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Abstract: Higher risk of major hemorrhage associated with concomitant use of dabigatran and
simvastatin compared to other statins was previously reported with a suggestion of P-glycoprotein-
mediated interaction. The aim of this study was to evaluate the effects of simvastatin on pharmaco-
kinetics and anticoagulant effects of dabigatran, a direct oral anticoagulant. A total of 12 healthy
subjects were enrolled in an open-label, two-period, single sequence study. Subjects were given 150
mg of dabigatran etexilate followed by 40 mg of once-daily simvastatin for seven days. Dabigatran
etexilate was administered with simvastatin on the seventh day of simvastatin administration.
Blood samples for pharmacokinetic and pharmacodynamic analyses were obtained until 24 h post-
dose of dabigatran etexilate with or without co-administration of simvastatin. Pharmacokinetic pa-
rameters were derived from noncompartmental analysis for dabigatran etexilate, dabigatran, and
dabigatran acylglucuronide. When simvastatin was co-administered, geometric mean ratios of area
under time-concentration curves for dabigatran etexilate, dabigatran, and dabigatran acylglucu-
ronide were 1.47, 1.21, and 1.57, respectively, compared to when dabigatran etexilate was adminis-
tered alone. Thrombin generation assay and coagulation assay showed similar profiles between be-
fore and after co-administration of simvastatin. This study provides evidence that simvastatin treat-
ment plays a minor role in modulating pharmacokinetics and anticoagulant effects of dabigatran
etexilate.
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1. Introduction

Dabigatran, one of the novel oral anticoagulants, is a direct thrombin inhibitor [1]. It
is used for the prevention and treatment of deep venous thrombosis and pulmonary em-
bolism as well as for reducing risks of stroke and systemic embolism in patients with non-
valvular atrial fibrillation [2]. Dabigatran etexilate is administered to patients as a prodrug
since dabigatran is not orally available [3]. Its absolute bioavailability has been reported
to be 7% [4]. After absorption, it undergoes two sequential metabolisms to form
dabigatran and its glucuronide form, which are active metabolites pharmacologically.
Carboxyesterase (CES1) is involved in the disposition of dabigatran etexilate [5]. It is rap-
idly absorbed and metabolized to dabigatran reaching maximum concentration (Cmax) at
about 1.25-1.5 h after a single dose administration in healthy subjects [6]. Dabigatran is
further metabolized to dabigatran acylglucuronide by uridine 5-diphospho (UDP)-glucu-
ronosyltransferase (UGT) in the liver. Glucuronidation of the carboxylate moiety is the
major human metabolic pathway of dabigatran and UGT2B15 is the major isoform
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involved in its glucuronidation [7]. Plasma protein binding of dabigatran is 35%, and 85%
of the intravenous dabigatran is excreted via urine [4].

Statins are 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibi-
tors that can lower cholesterol and reduce cardiovascular complications or mortality [8].
Statins can also be co-prescribed for patients taking dabigatran. Patients with atrial fibril-
lation with asymptomatic atherosclerosis should be treated with a statin and an oral anti-
coagulant [9]. Two studies including more than 90,000 patients using direct oral anticoag-
ulant have reported a concomitant use of atorvastatin in 31.5% and 27.6% of patients
[10,11].

Statins have a direct antithrombotic effect. They might interact with other antithrom-
botic drugs pharmacodynamically. It is known that co-prescription of a statin and warfa-
rin can increase the risk of bleeding in patients [12,13]. Similarly, a case-control study has
reported an association between major hemorrhage after use of dabigatran and co-admin-
istration with simvastatin [14]. However, reports are controversial since another clinical
study has shown that the use of statin can reduce the risk of bleeding complication in
patients taking dabigatran [15].

Simvastatin is a lactone form of prodrug for simvastatin acid, the active substance
[16]. Time to reach Cmax (Tmax) is about 1.8 h and 4.2 h for simvastatin and simvastatin acid,
respectively [17]. It is extensively bound to plasma proteins and is primarily metabolized
by CYP3A4 and excreted via bile [18]. It has a relatively short elimination half-life of about
2.8 h and 4.4 h for simvastatin and simvastatin acid, respectively [17]. Both dabigatran
etexilate and simvastatin are substrates of P-glycoprotein (P-gp). Their competitive activ-
ities for P-gp might affect pharmacokinetics of dabigatran followed by bleeding compli-
cations. A clinical study has shown that co-administration of verapamil, a known P-gp
inhibitor, with dabigatran etexilate can increase systemic exposure of dabigatran by 179%,
indicating that dabigatran is a substrate of P-gp [19].

In addition to P-gp, there is also a possibility of simvastatin affecting pharmacokinet-
ics of dabigatran via CES1 metabolism. Simvastatin shows inhibitory effects on imidapril
hydrolase activities by recombinant CES1A1 and human liver microsomes [20]. Another
in vitro study has reported that simvastatin can inhibit CES1-mediated hydrolysis of
clopidogrel [21]. Therefore, simvastatin might inhibit the metabolism of dabigatran etexi-
late into dabigatran, leading to reduction of dabigatran levels and reduced anticoagulant
effects.

Based on the wide use of statin and its potential concomitant use with dabigatran,
pharmacokinetic interaction studies between atorvastatin and dabigatran in healthy vol-
unteers have been conducted. No influence of atorvastatin on pharmacokinetics or phar-
macodynamics of dabigatran has been reported [22]. However, no clinical studies evalu-
ating pharmacokinetic interactions between dabigatran and simvastatin, which share me-
tabolizing enzyme and drug transporter with each other, have been reported yet. There-
fore, the objective of this study was to explore the effects of simvastatin on pharmacoki-
netics and anticoagulant effects of dabigatran in healthy subjects.

2. Results
2.1. Subjects

A total of 12 subjects were enrolled for this study. All 12 subjects were administered
with dabigatran etexilate alone followed by 7 days of simvastatin administration where
dabigatran etexilate was co-administered at the seventh day of simvastatin administra-
tion. No subject was dropped out and all 12 subjects completed the study. All subjects
were males and their mean age, height, weight, and body mass index (BMI) were 25.8
years, 174 cm, 71.6 kg, and 23.6 kg/m?, respectively. With the exception of one subject ex-
periencing mild pharyngitis, which resolved, there were no adverse events or clinically
significant changes in vital signs, clinical laboratory tests, or electrocardiogram.
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2.2. Effects of Simvastatin on Dabigatran Pharmacokinetics

Plasma concentrations of dabigatran etexilate, dabigatran, and dabigatran acylglucu-
ronide were assessed before and after treatment with simvastatin. Average concentration
profile of dabigatran etexilate was similar regardless of administration of simvastatin.
However, those of dabigatran and dabigatran acylglucuronide tended to be higher after
simvastatin co-administration compared to those without simvastatin co-administration
(Figure 1). Pharmacokinetic characteristics of dabigatran etexilate, dabigatran, and
dabigatran acylglucuronide did not exhibit any statistically significant difference between
administration of dabigatran alone and co-administration with simvastatin (Table 1).
When co-administrated with simvastatin, Cmax values for dabigatran etexilate, dabigatran,
and dabigatran acylglucuronide were 138%, 124%, and 163% of values when dabigatran
was administrated alone, respectively. Similarly, area under the time—concentration curve
from 0 h to the last measurable concentration (AUCust) values of dabigatran etexilate,
dabigatran, and dabigatran acylglucuronide after co-administration with simvastatin
were 147%, 121%, and 157% of values when they were administered alone, respectively.
The mean AUCust ratio of dabigatran acylglucuronide to dabigatran was 3.03 when
dabigatran was administered alone. The ratio was higher (3.65) after co-administration
with simvastatin (p = 0.0025).
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Figure 1. Mean plasma concentration profiles of (A) dabigatran etexilate, (B) dabigatran, and (C)
dabigatran acylglucuronide after administration of 150 mg dabigatran etexilate with or without
simvastatin.
Table 1. Pharmacokinetic parameters of dabigatran etexilate, dabigatran, and dabigatran glucu-
ronide before and after co-administration of simvastatin.
Dabigatran Co-Ad-
Parameter Dabigatran Alone  ministered with GMR (90% CI) p-Value
Simvastatin
AUCint (h'-ng/mL) 33.7 (26.0) 36.4 (18.5) 1.60 (0.89-2.88) 0.3847
AUCust (h'-ng/mL) 26.1 (23.6) 27.3 (16.4) 1.47 (0.87-2.48) 0.8242
) CL/F (L/h) 12,208.4 (16,447.7) 5235.1 (2729.4) -
Dabigatran
ctexilate Crmax (ng/mL) 24.5(19.2) 25.1(13.8) 1.38 (0.81-2.35) 0.9139
ti2 (h) 3.4 (5.8) 6.4 (13.6) -
MRT (h) 1.9 (2.4) 2.2 (1.8) -
Tmax (h) 1(0.5-1.5) 1(0.5-2) -
Dabigatran =~ AUCint (h'-ng/mL) 663.9 (377.5) 740.2 (342.0) 1.19 (0.71-2.00) 0.6033
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AUCust (h'ng/mL) 617.1 (357.4) 688.2 (318.9) 1.21 (0.71-2.08) 0.6079
CL/F (L/h) 362.3 (331.8) 275.8 (197.4) -
Canax (ng/mL) 87.0 (51.4) 98.6 (47.5) 1.24 0.72-2.12) 0.5601
tiz (h) 6.1(0.9) 6.2 (0.6) -
MRT (h) 7.1 (0.9) 7.5 (0.7) -
Twax (h) 2 (1-4) 3 (1.5-4) -
AUCin (hng/mL) 15765 (1154.0) 2376.8 (209.8)  1.56(0.94-2.59) 0.2903
AUCuast (h'ng/mL) 1480.1 (1090.5) 22275 (1994.6) 157 (0.93-2.66) 0.3042
Dabigatran CL/F (L/h) 176.8 (161.8) 97.1 (56.1) -
acylglucu-  Cmax (ng/mL) 266.8 (187.1) 392.0 (290.2) 1.63 (0.94-2.80) 0.2885
ronide tiz (h) 6.4 (1.9) 6.0 (1.8) -
MRT (h) 6.8 (0.9) 71(0.8) -
Twax (h) 2 (1.5-4) 2.5 (1-4) -
AUCus ratio of dabigatran acylglu- 5 13 4, 3.65 (2.54) 1.30 (1.15-1.46) 0.0025

curonide to dabigatran

Data are presented as mean (standard deviation) except for Tmax which is presented as median (min—
max). GMR: geometric mean ratio, CI: confidence interval, AUCint: area under the time-concentra-
tion curve from 0 h to infinity, AUCst: area under the time-concentration curve from 0 h to the last
measurable concentration, CL/F: apparent clearance, Cmax: maximum concentration, ti2: terminal
elimination half-life, MRT: mean residence time, Tmax: time to reach Cmax.

2.3. Effects of Simvastatin on Dabigatran Anticoagulant Effects

Baseline thrombin generation and coagulation assays measured before dabigatran
administration were not different according to simvastatin administration (Table 2). Mean
activated partial prothrombin time (aPTT), prothrombin time (PT), diluted PT (dPT), and
thrombin time (TT) rose after the administration of dabigatran etexilate to reach their
highest mean value at 2—4 h. Coagulation profiles were comparable between administra-
tion of dabigatran alone and co-administration with simvastatin (Figure 2). Area under
the effect curve (AUEC) and maximum response (Rmax) values of pharmacodynamic pa-
rameters were not significantly different according to simvastatin co-administration ex-
cept for AUEC of PT (Table 3). Thrombin generation assay (TGA) also showed similar
profiles in terms of peak thrombin concentration (Cmax), endogenous thrombin potential
(AUCQ), lag time, and Tmax (Figure 3).

Table 2. Baseline thrombin generation and coagulation assays measured before dabigatran etexilate
administration.

Dabigatran Alone Dabigatran with Simvastatin p-Value

, Camax (nM) 241.3 (43.0) 233.6 (46.7) 0.5629
Thrombin .

Generation AUC (nM-min) 3937.1 (537 .4) 4073.1 (642.2) 0.3383
Assay lag time (min) 3.5(0.5) 3.5(0.5) 0.3388
Tmax (min) 7.6 (1.2) 7.3 (0.8) 0.2072
aPTT (s) 40.6 (3.3) 40.4 (3.3) 0.6502
PT (s) 13.8 (0.4) 13.7 (0.6) 0.2068
Coagulation PT (INR) 1.1 (0.0) 1.0 (0.1) 0.1718
Assay dPT (s) 43.2 (1.7) 43.2 (1.8) 0.9726
TT (s) 16.5 (1.2) 16.2 (0.9) 0.4361
Fibrinogen (mg/dL) 250.3 (63.9) 259.3 (39.4) 0.5432

Data are presented as mean (standard deviation). Cmax: Peak thrombin concentration, AUC: endog-
enous thrombin potential, Tmax: time to Cmax, aPTT: activated partial prothrombin time, PT: pro-
thrombin time, dPT: dilute PT, TT: thrombin time.
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Figure 2. Coagulation assay profiles after administration of dabigatran etexilate alone and co-ad-
ministration with simvastatin (activated partial prothrombin time (aPTT, (A)), prothrombin time
(PT (s), (B)), prothrombin time (PT (INR), (C)), diluted PT (dPT, (D)), thrombin time (E), and fibrin-
ogen (F)).
Table 3. Pharmacodynamic parameters of dabigatran before and after co-administration of simvas-
tatin.
Parameter Dabigatran Alone Dab.lgatran ‘.Nlth p-Value
Simvastatin
Crmax AUEC (nM-h) 5755.0 (1129.2) 5734.0 (993.9) 0.9369
Rmax (nM) 180.2 (48.8) 177.8 (35.8) 0.8684
AUC AUEC (nM'min-h) 84,994.8 (14,977.1) 79,286.4 (10,676.3) 0.0746
Thrombin Gen- Rmax (nM-min) 2423.6 (734.9) 2231.7 (326.0) 0.2944
eration Lag time AUEC (min-h) 131.7 (20.8) 128.5 (20.1) 0.6835
Rmax (min) 7.8 (1.7) 8.0 (1.5) 0.7206
Tmax AUEC (min‘h) 214.8 (21.9) 207.0 (22.0) 0.2667
Rumax (min) 11.0 (1.6) 11.3 (1.7) 0.6767
aPTT AUEC (s-h) 1203.1 (153.1) 1235.7 (131.7) 0.4873
Rmax (s) 69.5 (13.8) 71.7 (12.2) 0.6408
Coagulation as- PT (sec) AUEC (s'h) 344.9 (14.3) 353.8 (12.3) 0.0331
say Rmax (S) 16.6 (1.4) 17.2 (1.4) 0.3048
PT (INR) AUEC 26.9 (1.4) 27.7 (1.2) 0.0474
Rmax 1.3 (0.1) 1.4 (0.1) 0.3038
dPT (1:256) AUEC (s'h) 1404.8 (184.7) 1482.9 (144.9) 0.2977
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Runax (3) 87.5 (19.2) 92.5 (15.3) 0.5068

TT AUEC (s-h) 1690.1 (535.9) 1976.2 (643.8) 0.3393
Runax (5) 169.2 (74.0) 180.7 (50.4) 0.6841

Fibrinogen AUEC (h-mg/dL) 6249.8 (1133.1) 6040.9 (758.3) 0.4101
Runax (mg/dL) 288.0 (55.9) 309.3 (96.0) 0.4907

Cmax (nM)

Lag time (min)

Data are presented as mean (standard deviation). Cmax: peak thrombin concentration, AUC: endog-
enous thrombin potential, Tmax: time to Cmax, aPTT:,activated partial prothrombin time, PT: pro-
thrombin time, dPT: dilute PT, TT: thrombin time, AUEC: area under the effect curve, Rmax: maxi-

mum response.
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Figure 3. Thrombin generation assay profiles after administration of dabigatran alone and co-ad-
ministration with simvastatin ((A) Peak thrombin concentration (Cmax), (B) endogenous thrombin
potential (AUC), (C) lag time, and (D) time to Cmax (Tmax)).
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3. Discussion

In this study, we first explored the possibility of drug interaction by determining the
effects of simvastatin on pharmacokinetics and anticoagulant effects of dabigatran in hu-
mans. The Canadian Drug Safety and Effectiveness Research Network team reported that
the use of simvastatin or lovastatin is associated with a higher risk of major hemorrhage
than other statins in patients taking dabigatran etexilate who require statin therapy [14].
It has been hypothesized that inhibition of intestinal P-gp by simvastatin increases
dabigatran levels in blood, leading to potentiated anticoagulant effects of dabigatran since
dabigatran is a substrate of P-gp. However, results of the present study did not show sig-
nificant effects of simvastatin on dabigatran blood levels or anticoagulant effects.

AUCust values of dabigatran etexilate, dabigatran, and dabigatran acylglucuronide
after simvastatin co-administration increased 47%, 21%, and 57% compared to those after
dabigatran administered alone, respectively. When the single dose pharmacokinetics of
dabigatran etexilate is compared between healthy subjects and patients with renal impair-
ment, the increase in exposure was 1.5 times in mild renal impairment patients [2]. Nev-
ertheless, dose adjustment for these patients is not recommended. Therefore, pharmaco-
kinetic changes observed in this study can be considered not clinically significant. Fur-
thermore, anticoagulant effects including thrombin generation, PT, aPTT, dPT, and TT
after dabigatran dosing were identical based on plasma concentration profiles over the
time. Considering that dabigatran is a direct thrombin inhibitor, its anticoagulant effect
would have moved the same way as blood dabigatran levels over the time [6]. Although
AUEC of PT was statistically increased after simvastatin co-administration, it is difficult
to establish clinical significance given that the Rmax was similar. Furthermore, other coag-
ulation tests such as aPTT and TT, which are reported to be more sensitive tests for
dabigatran than PT, remained unchanged after the co-administration [23,24].

We could not fully understand the reason(s) why simvastatin clinically interacted
with dabigatran etexilate and thereby increased the risk of bleeding in patients taking
dabigatran in previous publications. Our findings suggest that pharmacokinetic interac-
tion between dabigatran and simvastatin is not a key factor that increases the bleeding
risk. As our study failed to show significant effects of simvastatin on pharmacokinetics
and pharmacodynamics of dabigatran, it can be assumed that simvastatin itself has an
anticoagulant effect in addition to dabigatran. Anticoagulant properties of statins re-
ported in experimental and clinical studies involve decreased tissue factor expression that
results in reduced thrombin generation and attenuation of pro-coagulant reactions as well
as enhanced endothelial thrombomodulin expression[25]. However, when we assessed
anticoagulant effects of simvastatin without dabigatran, there was no significant differ-
ence observed in thrombin generation or coagulation assays between before and after
once daily administration of simvastatin for 7 days.

Simvastatin is a known inhibitor of P-gp transport [26,27]. It is also a substrate for P-
gp [28]. Given that dabigatran etexilate is the substrate for P-gp, findings presented in this
study suggest that P-gp might not be the main factor that causes clinical drug interaction
between simvastatin and dabigatran, which causes hemorrhage in patients taking the two
drugs concomitantly. A previous study has shown that verapamil, a potent inhibitor of P-
gp, can elevate systemic exposure of total dabigatran (dabigatran + dabigatran acylglucu-
ronide) by 54% compared to dabigatran alone [19]. In the case of fexofenadine, a substrate
of P-gp, verapamil elevated systemic exposure of fexofenadine more than two-fold (261%
for S-fexofenadine and 234% for R-fexofenadine) [29]. It implies that dabigatran might be
a weak substrate of P-gp and that interaction with simvastatin plays a minor role in phar-
macokinetic variability of dabigatran through P-gp transport.

Interestingly, average dabigatran acylglucuronide levels tended to be increased more
than dabigatran levels after simvastatin treatment in this study. As mentioned above,
dabigatran etexilate is a substrate of P-gp. It is mainly converted to its active metabolite,
dabigatran, by CES1. Dabigatran is further metabolized to dabigatran acylglucuronide by
UGT in the liver. Assuming that simvastatin acts as an inhibitor for P-gp-mediated
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transport or CES1 metabolism of dabigatran etexilate, systemic exposure of dabigatran
and its acylglucuronide might have increased simultaneously. However, geometric mean
ratios (GMRs) of pharmacokinetic parameters for dabigatran acylglucuronide was higher
than those for dabigatran. Accordingly, mean AUC ratio of dabigatran acylglucuronide
to dabigatran was significantly higher after co-administration with simvastatin. This im-
plies that simvastatin might enhance metabolism of dabigatran to its acylglucuronide
form. It has been reported that simvastatin acid undergoes glucuronidation in human mi-
crosomes and forms its lactone form [30]. In addition, efficacy of simvastatin has been
found to be associated with single nucleotide polymorphisms in UGT1A1 [31]. However,
there is no confirmatory evidence of whether simvastatin can induce UGT.

Our study has some limitations that should be acknowledged. First, we assessed the
pharmacokinetics and anticoagulant effects of dabigatran in healthy subjects after a single
dose of dabigatran, even though dabigatran is used for a long-term period. However, the
objective of the present study was to assess the possibility of drug interaction between
dabigatran and simvastatin. A single dose of dabigatran was justified based on linear
pharmacokinetic characteristics with dose-proportional increases in pharmacokinetic pa-
rameters of dabigatran [6]. We first hypothesized that simvastatin was a perpetrator that
could influence dabigatran pharmacokinetics. Therefore, simvastatin treatment was car-
ried out for 7 days considering its long-term clinical use and to assess whether it exhibited
anticoagulant effects itself. Second, a relatively small sample size showed a poor statistical
power, which was inevitable for a complete pharmacokinetic study design with various
anticoagulant assays. To exclude inter-subject variability and carry-over effect of simvas-
tatin, single sequence crossover study design was adopted. The sample size was deter-
mined based on 15.18% of intra-subject variability in pharmacokinetic parameters of
dabigatran assuming drop-out rate of 15% [32].

4. Materials and Methods
4.1. Subjects

All subjects provided signed informed consent prior to the screening procedure,
which included vital signs, clinical laboratory tests, electrocardiogram, physical examina-
tion, and medical history. Healthy male subjects aged 19 to 50 with BMI of 18.5 to 29.9
kg/m? were enrolled. Subjects who had clinically significant renal, gastrointestinal, he-
patic, cardiovascular, respiratory, hematological, endocrinal, neurological, psychological,
dermatological, or immune related medical condition or history were excluded. Other
major exclusion criteria were: history of hypersensitivity to simvastatin or dabigatran, cre-
atinine clearance less than 60 mL/min, aspartate aminotransferase or alanine aminotrans-
ferase exceeding two times of upper normal limit, and status of active bleeding or in-
creased risk of bleeding, use of other anticoagulants or drugs known to have interaction
with dabigatran or simvastatin prior to 2 weeks of study, participating in other clinical
trials within 90 days of the study.

4.2. Study Design

An open-label, two-period, single sequence clinical study was conducted. After an
overnight fast and drinking 200 mL of water one hour before drug administration, eligible
subjects were administered with a capsule of dabigatran etexilate 150 mg (Pradaxa®) on
the first day of the study. Blood samples for pharmacokinetic and pharmacodynamic anal-
yses were obtained using EDTA tubes and citrate tubes, respectively. The samples were
analyzed at pre-dose and at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h post-dose of dabigatran
etexilate. Subjects remained at fasting stage until 4 h after the administration. From the
second day of this study, subjects took simvastatin 40 mg (Zocor®) with 200 mL of water
once daily for seven days at a fasting state. To ensure compliance, subjects visited the
study site for every drug administration. On the last day of simvastatin administration,
subjects were administered with dabigatran etexilate 150 mg one hour after simvastatin
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administration. Blood samples were obtained at the same time point scheduled as the first
day of the study. Adverse events were collected during the entire study period. This study
was conducted in accordance with the Declaration of Helsinki, good clinical practice, and
local regulation. The study was approved by the Institutional Review Board at Korea Uni-
versity Guro Hospital (2018GR0336, date of approval: 2018-10-11) and registered at Clin-
icalTrials.gov (NCT03728101).

4.3. Determination of Dabigatran Etexilate, Dabigatran, and Dabigatran Acylglucuronide

Separate plasma samples were kept frozen below -70 °C until analysis. Plasma con-
centrations of dabigatran etexilate, dabigatran, and dabigatran acylglucuronide were
quantified using a high-performance liquid chromatography (Nanospace series SI-2,
Shiseido Co., Ltd., Tokyo, Japan) coupled with tandem mass spectrometry (AP14000, AB
SCIEX LLC, Framingham, MA, USA) method [33]. The method was validated in terms of
selectivity, linearity, precision, accuracy, recovery, matrix effect, and stability prior to the
analysis. In brief, 100 uL of plasma samples were deproteinized using 400 pL of acetoni-
trile and centrifuged at 13,000x g for 20 min. Dabigatran-d3 was used as an internal stand-
ard. The supernatants were evaporated and then dissolved in a 300 pL mobile phase con-
sisting of acetonitrile and 10 mM ammonium formate (215:85, v/v). These samples were
injected onto an Atlantis HILIC Silica™ column (2.1 mm x 150 mm, 3 pm, Waters, Milford,
MA, USA) at a flow rate of 0.3 mL/min. The mass spectrometer equipped with an elec-
trospray ionization source was operated in a positive ion mode. Selected ion pairs of m/z

629.464—290.100 for dabigatran etexilate, m/z 472.300—289.100 for dabigatran, m/z

648.382—289.100 for dabigatran acylglucuronide were detected. Calibration curves were
linear over ranges of 0.2-500 ng/mL, 1-1000 ng/mL, and 1-1000 ng/mL for dabigatran
etexilate, dabigatran, and dabigatran acylglucuronide, respectively. The accuracies of
dabigatran etexilate, dabigatran, and dabigatran acylglucuronide were 95.84-109.44%,
99.4-103.42%, and 98.37-104.42%, respectively, while precisions of those were 3.84-9.79,
1.07-8.76%, and 2.56-4.51%, respectively.

4.4. Anticoagulant Assay

Anticoagulant assays of aPTT, PT, dPT, TT, and fibrinogen were measured using
STA® Compact Max (Stago, Asnieres, France) according to the manufacturer’s instruc-
tions. Briefly, 100 uL of plasma sample and STA® thrombin were mixed in a cuvette to
measure TT. To measure PT, 100 pL of STA® Neoplastine® CI reagent was added to a cu-
vette with 50 pL of plasma. To measure aPTT, 50 pL of plasma sample was placed in a
cuvette in the presence of STA®-PTT (50 puL) and 50 pL of 0.025 M CaCl.. For fibrinogen,
7.5 uL of plasma which was automatically diluted with Owren-Koller buffer was placed
into a cuvette and then 50 pL of STA®-LIQID FIB was added.

TGA was performed using a Technothrombin® TGA kit (Technoclone, Vienna, Aus-
tria) on a fully automated, computer-controlled microplate reader (Flexstation 3; Molecu-
lar Devices, California, San Jose, USA) with a 360 nm excitation wavelength and 460 nm
emission wavelength [34]. In brief, 30 pL of plasma samples were mixed with 25 pL of 400
pumol/L fluorogenic substrate (Z-Gly-Gly-Arg-AMC; Bachem, Bubendorf, Switzerland).
The assay was initiated by dispensing 10 pL of 5 pmol/L recombinant human tissue factor
lipidated with synthetic phospholipids and 10 pL of 15 mmol/L CaClo. TGA results are
expressed as Cmax, AUC, Tmax, and lag time.

4.5. Pharmacokinetic and Pharmacodynamic Analyses

Pharmacokinetic parameters of dabigatran etexilate, dabigatran, and dabigatran
acylglucuronide were derived from noncompartmental analysis using Phoenix Win-
nonlin® version 8.3 (Certara, Princeton, NJ, USA). Observed values from individual time-
concentration profiles were used for Cmax and Tmax. Area under the time-concentration
curve (AUC) was calculated using linear-up log-down trapezoidal rule. The AUC from 0
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h to infinity (AUCinf) was calculated as follows: AUCint = AUC + Ci/ke, where Ct was the
last plasma concentration and ke was the elimination rate constant. The terminal elimina-
tion half-life (ti2) was calculated as the natural logarithm of 2 divided by ke. Mean resi-
dence time (MRT) was calculated as area under the moment curve from time of dosing to
the last measurable concentration divided by AUClast.

For pharmacodynamic assessment, Phoenix Winnonlin® version 8.3 (Pharsight, CA,
USA) was used to calculate AUEC with the linear trapezoidal method and Rmax was di-
rectly determined from individual profiles.

4.6. Statistical Analysis

All statistical analyses were performed using SAS® version 9.4 (SAS Institute Inc.,
Cary, NC, USA). Descriptive statistics were used to summarize demographic, pharmaco-
kinetic, and pharmacodynamic data. A linear mixed effects model was used to compare
Cmax, AUClast, and AUCint between two treatment periods. GMRs and their 90% confidence
interval (CI) were derived from the model by applying the exponential function to the
difference of least squares means between the two periods. Parameters before and after
co-administration with simvastatin were compared using paired t-test, where p-values
less than 0.05 were considered statistically significant.

5. Conclusions

In conclusion, results of the present study provide evidence that simvastatin treat-
ment plays a minor role in modulating pharmacokinetics and anticoagulant effects of
dabigatran etexilate in humans.
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