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ABSTRACT Dabigatran etexilate (DE) is a P-glycoprotein (P-gp) probe substrate, and its
active anticoagulant moiety, dabigatran, is a substrate of the multidrug and toxin extru-
sion protein-1 (MATE-1) transporter. The antiretroviral pharmacokinetic enhancers, ritona-
vir and cobicistat, inhibit both these transporters. Healthy volunteers received single
doses of DE at 150 mg alone, followed by ritonavir at 100 mg or cobicistat at 150 mg
daily for 2 weeks. DE was then given 2 h before ritonavir or cobicistat. One week later,
DE was given simultaneously with ritonavir or cobicistat. No significant increases in dab-
igatran pharmacokinetic (PK) exposure or thrombin time (TT) measures were observed
with the simultaneous administration of ritonavir. Separated administration of ritonavir
resulted in a mean decrease in dabigatran PK exposure of 29% (90% confidence interval
[CI], 18 to 40%) but did not significantly change TT measures. However, cobicistat in-
creased dabigatran PK exposure (area under the concentration-versus-time curve from
time zero to infinity and maximum plasma concentration) by 127% each (90% CI, 81 to
173% and 59 to 196%, respectively) and increased TT measures (33% for the area-under-
the-effect curve from time zero to 24 h [90% CI, 22 to 44%] and 51% for TT at 24 h
[90% CI, 22 to 78%]) when given simultaneously with dabigatran. Similar increases were
observed when cobicistat was administered separately by 2 h from the administration of
dabigatran. In all comparisons, no significant increase in the dabigatran elimination half-
life was observed. Therefore, it is likely safe to coadminister ritonavir with DE, while
there is a potential need for reduced dosing and prudent clinical monitoring with the
coadministration of cobicistat due to the greater net inhibition of intestinal P-gp trans-
port and increased bioavailability. (This study has been registered at ClinicalTrials.gov un-
der identifier NCT01896622.)
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With the introduction of potent combination antiretroviral therapy, human immu-
nodeficiency virus (HIV) infection has transformed from a terminal illness to a

chronic, treatable condition. Hence, 50% of the current HIV-infected population is
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estimated to be older than 50 years of age (1–4). Drug interactions between antiret-
roviral agents and medications commonly used to treat comorbid conditions associ-
ated with aging are in need of further investigation. Potential interactions with anti-
coagulant medications are of particular concern, considering that many patients
require short-term or chronic anticoagulation to prevent systemic embolism. Moreover,
HIV infection itself has become recognized as a condition characterized by a hyperco-
agulable state and premature immunologic aging. Studies have shown that thrombo-
embolic events may be as much as 10 times more prevalent in HIV-infected patients
than in the general population, and even nonelderly HIV-infected individuals remain at
a higher risk (5–11).

Until recently, the only available oral anticoagulants were vitamin K antagonists
(VKAs), such as warfarin. Warfarin presents various clinical challenges in attainment and
maintenance of an appropriate therapeutic index. Warfarin is metabolized by a variety
of cytochrome P450 enzymes and is subject to extensive drug-drug interactions with
several common antiretroviral medications (12, 13). Dabigatran, administered as the
inactive prodrug dabigatran etexilate (Pradaxa), was the first of the direct oral antico-
agulants (DOACs) approved by the Food and Drug Administration (FDA), which was in
2010, and is indicated for the prevention of stroke and systemic embolism (14).
Dabigatran is also the first DOAC to have an FDA-approved reversal agent, idaruci-
zumab (Praxbind), which is a humanized antibody fragment that potently and selec-
tively binds to dabigatran and its metabolites to neutralize their anticoagulant effect.

Following oral absorption, dabigatran etexilate is rapidly and completely hydrolyzed
by esterases via 2 intermediate metabolites to its active dabigatran moiety. Dabigatran
then competitively binds to thrombin, inhibiting the conversion of fibrinogen into fibrin
during the coagulation cascade (14). As an advantage over warfarin and many other
DOACs, neither dabigatran etexilate nor dabigatran is a substrate, inhibitor, or inducer
of cytochrome P450 (CYP450) enzymes (14). However, dabigatran etexilate is a highly
sensitive probe substrate of the efflux transporter P-glycoprotein (P-gp), defined as a
drug that experiences a �2-fold increase in exposure upon coadministration with the
P-gp inhibitors verapamil or quinidine, which are commonly used in drug interaction
studies (15). P-gp is highly expressed on the apical surface of enterocytes and functions
to limit the intestinal permeability of several drugs through active extrusion into the
intestinal lumen enterocytes (14).

Ritonavir and cobicistat are pharmacokinetic (PK) enhancers used in combination
with certain antiretroviral agents to increase their exposure. Historically, ritonavir has
been used as a mainstay in combination antiretroviral therapy as a PK enhancer for
protease inhibitors due to its inhibitory effects on CYP3A4, which allows less frequent
dosing and improved adherence (16, 17). Cobicistat, a newer PK enhancer without
antiviral activity, is now being increasingly used in a number of FDA-approved cofor-
mulated fixed-dose antiretroviral products. When it is dosed at 150 mg once daily,
cobicistat provides levels of exposure of various antiretroviral substrates bioequivalent
to those of ritonavir dosed at 100 mg once daily, resulting in similar rates of HIV
virologic suppression (18–21). Cobicistat also exhibits key properties thought to reduce
the potential for collateral drug interactions, including more selective inhibition of
CYP3A and a lack of induction of hepatic metabolizing enzymes, in contrast to
ritonavir’s more promiscuous mixed inhibitory and inductive effects on various CYP
enzymes (1A2, 2B6, 2C8, 2C9, and 2C19) and UDP-glucuronosyltransferase (UGT) me-
tabolizing enzymes (20, 22).

Inhibition of P-gp-mediated efflux can serve as a secondary mechanism by which PK
enhancers can increase the intestinal absorption of these antiretroviral substrates.
However, this may also result in potentially significant drug-drug interactions with
other P-gp substrates, such as dabigatran etexilate (23–28). Additionally, dabigatran is
primarily renally eliminated by glomerular filtration (�80%). Thus, coadministration
with ritonavir or cobicistat may further serve to increase dabigatran concentrations due
to their inhibition of the multidrug and toxin extrusion protein-1 (MATE-1) transporter,
which is involved in the tubular secretion of creatinine (18, 29). Whereas ritonavir and
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cobicistat share similar 50% inhibitory concentrations (IC50) for P-gp (�36 � 10 �M)
and MATE-1 (�1.34 to 1.87 �M), cobicistat is actively transported into tubular cells by
organic cation transporter 2 (OCT2) (18, 29). This active transport may lead to greater
accumulation of cobicistat into tubular cells and increased MATE-1 inhibition in vivo
compared with the results achieved with ritonavir (29). Therefore, we undertook the
current investigation to determine whether coadministration of ritonavir or cobicistat
with dabigatran etexilate increases the PK exposure and pharmacodynamic (PD) effects
of dabigatran in healthy volunteers and, if so, whether separating the administration of
the drugs would circumvent or significantly mitigate this interaction, as has been
previously demonstrated with verapamil (28). The results from the cobicistat arm of the
study were previously reported in abbreviated form (30). Here, the full PK and PD results
and comparison of the results obtained with both of these PK enhancers are reported
in further detail.

(Some of the data contained in this report were previously presented in abstract
form at the 16th International Workshop on Clinical Pharmacology of HIV & Hepatitis
Therapy, May 2014, Washington, DC; at the annual Conference on Retroviruses and
Opportunistic Infections in February 2016 in Boston, MA, and February 2017 in Seattle,
WA; and in a publication in the journal Circulation.)

RESULTS
Study population. Thirty-four subjects (n � 16 in arm A and n � 18 in arm B)

completed the study at least through phase 2. In arm B (cobicistat), two participants did
not complete phase 3 of the study due to an unrelated illness (viral conjunctivitis, sore
throat), resulting in the use of concomitant medications in one subject and a failure to
follow medication administration and protocol instructions in the other subject. All data
from phase 1 and phase 2 for these participants were included in the analysis. The
baseline characteristics of the participants in the two study arms did not differ signif-
icantly, except that males comprised 56% of the participants in arm A and 72% of the
participants in arm B. The average age of the participants was 39 � 11 years in arm A
and 37 � 9 years in arm B. The average weight and body mass index for participants
in both arms were 83.9 � 30.5 kg and 28.4 � 9.2 kg/m2, respectively.

Pharmacokinetics. Dabigatran PK parameter values and geometric mean ratios
(GMRs) are displayed in Tables 1 and 2, and the concentration-versus-time profiles for
dabigatran in arm A (ritonavir) and arm B (cobicistat) are shown in Fig. 1. In arm A, there
were no statistically significant changes in any of the dabigatran PK parameter values
when dabigatran and ritonavir were administered simultaneously compared to the
values obtained when dabigatran was administered alone. However, there were
statistically significant and similar decreases in the dabigatran area under the
concentration-versus-time curve (AUC) from time zero to infinity (AUC0 –∞) and the
maximum plasma concentration (Cmax) by 29% (P � 0.05) and 27% (P � 0.05),
respectively, when dabigatran and ritonavir were administered separately (by 2 h)
compared to the values obtained when dabigatran was administered alone (phase 2
versus phase 1, respectively). The dabigatran half-life (t1/2) during phase 2 was not
significantly decreased from that during phase 1. However, the time to reach Cmax

(Tmax) was decreased by 27% (P � 0.05) and the apparent oral clearance (CL/F) and the
volume of distribution (V/F) were increased by 37% and 48%, respectively (P � 0.05)
(Table 1).

In arm B, the dabigatran AUC0 –∞ and Cmax were significantly increased by 127%
each when dabigatran and cobicistat were administered simultaneously (phase 3
versus phase 1; P � 0.001 for both comparisons). When dabigatran and cobicistat
administration was separated by 2 h, the increase in dabigatran PK values (phase 2
versus phase 1) was minimally mitigated; the dabigatran AUC0 –∞ and Cmax values were
increased by 110% and 99%, respectively (P � 0.001 for both comparisons). The
elimination rate constant (kel), t1/2, and Tmax during administration in both phases 2 and
3 were not markedly altered compared to the values obtained after dabigatran admin-
istration alone (phase 1). Instead, CL/F and V/F were significantly decreased by 52% and
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56%, respectively, with separated administration in phase 2 and by 56% and 59%,
respectively, with simultaneous administration in phase 3 (P � 0.001 for all compari-
sons) (Table 2).

Thrombin time. The PD of dabigatran were evaluated by measuring its anticoag-
ulant effect on thrombin time (TT), and the effect-versus-time curves for ritonavir and
cobicistat are presented in Fig. 2. In arm A (ritonavir), regardless of whether the
dabigatran and ritonavir doses were separated by 2 h or given simultaneously, there
was no significant decrease in the area-under-the-effect curve from time zero to 24 h
(AUEC0 –24) compared to the value obtained after administration of dabigatran alone
(Table 3). There was also no significant difference in the AUEC0 –24 between phase 3 and
phase 2. TT at 24 h postdose (TT24) was not significantly altered with separated
administration in phase 2 but was increased by 31% with simultaneous administration
in phase 3 (P � 0.05). Conversely, in arm B (cobicistat), there were statistically significant
and similar increases in the AUEC0 –24 of 30% and 33% when cobicistat doses were
separated or given simultaneously, respectively, compared to the values obtained after
administration of dabigatran alone (P � 0.001 for both comparisons). Significant
increases in TT24 of 46% and 51% were also observed with separated administration in
phase 2 (P � 0.001) and simultaneous administration in phase 3 (P � 0.001), respec-

FIG 1 Mean � SEM dabigatran concentration-versus-time curves after administration of dabigatran
alone, administration of dabigatran separated by 2 h from administration of ritonavir (RTV) (A) or
cobicistat (COBI) (B), and simultaneous administration of dabigatran with ritonavir (A) and cobicistat (B).
DE, dabigatran etexilate.
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tively, compared to the values obtained after administration of dabigatran alone (Table
4). Again, no significant difference in TT was noted between simultaneous (phase 3) and
separated (phase 2) administration of cobicistat and dabigatran (data not shown).

Safety and tolerability. All study drugs were generally well tolerated. No subject
experienced an event related to bleeding or anticoagulation. Adverse events (AEs) were
mostly mild (grade 1) and included gastrointestinal symptoms (n � 20), headache (n �

6), genitourinary AEs (n � 5, arm B), bruising (n � 1, arm A), and elevated serum

TABLE 3 Geometric mean TT anticoagulation parameters in arm A (RTV)a

Parameter AUEC0–24 (s · h) TT24 (s)

Geometric mean value (% CV)
Phase 1 (DE alone) 1,479 (20.7) 28.6 (27.3)
Phase 2 (DE � RTV separated) 1,320 (18.7) 25.3 (17.8)
Phase 3 (DE � RTV simultaneously) 1,424 (26.6) 37.4 (27.6)

GMR (90% CI) for comparison of phases
Phase 2 vs phase 1 0.89 (0.79–1.00) 0.88 (0.76–1.01)
Phase 3 vs phase 1 0.96 (0.82–1.11) 1.31 (1.09–1.52)b

aAUEC0 –24, area-under-the-time-effect curve from time zero to 24 h; DE, dabigatran etexilate; RTV, ritonavir;
TT24, thrombin time at 24 h; CV, coefficient of variation; CI, confidence interval.

bP � 0.05, based on a paired Student t test.

FIG 2 Median � 90% confidence interval thrombin time-versus-time curves after administration of
dabigatran alone, administration of dabigatran separated by 2 h from administration of ritonavir (RTV) (A)
or cobicistat (COBI) (B), and simultaneous administration of ritonavir (A) and cobicistat (B). DE, dabigatran
etexilate.
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creatinine levels (n � 1, arm B). Two participants in arm A experienced elevations in
serum cholesterol levels, and one subject experienced an elevation in alanine amino-
transferase (ALT) levels. The only grade 2 AE determined to be possibly related to a
study intervention (dabigatran or ritonavir) was heartburn; this resolved without med-
ical intervention, and no further follow-up was warranted.

DISCUSSION

HIV-infected individuals across all age spectra are at an increased risk of thrombosis
(31). As patients living with HIV continue to experience increased longevity in the
modern era of effective antiretroviral therapy, the incidence of common chronic
comorbidities seen in elderly populations is also expected to increase in this popula-
tion. The treatment and prevention of venous thromboembolic events among HIV-
infected individuals receiving antiretroviral therapy represent challenges for clinicians
due to the risk of many potential and significant drug interactions. This study aimed to
evaluate the effect of simultaneous and separated administration (by 2 h) of the
antiretroviral PK enhancers ritonavir and cobicistat on the PK and PD of dabigatran.

The values of the dabigatran PK parameters obtained in this study were generally
consistent with those previously reported. The mean area under the concentration-
versus-time curve (AUC) from time zero to 24 h (AUC0 –24) of dabigatran when admin-
istered alone was 747.84 ng · h/ml and 959.49 ng · h/ml in the ritonavir and cobicistat
arms, respectively, which are similar to the values reported in previous PK studies with
healthy volunteers (28). The mean t1/2 across all study phases in both arms was �6 h,
which is shorter than the reported 12 to 14 h observed with repeated dosing but similar
to the 7 to 8 h reported with single doses (14, 28). The Tmax was �2.5 h in a fasted state,
which is a slight increase compared with the �1 h reported in the prescribing
information, and was �3.5 h in the presence of a standardized breakfast, which is
similar to what has been previously reported (14).

Previous investigations have shown that dabigatran coadministration with recog-
nized intestinal P-gp transporter inhibitors (e.g., amiodarone, clarithromycin, droneda-
rone, ketoconazole, quinidine, and verapamil) results in increased dabigatran exposure
by 49 to 153% (14). Moreover, the maximum anticoagulation effect directly corre-
sponded with plasma concentrations in a linear dose-response fashion (14, 28, 32).
Härtter et al. illustrated that this interaction could potentially be obviated by separated
administration of the P-gp probe substrate and inhibitor medications by 2 h, with
minimal alterations in dabigatran PK exposure and the PD markers of TT AUEC and
maximum TT (28). As an in vitro P-gp inhibitor, ritonavir was also expected to result in
a similar perturbation in dabigatran PK and PD outcomes. Contrary to our hypothesis,
we observed no significant interaction between ritonavir and dabigatran when they
were administered simultaneously. Curiously, the separated administration of ritonavir
and dabigatran etexilate by 2 h in phase 2 resulted in an unexpected statistically
significant decrease in dabigatran PK exposure by 29% and a corresponding statistically
insignificant decrease in the TT AUEC by 11%. There was no significant change in t1/2,
but there was a significant increase in CL/F and V/F, suggesting that this observation

TABLE 4 Geometric mean TT anticoagulation parameters in arm B (COBI)a

Parameter AUEC0–24 (s · h) TT24 (s)

Geometric mean value (% CV)
Phase 1 (DE alone) 1,508 (16.9) 29.2 (25.4)
Phase 2 (DE � COBI separated) 1,964 (12.2) 42.5 (27.8)
Phase 3 (DE � COBI simultaneously) 2,038 (10.9) 45.4 (28.8)

GMR (90% CI) for comparison of phases
Phase 2 vs phase 1 1.30 (1.21–1.39)b 1.46 (1.30–1.61)b

Phase 3 vs phase 1 1.33 (1.22–1.44)b 1.51 (1.24–1.78)b

aAUEC0 –24, area-under-the-time-effect curve from time zero to 24 h; TT24, thrombin time at 24 h; COBI,
cobicistat; CV, coefficient of variation; CI, confidence interval.

bP � 0.001, based on a paired Student t test.
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was due principally to the decreased bioavailability of dabigatran. It is plausible that
this observation was a result of mixed P-gp induction and inhibition by ritonavir, the
former of which may have prevailed with separated administration in phase 2 but was
effectively negated by inhibition of P-gp with simultaneous administration in phase 3.
Such mixed inhibitory and inductive properties of ritonavir on various metabolizing
enzymes and transporters (including P-gp) have been previously observed (29, 33–35).
However, the proposed mechanism behind this observation needs to be further
validated.

We expected to see a similar result when administering cobicistat with dabigatran
etexilate, as ritonavir and cobicistat share similar intestinal drug concentration/IC50

ratio values (�16.7) for inhibiting P-gp in vitro (22). However, we observed a significant
interaction that increased dabigatran exposure by 99 to 127% and increased its
anticoagulant effect by at least 30 to 51%. The true clinical impact of cobicistat on the
anticoagulant effects of dabigatran may be greater than that measured in this study
due to utilization of the thrombin time assay, STA-thrombin, which only reports a
maximum TT value of up to 120 s. To account for this, this study evaluated TT24 as a
secondary PD outcome. Unfortunately, no clinical guideline to date has provided
information or recommendations regarding the goal TT parameters that should be
monitored while patients are treated with dabigatran or other DOACs. Furthermore,
patients commonly receive twice-daily dosing with dabigatran rather than the single
doses utilized in this study. Notably, TT at 12 h postdose (TT12) showed increases nearly
identical to those of TT24 with cobicistat coadministration; TT12 increased by 51% and
53% in phases 2 and 3 (data not shown), respectively, whereas TT24 increased by 46%
and 51% in phases 2 and 3, respectively. Despite these limitations, TT was selected as
a direct PD marker of the dabigatran drug action as TT correlates linearly with plasma
dabigatran concentrations and is a more a sensitive PD measure of dabigatran activity
than other anticoagulation tests available clinically at most hospital laboratories (e.g.,
activated partial thromboplastin time and the international normalized ratio [INR]) (36).
In addition to TT, the study initially planned to collect and analyze the ecarin clotting
time (ECT). However, during the conduct of the study, the reagent for ECT analysis
became unavailable commercially, and thus, ECT could no longer be analyzed.

Interestingly, the observed increase in dabigatran exposure and the prolonged
effects on thrombin time persisted, despite the separation of cobicistat and dabigatran
etexilate administration by 2 h. No significant difference between separate and simul-
taneous administration of cobicistat with dabigatran etexilate was found. These data
demonstrate that separation of administration by 2 h was not an adequate method for
circumventing this interaction. Since the participants took their doses with food and
the dabigatran Cmax was typically observed to occur 3 to 4 h after dosing, it is possible
that separation of cobicistat and dabigatran administration by �4 h may have circum-
vented the interaction. However, a regimen employing such a schedule may present a
considerable challenge for adherence, particularly in patients receiving typical twice-
daily dosing of dabigatran. Again, while there was no alteration of drug elimination,
significant increases in oral bioavailability, as exemplified by decreases in both CL/F and
V/F, were observed. These results suggest that cobicistat-mediated intestinal P-gp
inhibition and not renal MATE-1 transporter inhibition was primarily responsible for the
increases in dabigatran PK exposure and the PD effects.

This study was conducted in healthy HIV-negative volunteers receiving single doses
of dabigatran, as is standard in most drug interaction studies. The clinical application
of these results will require further investigation in HIV-infected patients chronically
receiving antiretrovirals and dabigatran. Numerous reports in the literature suggest
that antiretroviral therapy itself can induce changes to the expression of drug trans-
porters. For example, protease inhibitors have been shown to increase the cell surface
expression of P-gp in the peripheral blood mononuclear cells of healthy volunteers (37).
Furthermore, a recent study by Kis et al. showed that HIV-infected individuals receiving
long-term antiretroviral therapy have increased P-gp gene expression (3.2-fold) com-
pared to treatment-naive HIV-infected patients and thus may have altered susceptibility
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to these drug interactions (38). Nonetheless, the results reported herein suggest that
dabigatran etexilate likely can be safely coadministered with ritonavir-boosted regi-
mens without the risk of a clinically significant interaction. This was recently demon-
strated in a trial described in a case report by Perram et al., in which initiation of
treatment with dabigatran etexilate at a low dose of 110 mg daily with subsequent
titration based on monitoring of the dabigatran trough concentration was successfully
employed in an HIV-infected patient receiving ritonavir-boosted antiretroviral therapy
(39). In contrast, when treating HIV-infected individuals receiving cobicistat-boosted
therapy, clinicians may need to consider prescribing an alternative anticoagulant agent
in order to avoid this potentially clinically significant interaction. However, currently
available alternative DOACs (rivaroxaban, apixaban, and edoxaban) are expected to
interact with cobicistat due to CYP3A4 inhibition, leaving the remaining chronic
anticoagulant options of enoxaparin, which is administered via subcutaneous injection,
or warfarin, which requires periodic monitoring of the INR, among other limitations.

The use of dabigatran etexilate with strong P-gp inhibitors is contraindicated by the
European Medicines Agency, and the FDA recommends the use of a reduced dose of
75 mg twice daily in patients with moderate renal impairment (creatinine clearance of
30 to 50 ml/min) who are concomitantly receiving strong P-gp inhibitors. In the FDA
clinical pharmacology review of the dabigatran etexilate (Pradaxa) new drug applica-
tion, any interaction resulting in dabigatran exposure increases of �150% required a
dose or regimen adjustment (40). Thus, the magnitude of the interaction observed in
this study (a 127% increase in exposure) suggests the potential need for reduced
dabigatran etexilate dosing (e.g., 75 mg twice daily rather than 150 mg twice daily)
and/or prudent clinical monitoring of patients for signs and symptoms of bleeding
when it is administered with cobicistat. Given that there was no detectable change in
drug elimination, it is likely inappropriate to reduce the dabigatran dosing interval
frequency (i.e., switching from twice-daily dosing to once-daily dosing). Regardless of
the dose administered, patients receiving concomitant dabigatran and cobicistat may
actually benefit from the monitoring of anticoagulant laboratory parameters, as was
employed in the aforementioned case report. This strategy, to date, has not been
recommended clinically for the routine use of dabigatran etexilate but has already been
suggested in certain situations, such as in patients with renal impairment and patients
over 75 years of age. This approach, while cumbersome, may be warranted, given that
both elevated TT24 and dabigatran concentrations have been associated with an
increased risk of bleeding in patients receiving dabigatran etexilate therapy (41, 42).
However, the limited availability of assays for the monitoring of dabigatran concentra-
tions at most clinical institutions, the lack of clear guidance on the plasma target
concentrations, and the interpatient variability in drug exposure are potential imped-
iments to this approach. Fortunately, the availability of idarucizumab (Praxbind) may be
considered a layer of safety when dabigatran concentrations cannot be monitored,
insofar as binding of dabigatran and rapid restoration of the thrombin clotting pathway
can be accomplished in cases of life-threatening or uncontrolled bleeding or if there is
a need for emergent surgery.

Ultimately, our study highlights the potential differences that can be observed
between these similar pharmacokinetic enhancers and the potential risk in the broad
application of conclusions derived from ritonavir drug-drug interaction studies to
cobicistat, and vice versa. Specifically, these results demonstrate that cobicistat pro-
vides a significantly greater net inhibition of P-gp transport than ritonavir in vivo. Given
these results, studies with agents with a narrow therapeutic index or drugs that are
known substrates of P-gp should be performed with both cobicistat and ritonavir.
Furthermore, clinicians should be very cautious in switching patients from ritonavir-
boosted therapy to cobicistat-boosted therapy when patients are concomitantly re-
ceiving P-gp substrates, as it cannot be assumed that the risk of clinically relevant drug
interactions will be similar.
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MATERIALS AND METHODS
Study design. This was a single-center, two-arm, single-sequence, open-label study (ClinicalTrials-

.gov under identifier NCT01896622) to evaluate the influence of ritonavir (arm A) or cobicistat (arm B) on
the PK/PD of dabigatran in healthy volunteers (Fig. 3). This study was conducted at the Clinical Research
Center at the National Institutes of Health (Bethesda, MD, USA). All participants gave written informed
consent, and the clinical research was conducted according to guidelines for human experimentation
specified by the U.S. Department of Health and Human Services. This study was approved by the National
Institute of Allergy and Infectious Diseases Institutional Review Board.

Each arm of the study was conducted similarly. On study day 0 during phase 1, following an
overnight fast, the participants were administered a single oral 150-mg dose of dabigatran etexilate
(Pradaxa; Boehringer Ingleheim Pharmaceuticals Inc., Ridgefield, CT). Phase 1 was followed by a 5-day
washout period. During phase 2, participants in arm A took ritonavir (Norvir; AbbVie Inc., North Chicago,
IL) at 100 mg once daily in the morning for 22 days (study days 5 through 26), while participants in arm
B took cobicistat (Tybost; Gilead, Foster City, CA) at 150 mg once daily in the morning for 22 days. In arm
A, on day 15 of ritonavir dosing (study day 19), participants took their morning ritonavir dose 2 h after
they took a single 150-mg dose of dabigatran etexilate; similarly, on study day 19 in arm B, participants
took their morning cobicistat dose 2 h after they took a single 150-mg dose of dabigatran etexilate.
During phase 3, participants continued taking ritonavir or cobicistat, and on study day 26, the partici-
pants were administered their morning ritonavir or cobicistat dose at the same time as the single 150-mg
dose of dabigatran etexilate.

During each study phase, blood samples were collected into tubes containing EDTA at time zero
(predose) and 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h following each single dose of dabigatran etexilate for
determination of dabigatran plasma concentrations. Blood was centrifuged after collection, and plasma
was harvested and frozen at �70°C until the time of analysis. Blood samples for determination of the
thrombin time (TT) were collected at time points identical to those listed above in tubes containing 0.105
M (3.2%) sodium citrate. Additional blood was collected throughout the study and 28 days following the
final day of PK sampling (study day 54) for laboratory safety monitoring. Additionally, participants were
assessed via routine questioning for adherence and adverse events throughout the course of the
investigation.

Study participants. The study population consisted of HIV-negative individuals receiving no other
concomitant prescription or over-the-counter or herbal medications. To be included in the study,
participants were required to be 18 to 70 years of age, HIV seronegative (determined by enzyme-linked
immunosorbent assay), and free of concurrent illnesses per medical history, physical examination, and
screening laboratory values, including liver function tests and serum creatinine, total and direct bilirubin,
and hemoglobin concentration determination. Screening laboratory values were required to be within
institutional normal ranges, except for fasting total cholesterol and triglyceride levels, which were
required to be below 270 mg/dl. Participants were excluded if they had a history of or a present increased
risk of bleeding or any planned invasive or surgical procedures within 28 days of study participation.
Females of childbearing potential were required to have a negative urine or serum pregnancy test before
beginning to receive study drugs and to practice abstinence or use effective nonhormonal methods of
birth control throughout the investigation. The use of tobacco products was not permitted.

Dabigatran and thrombin time assays. Dabigatran and the dabigatran-d3 ethyl ester HCl (DBG-d3

ethyl ester) internal standard were separated using a newly developed ultraperformance liquid chroma-
tography (UPLC) method with detection by tandem mass spectrometry (UPLC-MS-MS) using multiple-
reaction monitoring (MRM). The UPLC-MS-MS analysis was performed using an Acquity UPLC liquid
handling system and a Quattro Premier XE triple quadrupole mass spectrometer (Waters Corp., Milford,
MA, USA) controlled by MassLynx (version 4.1) mass spectrometry and chromatography manager
software. The separation was performed on an Acquity BEH analytical C18 column (2.1 by 50 mm; particle
size, 1.7 �m) preceded by a Vanguard BEH C18 precolumn (2.1 by 5 mm; particle size, 1.7 �m) (Waters
Corp., Milford, MA, USA) using a mobile-phase gradient starting with a 10:90 (vol/vol) mixture of
acetonitrile (ACN) and 20 mM formic acid (FA) buffer solution (pH 3.0) at a flow rate of 0.400 ml/min.
Calibration curves for dabigatran were linear from 0.50 ng/ml to 300.0 ng/ml, and the R2 value was
�0.996. Percent errors, as a measure of accuracy, were �15%, and the inter- and intra-assay coefficients
of variation for dabigatran were 2.85 to 10.38% and 3.25 to 9.68%, respectively, at three different drug
concentrations. The limit of quantitation for dabigatran was 0.50 ng/ml, and the limit of detection was
0.10 ng/ml. The overall recovery of dabigatran and DBG-d3 ethyl ester (internal standard) was �90%.

FIG 3 Study design. Abbreviations: COBI, cobicistat; DE, dabigatran etexilate; PD, pharmacodynamics; PK,
pharmacokinetics; RTV, ritonavir.
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Thrombin time (TT) was determined using the STA-thrombin reagent (Diagnostica Stago, Asnières-
sur-Seine, France) at the NIH Clinical Center Department of Laboratory Medicine. Sodium citrate plasma
samples were incubated for 2 min at 37°C. STA-thrombin (200 �l) was then added to the sample, and the
resulting time (in seconds) for each sample to completely clot was reported and tabulated. The maximum
limit of the TT assay was 120 s.

Pharmacokinetic and thrombin time analysis. Dabigatran PK and TT parameter values were
determined by noncompartmental analysis using Phoenix WinNonlin software (version 6.4; Certara, St.
Louis, MO). Maximum plasma concentrations (Cmax), the time to reach Cmax (Tmax), and TT at 24 h
postdosing (TT24) were determined from direct observation of the data. The elimination rate constant
(kel) was estimated as the absolute value of the slope of a linear regression of a natural logarithm of
concentration-versus-time plots using at least three points, excluding Cmax, during the elimination phase.
The half-life (t1/2) was calculated as (ln 2)/kel. The PK parameters area under the concentration-time curve
from time zero to 24 h (AUC0 –24) and the TT area-under-the-effect curve from time zero to 24 h
(AUEC0 –24) were determined using the “linear-up, log-down” trapezoidal rule. The AUC from time zero to
infinity (AUC0 –∞) was determined by dividing the last measured concentration by kel and adding this
value to AUC0 –24. Apparent oral clearance (CL/F) was estimated as the dose divided by AUC0 –∞. The
apparent volume of distribution (V/F) was estimated as CL/F divided by kel.

Statistical analysis. Sample size was calculated with regard to the reported variability in the
dabigatran AUC in healthy volunteers (854 ng · h/ml with a geometric coefficient of variation of 61.8%)
(27). On the basis of these data and an � value of 0.05, a sample size of 16 yielded a greater than 80%
power to detect a change of 70% in the dabigatran AUC0 –∞ with concomitant ritonavir or cobicistat
administration. This change was selected, as it was thought to be clinically significant. Dabigatran PK
parameter values derived before and after ritonavir or cobicistat exposure were compared using a paired
Student’s t test. Statistical significance was defined a priori as a P value of �0.05 (Systat software, version
11; Systat Software, Inc., Richmond, CA, USA). Adjustments were not implemented for multiple compar-
isons. Geometric mean ratios (GMRs) and 90% confidence intervals (CI) were computed for separated
ritonavir or cobicistat and dabigatran administration (phase 2 versus phase 1) and simultaneous ritonavir
or cobicistat and dabigatran administration (phase 3 versus phase 1) (Microsoft Excel 2011 software;
Microsoft Corp., Redmond, WA, USA).
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