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ABSTRACT
Because of their lower bleeding risk and simplicity of use, direct
oral anticoagulants (DOACs) could represent an interesting
alternative to conventional anticoagulant treatment with
vitamin K antagonists for patients with pulmonary arterial
hypertension (PAH). P-glycoprotein (P-gp) plays a key role in
DOAC pharmacokinetics. Type 5-phosphodiesterase inhibitors
(PDE5is), a drug class commonly used in the treatment of PAH,
have been shown to strongly inhibit P-gp. This work aimed to
assess potential P-gp–mediated drug-drug interactions be-
tween PDE5is and DOACs using in vitro methods. A cellular
model of drug transport assay, using P-gp–overexpressing
Madin-Darby canine kidney cells (transfected with the human
P-gp gene), was used to determine the bidirectional permeabil-
ities of two DOACs (rivaroxaban and apixaban) in the absence

and presence of increasing concentrations (0.5–100mM) of three
PDE5is (sildenafil, tadalafil, and vardenafil). Permeabilities and
efflux ratios were calculated from DOAC concentrations, were
measured with liquid chromatography coupled with mass
spectrometry, and were subsequently used to determine the
PDE5i percentage of inhibition and half maximal inhibitory
concentration (IC50 ). Rivaroxaban efflux was inhibited by 99%,
66%, and 100% with 100 mM sildenafil, tadalafil, and vardenafil,
respectively. Similarly, apixaban efflux was inhibited by 97%,
74%, and 100%, respectively. The IC50 values of the three
PDE5is were 8, 28, and 5 mM for rivaroxaban and 23, 15, and
3 mM for apixaban, respectively. This study showed strong
in vitro inhibition of DOAC efflux by PDE5is. In vivo studies are
required to determine the clinical relevance of these interactions.

Introduction
Anticoagulant therapy remains a challenging issue in the

field of pulmonary hypertension treatment. Pulmonary arte-
rial hypertension (PAH) is a vascular pulmonary disease
characterized by elevated mean pulmonary arterial pressure
that leads to right heart failure and death (Galiè et al., 2016).
Oral anticoagulants, particularly vitamin K antagonists
(VKAs), are widely used in PAH as a supportive therapy
(e.g., in 60% of participants in a recent French cohort; Gabriel
et al., 2016). The risk/benefit ratio of VKAs seems to be
associated with a significant bleeding risk in these patients
(Henkens et al., 2013).

In addition to anticoagulants, patients with PAH receive
specific drugs called “targeted therapies,” which include
prostanoid analogs, endothelin receptor antagonists, and type
5-phosphodiesterase inhibitors (PDE5is) (Galiè et al., 2016).
These targeted therapies are noticeably involved in drug-drug
interactions (DDIs), especially with VKAs (Fernández and
Romá, 2003; Ciracì et al., 2014; Said, 2014). Indeed, some of
these drugs are P-glycoprotein (P-gp) and/or CYP3A4 sub-
strates and can act as P-gp and CYP3A4 competitive inhibi-
tors toward other drugs prescribed simultaneously.
Interestingly, PDE5is were shown to be in vitro P-gp inhibi-
tors when tested with chemotherapy in P-gp–overexpressing
neoplastic cells (Ding et al., 2011; Shi et al., 2011). However,
these studies only monitored intracellular accumulation of
P-gp substrates and did not specifically study drug transport.
Direct oral anticoagulants (DOACs) are direct specific

activated factor X (anti-Xa) or thrombin (Anti-IIa) inhibitors,
which are increasingly prescribed for approved indications
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such as venous thromboembolism (VTE) and atrial fibrillation
(AF) (Gómez-Outes et al., 2015). The widespread use of
DOACs is largely due to their ease of use (fixed oral doses,
no need for biologic monitoring) and safer profile (fewer DDIs
than VKAs, reduced major bleeding risk). Because of these
advantages, DOACs could represent an interesting alterna-
tive to VKAs for anticoagulation therapy for patients with
PAH (Bertoletti et al., 2013).
However, patients taking DOACs can also suffer from

several DDIs, which may alter their risk/benefit ratio by
increasing bleeding risk (Chang et al., 2017). DOACs are
CYP3A4 (only anti-Xa) and efflux transporter P-gp substrates.
More specifically, P-gp plays a crucial role in DOAC pharma-
cokinetics and particularly in their intestinal absorption. As a
consequence, P-gp inhibition by other drugs can deeply affect
DOAC pharmacokinetics, leading to increased disposition
(Bertoletti et al., 2017). Subsequently, there is a theoretical
risk of DDIs betweenDOACs and PDE5is: PDE5ismay inhibit
DOAC transport by P-gp, thus increasing DOAC intestinal
absorption, and may lead to increased bioavailability and
bleeding risk. Among currently available DOACs, this issue
seems to be a particular concern for rivaroxaban and apixaban
because their dispositions are known to be highly dependent
on P-gp inhibition phenomena (Bertoletti et al., 2017; Hodin
et al., 2017) and trends show that their uses are becoming
generalized (Loo et al., 2017).
To our knowledge, DDIs between DOAC and PAH targeted

therapies have not been investigated thus far. This study
aimed to assess the potential in vitro DDIs between DOACs
and PDE5is by P-gp inhibition. The first objective was to
determine whether three PDE5is (sildenafil, tadalafil, and
vardenafil) inhibit the efflux transport by P-gp of two DOACs
(rivaroxaban and apixaban). The second objective was to
compare inhibitory properties of the three PDE5is tested
(inhibition percentage, IC50) on DOAC efflux transport.

Materials and Methods
Chemical and Reagents. Apixaban, rivaroxaban, [2H7

13C]-
apixaban, and [13C6]-rivaroxaban were purchased from Alsachim
(Illkirch, France). Sildenafil, tadalafil, vardenafil, verapamil, ritona-
vir, formic acid (FA), and dimethylsulfoxide (DMSO) were obtained
from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Dulbecco’s
modified Eagle’s medium, Hanks’ balanced salt solution, Dulbecco’s
phosphate-buffered saline without magnesium, HEPES solution,
heat-inactivated fetal bovine serum, trypsin-EDTA (0.05%–0.02%),
nonessential amino acids, penicillin G, and amphotericin B strepto-
mycin were purchased from Sigma-Aldrich.

Cell Culture. Native Madin-Darby canine kidney (MDCK) and
MDCK-MDR1 cells were a generous gift fromDr. Piet Borst (Netherlands
Cancer Institute, Amsterdam, Netherlands; batch DRW18 at passage 14
for MDCK-MDR1 cells, and batch DRB180 BPO/EW at passage 9 for
nativeMDCK cells). MDCK-MDR1 cells are P-gp–overexpressingMDCK
cells (cells derived from canine kidney cells transfected with the human
P-gp gene).

Cells were cultured in 25-cm2 flasks (Falcon, polycarbonate surface,
vented cap, purchased fromDominiqueDutscher, Strasbourg, France)
until passage 27, containing Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 1% nonessential amino
acids, 100 U/ml penicillin G, 250 mg/l amphotericin B, and 100 mg/ml
streptomycin, and were maintained at 37°C with 95% relative
humidity and 5%CO2. The culturemediumwas replaced every 2 days.
Once cells were 80% confluent in flasks, they were seeded onto
cell culture insert membranes (Falcon, high-density polyethylene

terephthalate translucent membranes, 0.4 mm pore size, 0.3 cm2

surface area, obtained from Dominique Dutscher) in 24-well compan-
ion plates (Dominique Dutscher) with a density of 110,000 cells per
insert. The cell culture was continued in the same conditions as in the
flasks, with a daily medium replacement until confluence. Sufficient
cell confluence to obtain a proper epthelial barrier in each insert was
assessed after 3, 4, and 5 days of culture by measuring transepithelial
electric resistance (TEER). TEER was calculated according to the
following formula:

ðRi2RbÞ � S (1)

where Ri is the resistance in the insert, Rb is the resistance in the
blank insert (nonseeded insert), and S is the area of the cell monolayer
(0.3 cm2). Drug transport assayswere only performed on inserts with a
TEER . 35 V/cm2.

Cell Toxicity Assay. Cell viability was assessed visually during
culture in flasks and in one transparent seeded insert in each 24-well
companion plate. A release lactate dehydrogenase cytotoxicity assay
was performed to assess MDCK-MDR1 cell viability, with the various
DOAC/PDE5i associations tested in drug transport assays, at a fixed
concentration of 10 mM for apixaban and rivaroxaban and at the
maximal concentration of 100 mM for sildenafil, tadalafil, and
vardenafil (in quadruplicate per condition).

Drug Transport Assay. The MDCK-MDR1 P-gp–overexpressing
cell line is one of the reference cell models for in vitro investigation of
P-gp–related DDIs (http://www.fda.gov/Drugs/GuidanceComplian-
ceRegulatoryInformation/Guidances/default.htm). The drug trans-
port assay consisted of studying bidirectional DOAC permeability
(apixaban or rivaroxaban at 10 mM) in the presence of an increasing
range of PDE5is concentrations (0, 0.5, 1, 5, 10, 50, and 100 mM).
Transport assays were performed across a MDCK-MDR1 cell mono-
layer on a porousmembrane separating an apical compartment from a
basolateral compartment. Tested drugs were spiked in a donor
compartment (either an apical or basolateral compartment) in the
assay and were quantified in the opposite compartment (receiver
compartment) after a 2-hour incubation of cells with drugs. Two
monodirectional permeabilities, apical-to-basolateral permeability
(PappA→B) and basolateral-to-apical permeability (PappB→A), for each
condition, were computed according to the following formula (eq. 1):

Papp 5
Vr

C0
� 1

S
� C1

t
(2)

where Papp is the apparent permeability, Vr is the volume of medium
in the receiver compartment, C0 is the initial DOAC concentration in
the donor compartment (10 mM),S is the area of the cell monolayer,C1

is the DOAC final concentration in the receiver compartment, and t is
the incubation time (2 hours). Each condition was performed in
triplicate.

Tested drugs were incubated in a transport buffer solution made of
Hanks’ balanced salt solution and HEPES (1%). Basolateral and
apical compartment volumewas 0.8 and 0.7ml, respectively. The drug
transport assay started when DOACs with or without PDE5is were
spiked in the donor compartment. The assay plates were incubated at
37°C for 2 hours. After 2 hours, the whole available volume in
the receiver compartment was sampled and was rapidly analyzed in
liquid chromatography coupled with mass spectrometry and then
stored at 220°C.

Drug Solution Preparation. Stock solutions were prepared in
DMSOfor rivaroxabanand tadalafil and inmethanol for ritonavir. Final
concentrations in spiked solutions were 10 mM for DOACs (rivaroxaban
and apixaban) and ranged from 0.5 to 100 mM for sildenafil, tadalafil,
and vardenafil. Concentrations of strong P-gp inhibitors ritonavir and
verapamil in final solutions were 50 and 100 mM, respectively. The
DMSO concentration in final solutions was 1%.

Liquid Chromatography–Mass Spectrometry Analysis.
Quantification of DOACs was performed on an Acquity UPLC system
coupled with an Xevo TQD triple quadrupole mass spectrometer
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(Waters, Saint-Quentin-en-Yvelines, France). Analysis was per-
formed in positive ionization mode for apixaban (mass/charge [m/z]
460.23→443.25) and rivaroxaban (m/z 436.11→231.22). The internal
standards for each drug were rivaroxaban [13C6] (m/z 442.11→145)
and apixaban [2H7

13C] (m/z 469.3→199.16). Fifty microliters of each
sample was extracted with 300 ml internal standard in methanol. For
apixaban, the mobile phase comprised a mixture of (A) water
containing 0.1% FA and ammonium acetate 2 mM and (B) methanol
containing 0.1% FA and 2 mM ammonium acetate. For rivaroxaban,
the mobile phase comprised a mixture of (A) 0.1% FA in water and (B)
0.1% FA in acetonitrile. An eluate gradient was applied on a BEHC18
column (50� 2.1mm� 2.7mm) (Waters). Ratios of peak areas of drugs
and their internal standards were used as C0 and C1 for permeability
calculation.

Data Analysis. Data analyses were performed and graphics were
created with R software (https://www.R-project.org/; R Foundation for
Statistical Computing, Vienna, Austria). Results are expressed as the
mean 6 S.D. Figures were created with R library ggplot2 (Wickham,
2009).

Efflux of DOACs by transporters across the cell monolayer was
assessed by calculating the efflux ratio (ER) from the apparent
permeabilities previously obtained for each condition, according to
the following formula (eq. 2):

ER5
PappB→A
PappA→B

(3)

The tested drug is considered as an efflux transporter substrate if the
value of the ER is superior or equal to 2.

Inhibitory properties of PDE5is on DOAC efflux were assessed with
two criteria: inhibition percentage and IC50. The inhibition percentage
was calculated according to the following formula (eq. 3):

%  Inhibition5

�
12

ERi 21
ERa 21

�
� 100 (4)

whereERi is theER obtainedwith inhibitor (PDE5i) andERa is theER
obtained without inhibitor.

The IC50 was determined from nonlinear regression modeling
(function “nls” in R software) of the relative efflux ratio (RER)
according the following equations (eqs. 4 and 5):

RER5
REi

REa
(5)

REi

REa
512

�
Imax � In

In 1 IC50
n

�
(6)

where I is the PDE5i concentration, n is the Hill coefficient of the
sigmoid model, and Imax is the maximal effect of the model.

All operations were computed with R software. The [I2]/IC50 ratio
was calculated from the following formula according to U.S. Food and
Drug Administration (FDA) recommendations (http://www.fda.gov/
Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.
htm):

½I2�
IC50

5
D
250

� 1
IC50

(7)

where [I2] represents the expected PDE5i in vivo concentration at the
apical side of enterocytes,D is themaximal oral PDE5i dose given once
(in milligrams), and 250 ml is the mean intestinal fluid volume.

Results
Cell Viability, Cell Monolayer Integrity, and Model

Assessment. The lactate dehydrogenase dosage cytotoxicity
assay did not show any toxicity for any of the tested DOAC/
PDE5i associations (data not shown). The mean TEER values

were 60 6 13 and 50 6 15 V/cm2 before and after the assays,
respectively.
Basolateral-to-apical permeabilities and ERs of rivaroxa-

ban and apixaban decreased when associated with strong
known P-gp inhibitors verapamil (100 mM; ER inhibition
ranged from 76% to 86% and from 78% to 88% for rivaroxaban
and apixaban, respectively) and ritonavir (50 mM; ER in-
hibition from 65% to 85% and from 66% to 92% for rivaroxaban
and apixaban, respectively) (Tables 1 and 2). These results
confirmed functionality of MDCK-MDR1 cells to assess in-
hibition of rivaroxaban and apixaban efflux by P-gp.
Efflux Ratio. Bidirectional transport assays were per-

formed for two DOACs (rivaroxaban and apixaban) at a fixed
concentration of 10 mM, incubated both without inhibitor and
with increasing concentrations (0.5–100 mM) of three PDE5is
(sildenafil, tadalafil, and vardenafil). Bidirectional permeabil-
ities and ER values of rivaroxaban and apixaban are summa-
rized in Table 1 (rivaroxaban) and Table 2 (apixaban).
DOAC permeabilities were higher in the basolateral-to-

apical direction than in the apical-to-basolateral direction.
Apical-to-basal permeabilities ranged from 2.7 to 3.4 � 1026

cm/s for rivaroxaban and from 0.8 to 1.5 � 1026 cm/s for
apixaban. Basolateral-to-apical permeabilities ranged from
39 to 56 � 1026 cm/s and from 26 to 41 � 1026 cm/s,
respectively. DOAC ERs without inhibitor ranged from 12 to
17 for rivaroxaban and from 25 to 45 for apixaban, showing the
existence of an efflux transport for these two drugs.
A dose-dependent reduction of rivaroxaban ERs was ob-

served in the presence of increasing concentrations of PDE5is
(ERs of 1.2, 5.5, and 0.8 with 100 mM sildenafil, tadalafil,
and vardenafil, respectively). A similar reduction was also
observed for apixaban ERs (2.5, 8.0, and 0.9 with 100 mM for
each of the three PDE5is, respectively). These ER reductions
were due to concomitant basolateral-to-apical permeability
reductions for rivaroxaban and apixaban and an apical-
to-basolateral permeability increase (apical-to-basolateral
permeabilities ranging from 4.9 to 14 � 1026 cm/s and from
3.6 to 5.6 � 1026 cm/s at 100 mM PDE5i for rivaroxaban
and apixaban, respectively, with basolateral-to-apical perme-
abilities ranging from 11 to 27 � 1026 cm/s and from 5.0 to
28 � 1026 cm/s, respectively). ERs started to decrease with
globally higher concentrations with tadalafil than with silde-
nafil and vardenafil (from 50 mM for tadalafil, and between
1 and 10 mM for both sildenafil and vardenafil). ER reductions
obtained with the three tested PDE5is were similar to those
obtained with strong known P-gp inhibitors verapamil and
ritonavir (Table 1). ERs were stable between 2.5 and 6.8 with
verapamil and between 2.8 and 10 with ritonavir.
Maximal Inhibition Assessment. The evolution of

DOAC efflux inhibition with increasing PDE5i concentrations
is shown in Fig. 1. Maximal inhibition ability was different
between the three PDE5is at their maximal tested concentra-
tion (100 mM): sildenafil and vardenafil almost fully inhibited
rivaroxaban and apixaban efflux (98% and 100% vs. 97% and
100%, respectively), whereas efflux inhibition capped at about
75% with tadalafil (66% and 74%, respectively).
IC50 and [I2]/IC50 Ratios. Modeling of RERs for the six

DOACs/PDE5i combinationswas performed to determine IC50

values (Fig. 2). Combinations with vardenafil showed the
lowest IC50 compared with other combinations (5 and 3 mM
with rivaroxaban and apixaban, respectively; two to five times
smaller than IC50 values found with sildenafil and tadalafil).
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IC50 was lower with sildenafil (8 mM) than with tadalafil
(28 mM) for rivaroxaban efflux and conversely for apixaban
efflux (IC50 23 mM vs. 19 mM).
Prediction of the clinical relevance of DDI risk can be

assessed from in vitro–determined data. According to FDA
guidance, we calculated [I2]/IC50 ratios, which are shown in
Fig. 2 beside the IC50 values. [I2] represents an approximation
of the PDE5i expected concentrations in the intestinal tract
(obtained by the ratio of PDE5i mass contained in one drug
intake to the theoretical intestinal fluid volume for a standard
adult; i.e., 250 ml). As a consequence, the [I2]/IC50 ratio is a
way to compare expected in vivo concentrations of PDE5is in
intestinal fluid (where a part of P-gp–mediated DDIs with
DOACs is supposed to occur) to a reference concentration
(IC50) around which PDE5is start to show substantial effects
in in vitro models of drug transport. In other words, this ratio
compares in vivo concentrations to those known to produce a
relevant in vitro effect. This ratio was superior to 10 for the
following combinations: rivaroxaban/sildenafil, rivaroxaban/

vardenafil, apixaban/tadalafil, and apixaban/vardenafil.
This means that in vivo DDI risk might only be reasonably
ruled out for both of the remaining tested combinations:
rivaroxaban/tadalafil and apixaban/sildenafil.

Discussion
Because of their simplicity of use and possibly lower

bleeding risk, DOACs could replace VKAs in the treatment
of patients with PAH (Bertoletti et al., 2013, 2017). Although
DOAcs are not currently specifically approved for antico-
agulation in PAH, some patients with PAH may already
receive DOACs in other approved labels (AF, VTE) (Gabriel
et al., 2016). Patients with PAH also receive specific thera-
pies, some of which are already established DDI providers
(mainly endothelin receptor antagonist bosentan, a CYP3A4
inducer). DOACs are P-gp substrates, and it has been
previously reported that some of PDE5is, a major drug class
in PAH treatment, could act as P-gp inhibitors toward

TABLE 1
Rivaroxaban permeabilities and ERs for the three rivaroxaban/PDE5i combinations
Data are presented as the mean 6 S.D.

Experimental Condition DOAC
Only

+0.5 mM
PDE5i

+1 mM
PDE5i

+5 mM
PDE5i

+10 mM
PDE5i

+50 mM
PDE5i

+100 mM
PDE5i

+50 mM
Ritonavir

+100 mM
Verapamil

Rivaroxaban/
sildenafil
PappA→B 3.4 6 0.6 2.7 6 0.2 2.8 6 0.4 2.6 6 0.2 4.3 6 0.2 8.8 6 2.8 12.4 6 0.3 4.9a 7.5 6 0.3
PappB→A 55.8 6 6.8 50.8 6 3.7 48.3 6 3.8 37.3 6 2.2 33.4 6 4.6 19.7 6 0.6 14.6 6 0.7 31.2a 25.2 6 3.4
ER 16.5 6 3.5 18.8 6 2.0 17.5 6 3.0 14.1 6 1.5 7.7 6 1.1 2.2 6 0.1 1.2 6 0.1 6.4a 3.4 6 0.5

Rivaroxaban/
tadalafil
PappA→B 2.7 6 0.2 3.1 6 0.2 3.1 6 0.3 3.1 6 0.1 2.7 6 0.2 4.3 6 0.6 4.9 6 0.5 5.5 6 0.5 6.5 6 0.5
PappB→A 38.5 6 0.0 45.3 6 2.8 38.7 6 2.8 42.7 6 0.0 41.9 6 4.1 29.3 6 1.0 27.2 6 3.0 29.3 6 4.9 26.9 6 5.4
ER 14.3 6 0.9 14.9 6 1.3 12.4 6 1.6 13.9 6 0.4 15.6 6 1.8 6.8 6 1.0 5.5 6 0.8 5.3 6 1.0 4.2 6 0.9

Rivaroxaban/
vardenafil
PappA→B 3.2 6 0.6 3.7 6 0.4 3.8 6 0.2 4.0 6 0.6 9.5 6 0.8 16.7 6 0.4 13.7 6 1.0 8.5 6 0.5 6.4 6 0.5
PappB→A 39.0 6 4.1 34.8 6 4.0 33.2 6 0.0 28.7 6 0.9 22.0 6 1.8 11.0 6 1.1 10.9 6 0.2 21.3 6 1.6 17.9 6 4.1
ER 12.1 6 2.6 9.4 6 1.5 8.8 6 0.5 7.2 6 1.1 2.3 6 0.3 0.7 6 0.1 0.8 6 0.1 2.5 6 0.2 2.8 6 0.7

For each combination, bidirectional permeabilities (PappA→B and PappB→A, expressed in 1026 cm/s, n = 3 for both) and ERs (expressed in absolute value) of rivaroxaban are
presented without PDE5is (DOAC only), with increasing PDE5i concentrations (+0.5, +1, +5, +10, +50, and +100 mM), and with two reference inhibitors (50 mM ritonavir and
100 mM verapamil).

aNo S.D. was available because this condition was performed for n = 1 (cells on both of the other membranes were not usable according to TEER before drug transport
assay).

TABLE 2
Apixaban permeabilities and ERs for the three apixaban/PDE5i combinations
Data are presented as the mean 6 S.D.

Experimental
Condition DOAC Only +0.5 mM

PDE5i
+1 mM
PDE5i

+5 mM
PDE5i

+10 mM
PDE5i

+50 mM
PDE5i

+100 mM
PDE5i

+50 mM
Ritonavir

+100 mM
Verapamil

Apixaban/
sildenafil
PappA→B 0.8 6 0.0 1.1 6 0.2 1.0 6 0.1 1.3 6 0.1 1.6 6 0.1 2.7 6 0.2 3.7 6 0.3 2.7 6 0.2 2.6 6 0.2
PappB→A 36.5 6 3.5 37.6 6 1.5 28.7 6 1.1 30.2 6 2.6 28.0 6 2.9 17.0 6 1.2 9.4 6 1.9 14.9 6 2.4 16.6 6 1.0
ER 45.1 6 4.6 35.6 6 5.6 29.1 6 3.5 23.4 6 2.5 17.7 6 2.1 6.3 6 0.6 2.5 6 0.6 5.4 6 1.0 6.5 6 0.7

Apixaban/tadalafil
PappA→B 1.5 6 0.2 1.5 6 0.2 1.6 6 0.2 1.8 6 0.7 2.5 6 1.0 2.6 6 0.7 3.6 6 0.2 2.2 6 0.2 3.6 6 0.7
PappB→A 41.2 6 5.6 42.1 6 4.9 43.1 6 7.8 35.1 6 2.7 46.6 6 6.9 34.4 6 2.0 28.3 6 1.7 22.4 6 2.2 24.7 6 2.6
ER 27.8 6 5.9 27.7 6 5.3 27.2 6 5.7 19.8 6 8.1 19.1 6 2.9 13.2 6 3.5 8.0 6 0.7 10.1 6 1.5 6.8 6 1.5

Apixaban/
vardenafil
PappA→B 1.0 6 0.1 1.0 6 0.1 1.2 6 0.2 1.9 6 0.1 3.1 6 0.4 4.5 6 0.5 5.6 6 0.3 3.6 6 0.7 1.9 6 0.3
PappB→A 25.8 6 2.8 23.5 6 4.0 22.7 6 2.0 15.1 6 0.9 11.3 6 1.2 5.1 6 0.2 5.0 6 0.3 10.3 6 0.2 9.4 6 0.9
ER 24.9 6 4.5 24.4 6 4.4 18.7 6 3.0 8.0 6 0.7 3.7 6 0.6 1.1 6 0.1 0.9 6 0.1 2.9 6 0.6 4.9 6 0.4

For each combination, bidirectional permeabilities (PappA→B and PappB→A, expressed in 1026 cm/s, n = 3 for both) and ERs (expressed in absolute value) of apixaban are
presented without PDE5is (DOAC only), with increasing PDE5i concentrations (+0.5, +1, +5, +10, +50, and +100 mM), and with two reference inhibitors (50 mM ritonavir and
100 mM verapamil).
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intracellular chemotherapy drugs (Ding et al., 2011; Shi
et al., 2011). As a consequence, DOAC safety, particularly in
terms of bleeding risk, could be compromised in this context
by potential P-gp–mediated pharmacokinetic DDIs (Chang

et al., 2017). To our knowledge, this work is the first to
provide data on DOAC-PDE5i DDIs. This study aimed to
investigate these potential interactions using in vitro
methods.

Fig. 1. Inhibitory effect of sildenafil, tadalafil,
and vardenafil (expressed as the inhibition
percentage) on rivaroxaban and apixaban
efflux. Each DOAC/PDE5i combination is
represented according to the key in the figure.

Fig. 2. RERs (ERi/ERa, expressed in percentages) for the six tested DOAC/5PDEi combinations. Experimental data are represented with a dot and its
S.D. Dashed lines represent the corresponding sigmoid models obtained with a nonlinear regression algorithm. IC50 values determined from these
models and respective [I2]/IC50 ratios are shown for each model.
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Our main results show that the three PDE5is (sildenafil,
tadalafil, and vardenafil) strongly inhibit rivaroxaban and
apixaban efflux across MDCK-MDR1 cells by P-gp. We found
different DOAC efflux inhibition profiles for sildenafil, tada-
lafil, and vardenafil. At the maximal tested concentration for
each PDE5i (100 mM), maximal inhibition was higher with
vardenafil and sildenafil (90%–100%) than with tadalafil
(75%) for both rivaroxaban and apixaban. In terms of DOAC
efflux inhibition power, we found that vardenafil was the most
powerful PDE5i (IC50 from two to five times smaller than
those found with sildenafil and tadalafil). Four DOAC-PDE5i
combinations showed [I2]/IC50 ratios suggesting potential
clinically relevant DDIs (Fig. 2).
Among currently commercialized DOACs, we chose to test

two (rivaroxaban and apixaban). These two drugs were
particularly interesting to evaluate, first because they are
the most sensitive DOACs to P-gp–mediated DDIs (Hodin
et al., 2017) and second because they are currently the most
prescribed DOACs due to their simpler use (no need for initial
treatment with a parenteral anticoagulant) (Gómez-Outes
et al., 2015; Loo et al., 2017). As for PDE5is, only sildenafil
and tadalafil are formally approved and prescribed in the
indication of PAH. Although vardenafil has not been approved
for anticoagulation in PAH, we included it in our study
because it has already been evaluated in PAH and showed
favorable outcomes (Galiè et al., 2016) and because previous
in vitro studies suggested that this drug strongly inhibits P-gp
(Ding et al., 2011).
Functionality of the cellular drug transport model we used

is supported by findings from previous studies. The ER values
we obtained for rivaroxaban (from 12 to 16) and apixaban
(from 25 to 45) without inhibitor are consistent with those
found across P-gp–overexpressing cell lines by Gnoth et al.
(2011) (from 10 to 15 for rivaroxaban) and by Zhang et al.
(2013) (from 23 to 38 for apixaban).
Inhibition of DOAC P-gp efflux by sildenafil, tadalafil, and

vardenafil is consistentwith findings fromShi et al. (2011) and
Ding et al. (2011), who showed a similar effect of PDE5is on
intracellular cytotoxic chemotherapy drug efflux. The plausi-
bility of this inhibition phenomenon is also supported by the
dose-response effect we found. Involvement of P-gp inhibition
in the reduction of DOAC efflux is supported both by P-gp
overexpression (compared with other transporters) in the cell
line we used and by a similar reduction of ERs in the presence
of specific P-gp strong inhibitors (verapamil and ritonavir).
The differences reported between sildenafil, tadalafil, and
vardenafil in terms of maximal inhibition of efflux are
consistent with chemical structure differences: sildenafil and
vardenafil structures differ from each other very slightly and
we showed that both of these drugs almost fully inhibit
rivaroxaban and apixaban efflux. Tadalafil, whose chemical
structure is less similar to both of the other PDE5is, showed
lower maximal inhibition of rivaroxaban and apixaban efflux
(75%). This suggests a less important affinity of tadalafil than
sildenafil and vardenafil for P-gp. Previous in vitro data (Ding
et al., 2011; Shi et al., 2011) similarly showed more potent
inhibition with vardenafil. Nevertheless, the lesser maximal
inhibition of rivaroxaban and apixaban efflux we found with
tadalafil could be due to the potential incomplete range of
tadalafil concentrations we studied, as a clear plateau of
inhibitory effect was not reached at the maximal concentra-
tion we tested (100 mM). This may have also affected the

quality of the models we generated and therefore the IC50

value for tadalafil derived from these models.
The in vivo relevance of our in vitro findings can be

challenged. First, we used a transfected animal cell line
(MDCK-MDR1) to assess drug transport DDIs. These cells
overexpress P-gp but also express animal native transporters,
which can interact with our results. Theoretically, DOAC
efflux inhibition found with MDCK-MDR1 cells could be
partially linked to the inhibition of animal transporters.
However, this seems to be a minor phenomenon, as we
performed drug transport assays across native MDCK cells,
which showed low involvement of animal transporters in
apixaban and rivaroxaban efflux (around 12% of the PappB→A
values found inMDCK-MDR1 cells) and no significant effect of
PDE5is on this efflux (around 11% of the PappB→A values
found in MDCK-MDR1 cells at a PDE5i concentration of
100 mM). One limitation to the extrapolation of our results is
the poor expression of non–P-gp drug transporters by MDCK-
MDR1 cells, which can also be involved in DOAC efflux (e.g.,
Breast Cancer Resistance Protein) (Gong et al., 2013; Hodin
et al., 2017). Indeed, our cell model of drug transport mainly
focuses on the effect on P-gp–mediated drug transport,
whereas in vivo drug transport is more complex, integrating
the role of other transporters in drug pharmacokinetics. As a
consequence, the in vitro observed effect of PDE5is on DOAC
transport might not be significant at the in vivo scale.
Anti-Xa DOACs are also known as CYP3A4 substrates

(Bertoletti et al., 2017). CYP3A4 and P-gp often have common
inhibitors. What is more, CYP3A4 and P-gp are both produced
and colocated in enterocytes, acting with the same purpose of
preventing xenobiotics from being absorbed (Watkins, 1997;
Katoh et al., 2001). PDE5is are CYP3A4 substrates. Although
they are not known as clinically significant CYP3A4 inhibitors
(Webb et al., 1999; Muirhead et al., 2002; Ring et al., 2005;
Mora-Peris et al., 2015; Sidharta et al., 2015) toward a few
specifically evaluated drugs (most of them are known as
strong CYP3A4 inhibitors, such as protease inhibitors or
macrolides), they have not yet been evaluated with DOACs
and potential competitive inhibition between these drugs is
possible. Additional data on potential CYP3A4-mediated
DDIs between DOACs and PDE5is are needed to make an
integrated prediction of the in vivo effect of PDE5is on DOAC
pharmacokinetics.
In vitro data obtained on cell models of drug transport can

provide reliable insight into the clinical relevance of DDIs.
According to FDA recommendations (http://www.fda.gov/
Drugs/GuidanceComplianceRegulatoryInformation/Guidances/
default.htm), the [I2]/IC50 ratio is a validated negative pre-
dictor to screen for potential clinically relevant DDIs for drugs
taken orally. As mentioned in the Results, this ratio compares
expected in vivo concentrations in the intestinal fluid to
in vitro concentrations that have shown a substantial in-
hibitory effect on P-gp drug efflux. A ratio inferior to 10 indi-
cates low probability of in vivo DDIs (not requiring further
explorations), whereas values above this threshold encourage
further clinical pharmacokinetic investigation (Fenner et al.,
2009). In our study, only two combinations showed [I2]/IC50

ratios inferior to 10, suggesting that the four remaining
combinations may produce clinically relevant DDIs (Fig. 2).
However, this is a simplified method and other approaches
such as integrative physiologically based pharmacokinetic
models can be used to make such predictions. This is
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particularly true since phenomena that occur in vivo, such as
protein binding, are not considered in this model (in vivo,
PDE5is have shown strong plasma protein binding, superior
to 90%). Moreover, [I2] is a very approximate estimation of
drug solubility in intestinal fluid. Finally, other methods of
drug delivery (i.e., other than oral administration, like in-
travenous administration) may allow to bypass intestinal
absoprtion step, and thus to avoid P-gp-mediated DDIs at
the apical side of enterocytes.
In summary, PDE5is are in vitro inhibitors of P-gp–mediated

efflux of two DOACs (rivaroxaban and apixaban). Differences
seem to exist between sildenafil, tadalafil, and vardenafil in
terms of maximal inhibition and inhibition potency. The PDE5i
that was least likely to interact (with the highest [I2]/IC50 ratio)
depended on which DOACwas tested. Pharmacokinetic in vivo
studies are needed to assess the clinical relevance of these
in vitro DDIs. This would be useful to select the PDE5i/DOAC
combinations with the least risk of interaction. This is a
particularly relevant issue as DOACs are increasingly
prescribed for their safe profile and poorly constrained use in
VTE and AF treatment, two conditions that are present
concomitantly in nearly half of patients with PAH (Gabriel
et al., 2016). At the least, particular attention should be paid to
assessing bleeding risk in patients with PAH receiving DOACs
and PDE5is simultaneously. Further data on DDI risk with
other PAH targeted therapies will also be required.
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