma ([P;]), were
estimated using Eq. 3:

P] (-4,
fui=1/<1+%x( 7 >) 3)

where [P] is the average concentration of albumin in
plasma and f;, is the fraction unbound in the healthy popula-
tion [36, 37]. The intestinal P-gp activity was reduced to 65%
for patients with severe renal impairment (CLg <30 mL/
min), in accordance with literature reports in rats [38—40].
With CL(y, fu;, and P-gp contributions set to values as
already described, the potential contribution of UGT2B15
k., was estimated for patients with severe renal impairment
based on a clinical study in patients with different stages of
renal disease [9].

3 Results

A comprehensive PBPK model for the prediction of dabi-
gatran concentrations after different intravenous doses of
dabigatran or oral doses (capsule or solution) of dabigatran
etexilate has been developed. The predicted AUC, Cyyyon,
and 1, values of the internal and external study datasets sat-
isfy the two-fold acceptance criterion as shown in Fig. 2 and
ESM Table 1. The final model parameters are presented in
Table 2.

3.1 Intravenous Application of Dabigatran

The model describes intravenous concentration—time pro-
files in the internal data set well (Fig. 3a), with only 3%

over-prediction of C,,,, (observed C,,,: 234 ng/mL, pre-

dicted C,,,,: 241 ng/mL) and ¢,, (observed t,,: 8.04 h, pre-
dicted #,,: 8.29 h). After intravenous administration of
5.0 mg, a slight over-prediction of dabigatran concentra-
tions is visible between 6 and 24 h. The urinary fraction
excreted of dabigatran after 72 h is well-described (Fig. 3b).
The observed mean fraction excreted in urine is 76.7% with
minimum and maximum values of 57.6% and 90.6%. The
predicted mean fraction excreted in comparison is 70.3%
with minimum and maximum values of 47.5% and 88.5%.
External dataset profiles after intravenous doses of 0.1, 1.0,
and 5.0 mg are equally well-predicted (ESM Fig. 1). The 1,
of the 0.1 mg dose group (4.31) is under-predicted (3.41) by
21%, which might be due to the relatively small number of
measured dabigatran plasma concentrations in the terminal
elimination phase.

3.2 Oral Application of Dabigatran Etexilate

The PBPK model shows good descriptive and predictive per-
formance for all internal and external clinical study simula-
tions (Fig. 3c—e and ESM Fig. 2). The geometric mean AUC
+.ss Values are slightly under-predicted by 2% and 10% for
110 and 150 mg twice daily, respectively, and the geometric
mean minimum concentration (C,;,) in a dosing interval at
steady state is slightly over-predicted by 16% and 4% for
110 and 150 mg twice daily, respectively. The deviations
of predicted from observed geometric mean Cy,,p, values
range from — 4% to + 19%, with one outlier of + 33%. The
predicted and observed fractions of dose excreted in urine as
unchanged dabigatran, following oral administration of dabi-
gatran etexilate, are comparable, with 5% predicted and 4%
observed [4]. To capture the lower C,,, after administration
of capsule compared to solution formulations (ESM Fig. 3),
the capsule dissolution is described using a Weibull function
[41]. The time to set 50% of dabigatran etexilate free has
been estimated to be 1.1 min (standard error (SE)=0.2%)
and the dissolution shape factor has been estimated at 0.26
(SE=0.003%), which means that the capsule needs 1.6 h to
set 90% of the dose free for absorption. The reported abso-
lute bioavailability of dabigatran of 6.0% (range 3.0-7.0%)
is closely reproduced with the oral PBPK model, which
predicts a bioavailability of 7.1% [1, 4]. The model is fur-
thermore able to describe the fraction of total dabigatran in
plasma that the glucuronide accounts for (20% observed,
23% predicted) [4]. A decreased CESI function (due to
two minor CES/ alleles) was found to be associated with
28% lower total dabigatran C,,;, values in vivo, in which
case the model predicts a 27% decrease (inactive CES1). To
increase the confidence in the model, the Cy,,, and the 2 h
post-dose plasma concentration at steady state (C, ) of the
RE-LY (Randomized Evaluation of Long-term Anticoagu-
lant Therapy) trial (n =9522 patients) have been simulated,
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assuming no co-medications for the simulations, and com-
pared to observed values (ESM Table 2). The median Cyq,
is slightly over-predicted by 6.4% for the 110 and 150 mg
treatments. The C,  is slightly under-predicted by — 7.9%
for the 110 mg twice daily treatment and over-predicted by
+ 8.8% for the 150 mg twice-daily treatment. A simulation
of the concentration—time profiles of the three analytes and
total dabigatran after oral dosing (twice daily) is schemati-
cally shown in Fig. 3f.
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10
Predicted half-life [h]

3.3 Oral Application of Dabigatran Etexilate
in Renal Impairment

The final parameter values for the prediction of renally
impaired patients are given in Table 3. Applying calculated
values for f, and reported values for P-gp activity and CLy,
only the UGT2B15 k_, needed to be estimated for severe
renal impairment. The development dataset’s concentra-
tion—time profiles and the fractions of dose excreted in urine
after a single dose of dabigatran etexilate 150 mg are very



PBPK Modeling of Dabigatran in Healthy and Renally Impaired Individuals

1585
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(dots) and population simulated 3007 - 100 100
(lines) plasma concentration— b
time profiles for dabigatran 2501 & T BT g0
etexilate (c [29]), dabigatran (a = g 2 2 %
[71, d [29]), and total dabigatran %, 200 § E £
(e). b The fraction of dose § E. § 1 g z 60
excreted in urine following a ® 2 150 . 8¢
30 min intravenous infusion of 29 ¥ 28
5.0 mg [7]. £ All analytes after 8 g ‘ U : S 40
dabigatran etexilate 110 mg -] 10013 Time [h] 2 a
(twice daily) in a typical B ] po -
individual. Simulated data are 50 L &
represented as median (black
lines), 90% prediction interval 04 0
(grey shaded areas), and mini- 0 6 0 12 24 36 48 60 72
mum and maximum values (dot- Time [h] Time [h]
ted lines). .bid twice daily, conc. d 110 mg, bid
concentration, SUM total c 110 mg, bid 350
30
2 _. 280 TINIIY
= £
] £
=52 c g
xE ] :‘ 210
- "."' e
c £ 45)1 =8
o H i ©
= © i | 8 S 140
S8 I ! £
2 ¢ 10% % 4 K]
© @© 3 % o \
Qg y A 70 5\
51 N
S| 0 8.8 0 o ®% oy T =
0 0 20 60 100 140 180 220
120 130 140 150 160 Time [h]
Time [h]
110 mg, bid
350 e me.o f 110 mg, bid
0.25
....... e i
. 280 43 =" Dabigatian etexiate
E s
] 3
? =210 o £
s g B 20.15
55 3¢
© O g g
-g’g 1404; £ ©
© ocwc 0.1
o OE ]
° 8
70 a
0.05
0 - N s
0 20 60 100 140 180 220 0+t
Time [h] 0 30 60 100 140 180 220
Time [h]
well captured (Fig. 4). While the exposure (AUC and C,,,,)  predicted total dabigatran values of AUC_ (2355 ng-h/
increases significantly with decreasing renal function, the ~ mL), Gy, (176 ng/mL), and C,,, (214 ng/mL) are in close
fraction of dose excreted unchanged in urine stays constant ~ agreement with the observed values of AUC_ (2140 ng-h/

within different groups of renal impairment at approximately
2.4% (CV =50%), ranging from 0.6% to 4.9% within indi-
viduals. The external dataset, a multiple-dose study of 75 mg
twice daily in a patient population with severely impaired
renal function, is successfully predicted (Fig. 5a, b). The

mL), Cyoen (187 ng/mL), and Cy,, (207 ng/mL) (ESM
Table 1). GFR, UGT2B15, and P-gp impact (i) the shape
of the concentration—time profiles and (ii) pharmacokinetic
parameters such as AUC, C, C and t,, differently

trough® “~max>
(Fig. 5¢). For AUC and Ci,g, the parameter ranking from
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Table 3 Model parameters for different stages of renal impairment

Parameter Source Healthy Mild renal impairment Moderate renal impair- Severe renal impairment
(CLg>80mL/ (CLg>50and<80mL/ ment (CLqg>30 (CLg > 15 and <30 mL/
min) min) and <50 mL/min) min)

Dabigatran etexilate f, (%) Calculated [36] 7 (100%) 7 (100%) 7.5 (107.1%) 8.4 (120%)

Dabigatran f, (%) Calculated [36] 65 (100%) 65 (100%) 66.7 (102.6%) 68.9 (106%)

Dabigatran glucuronide Calculated [36] 65 (100%) 65 (100%) 66.7 (102.6%) 68.9 (106%)

Ju (%)

Relative P-gp k., [38,39] 1 (100%) 1 (100%) 1 (100%) 0.65 (65%)

UGT2BI15 k_,, (min~!) Estimated 2.63 (100%) 2.63 (100%) 2.63 (100%) 1.77 (67.2%)

GFR? (mL/min) [9] 108 (100%) 67 (62%) 43 (40%) 24 (22%)

CL  creatinine clearance, GFR glomerular filtration rate, k,,, enzymatic rate constant, P-gp P-glycoprotein, UGT uridine 5'-diphospho (UDP)-

glucuronosyltransferase

*Measured as CLg

highest to smallest impact is GFR > P-gp > UGT2B15,
for C,y it is P-gp> GFR > UGT2B15, and for 1, it is
GFR >UGT2B15 > P-gp.

3.4 Drug-Drug Interaction Simulations

To assess the impact of the estimated P-gp Ky, and &, val-
ues and to test the applicability of the model, a DDI descrip-
tion with rifampin and a prediction with clarithromycin have
been performed. The predicted DDI AUC ;. (dabigatran
AUC ith perpetrator/dabigatran AUC ) following induc-
tion (rifampin, Fig. 6a) and during competitive inhibition
(clarithromycin, Fig. 6b, c) of P-gp are in good agreement
with the observed values and meet the DDI acceptance crite-
rion (Fig. 6d). The predicted DDI AUC,;, are 0.42 (rifampin)
and 1.7 (clarithromycin) compared to the observed DDI AUC
ratios Of 0.33 (rifampin) and 1.6 (clarithromycin). Thus, the
ratios of predicted divided by observed DDI AUC,,;, (pre-
dicted DDI AUC,,;/observed DDI AUC,,;,) for rifampin and

clarithromycin are 1.27 and 1.06, respectively.
3.5 Parameter Sensitivity Analysis

The parameter sensitivity analysis (ESM Fig. 4) shows that,
among the evaluated parameters, P-gp k_, and the intestinal
permeability of dabigatran etexilate have the highest impact
on the predicted AUC,_  of dabigatran. The UGT2B15 k., has
the highest impact on the predicted C,q, Of dabigatran. The
CESI k. the cellular permeabilities, and the GFR fraction of
dabigatran glucuronide have low or zero impact on AUC,_

and Ctrough'

4 Discussion
For the first time a comprehensive PBPK model of dabi-

gatran etexilate, dabigatran, and dabigatran glucuronide
has been developed that is able to accurately predict the
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concentration—time profiles of all compounds after differ-
ent intravenous or oral doses (capsule or solution). Impor-
tant ADME mechanisms have been implemented, enabling
application of the model for healthy individuals as well as
patients with different stages of renal impairment. The devel-
oped oral renal impairment model attempts to differentiate
and describe the potential impact of changes in GFR, f,,
P-gp, and UGT2B15 in different stages of renal disease. Fur-
thermore, the final model has been applied for the simulation
of DDIs with two different perpetrators, showing excellent
performance as a P-gp victim drug.

Although our goal was to fix as many parameters to litera-
ture values as possible, some values needed to be estimated
to establish this complex model. Comparison of estimated
and literature values in Table 2 shows differences in the cel-
lular permeabilities of all three modeled compounds, in the
intestinal permeability of dabigatran etexilate, and in the k_,,
and Ky, values of P-gp. The estimated cellular permeabili-
ties are higher than the values calculated within PK-Sim®.
This could indicate that the literature lipophilicity values
used in the model are too low to accurately describe the
lipid membrane affinity of the three compounds. A second
possibility might be that there are unknown transport pro-
cesses missing in the model, especially for the dabigatran
glucuronide. However, dabigatran etexilate is described as a
selective probe drug for P-gp inhibition, unaffected by other
transport processes [42]. The lower estimated intestinal per-
meability of dabigatran etexilate might reflect differences
between the Caco-2 assay used to determine the literature
value [2] and the human in vivo situation. The literature P-gp
reference concentration (see Sect. 2) and K, value in Table 2
are predicted values [33] without experimental evidence.
As the P-gp k_,, in the model equals the P-gp V,,,, normal-
ized by the P-gp reference concentration, misspecification
of the reference concentration (or of V,,,) is compensated
by optimization of the k,, but probably creates the observed
discrepancy between estimated and literature P-gp k_,, values
in Table 2.

cat
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Fig.4 Individually observed
(dots) and population simulated
(lines) plasma concentration—
time profiles for total dabigatran
(left) and fractions of dose
excreted in urine as dabigatran
(right) after oral administra-
tion of 150 mg [9]. a Healthy
renal function, b mild renal
impairment, ¢ moderate renal
impairment, and d severe renal
impairment. Simulated data are
represented as median (black
lines), geometric mean (dashed-
dotted lines), 90% prediction
interval (grey shaded areas), and
minimum and maximum values
(dotted lines). CL creatinine
clearance, conc. concentration,
sd single dose, SUM total

The presented model has a wider application and vali-
dation range than a recently published PBPK model for
dabigatran [33] that was based on a limited dataset for
model development. Furthermore, the model’s capability
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to capture the fraction of administered dabigatran etexilate
dose excreted in urine as dabigatran is not demonstrated.
The glucuronide, the CES2 metabolism, and the differen-
tiation between formulations are not included. Also, no
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Fig.5 a Individually observed
(dots) and population simulated
(lines) plasma concentra- 800
tion—time profiles for total
dabigatran after twice-daily oral
administration of 75 mg [10].

~
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areas), and minimum and % § 400
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information is given on the performance of population
simulation. Finally, the DDI predictions are static and
not dynamic. The model presented here overcomes these
limitations: a larger number of clinical studies were used
with clearly defined internal and external datasets, the frac-
tion of dose excreted in urine after intravenous and oral
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administration is well-predicted, the glucuronide, the CES2
metabolism in the intestine, and a differentiation between
capsule and solution formulation are included and can be
simulated with the model. Furthermore, model performance
was assessed in virtual populations and DDI studies were
predicted dynamically.
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Fig.6 Drug—drug interaction
predictions. a Geometric mean a

150 mg Dabigatran, sd +
600 mg Rifampin, qd (7 days)

observed (filled circles) and
simulated (line) plasma concen-
tration—time profiles of unconju-
gated dabigatran following oral
administration of dabigatran
etexilate 150 mg and rifampin
600 mg (dosing indicated by
black triangles) [31]. b Left:
individually observed (dots)
and population simulated (lines)
plasma concentration—time pro-
files of unconjugated dabigatran
following oral administration

of dabigatran etexilate 300 mg.
Right: unconjugated dabigatran
following oral administration

of dabigatran etexilate 300 mg
with a concomitant dose of
clarithromycin 500 mg [63].
Simulated data are represented
as median (black lines), 90%
prediction interval (grey shaded
areas), and minimum and maxi-
mum values (dotted lines). ¢
Mean unconjugated dabigatran
following oral administration

of dabigatran etexilate 300 mg
with (prediction: dashed line,
observed: triangles) and without
(prediction: solid line, observed:
circles) a concomitant dose

of clarithromycin 500 mg. d
Observed versus predicted
AUC, ;o With the curved dot-
ted acceptance limits according
to Guest et al. [20], and the
straight dashed lines showing
the two-fold acceptance limits.
The triangle represents the
dabigatran-rifampin DDI; the
circle represents the dabigatran-
clarithromycin DDI. bid twice
daily, conc. concentration, DDI
drug—drug interaction, gd once
daily, sd single dose
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The presented modelling approach also has limitations.
To reduce the uncertainty of the parameter estimates, con-
centration—time profiles after intravenous administration of
dabigatran etexilate and dabigatran glucuronide would be
needed. For the glucuronide, measurements of f, and pKa
would be helpful. It has been assumed that the £, value of the
glucuronide was equal to the value of the parent compound

dabigatran, which is reasonable comparing other compounds
and their glucuronides [43—46]. For the glucuronide model-
ling it has further been assumed that its excretion rate to
urine could exceed the GFR. As with glucuronides of other
drugs, biliary clearance, hydrolysis, or isomerization might
also contribute to its elimination. Unfortunately, there was
not enough information on all processes possibly involved
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for a more mechanistic implementation. Since dabigatran
pharmacokinetics are influenced by kidney function it was
decided that the glucuronide GFR, ., should be> 1. The
fitted renal clearance of the glucuronide is 6.36-fold higher
than the GFR. This is a reasonable value as, in general, the
renal clearance of glucuronides exceeds that of their parent
compounds (e.g., acetaminophen 15.8-fold, furosemide 4.3-
fold, ketoprofen 2.5-fold, zomepirac 11.3-fold) [43, 47-53].

In the renal impairment model it has been assumed that
intestinal P-gp activity is reduced to 65% in severe renal
impairment [38, 39]. This value is based on measurements
in rats with end-stage renal disease, which might differ
from human P-gp activity alterations in renal dysfunction.
It has been further assumed that the metabolic clearance via
UGT2B15 is reduced due to renal impairment. For other
drugs it has been reported that uremic toxins accumulat-
ing during renal impairment can inhibit UGT metabolism at
concentrations found in vivo [40, 54-56]. Another mecha-
nism potentially responsible for reduced metabolism by
UGT is the ‘futile cycle’ of glucuronides, allowing glucuro-
nides at increased concentrations to be hydrolyzed back to
the parent compound [47, 57]. Concerning the f; values of
dabigatran in the renally impaired populations, it is impor-
tant to point out that the calculated values are not relevantly
different, which is in agreement with measured f, values in
renal impairment. Apart from the implemented alterations,
there are other physiological parameters that could poten-
tially impact the pharmacokinetics due to renal dysfunction,
such as hematocrit, gastric pH, gastric emptying time, and
renal blood flow [58-60]. However, the extent and exact
mechanisms of these changes is not fully understood, and
since none of these parameters significantly increased the
AUC or t,, of dabigatran, the corresponding parameter val-
ues were not varied in the model [61, 62].

The parameter sensitivity analysis shows that the oral
PBPK model is sensitive to the P-gp k_, value. As both, the
P-gp k_, and Ky, values were estimated, successful predic-
tion of the DDIs with well-established P-gp perpetrator mod-
els of rifampin and clarithromycin was important to increase
the confidence in the correct implementation of the P-gp
transport.

In general, future work should strive for a better mecha-
nistic understanding and modelling of the pharmacokinet-
ics in renally impaired patients. GFR and plasma albumin
changes during the different stages of chronic kidney dis-
ease are well-documented, but it is unclear how the activities
of renal enzymes and transporters depend on the patient’s
renal function. Furthermore, the identity of all uremic toxins
that accumulate during renal impairment is unknown, as is
their qualitative and quantitative impact on drug-metabo-
lizing enzymes and transporters. Therefore, comprehensive
research is needed to gain new insights into the physiological
changes that arise due to chronic kidney dysfunction and to
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transfer this knowledge into PBPK models. Future studies
of dabigatran could use the presented PBPK model in sys-
tems pharmacology models of the human blood coagulation
network or in the field of DDI simulations, where the model
can be applied to predict the impact of investigational drugs
on dabigatran via P-gp inhibition or induction. Finally, the
model could be expanded for the prediction of dabigatran in
pediatric individuals.

5 Conclusion

We developed a comprehensive PBPK model of dabigatran
etexilate, dabigatran, and dabigatran glucuronide that is able
to describe and predict concentration—time profiles follow-
ing a broad range of dabigatran (etexilate) doses, admin-
istration routes, and formulations in healthy and renally
impaired individuals. The model was applied in DDI simu-
lations with the P-gp inducer rifampin and the P-gp inhibitor
clarithromycin. The model hypothesizes that, in addition to a
reduced GFR, the P-gp transport of dabigatran etexilate and
the UGT2B15 metabolism of dabigatran are inhibited due
to (severe) renal dysfunction.
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