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AIMS
The anticoagulant rivaroxaban is an oral, direct Factor Xa inhibitor for
the management of thromboembolic disorders. Metabolism and
excretion involve cytochrome P450 3A4 (CYP3A4) and 2J2 (CYP2J2),
CYP-independent mechanisms, and P-glycoprotein (P-gp) and breast
cancer resistance protein (Bcrp) (ABCG2).

METHODS
The pharmacokinetic effects of substrates or inhibitors of CYP3A4, P-gp
and Bcrp (ABCG2) on rivaroxaban were studied in healthy volunteers.

RESULTS
Rivaroxaban did not interact with midazolam (CYP3A4 probe
substrate). Exposure to rivaroxaban when co-administered with
midazolam was slightly decreased by 11% (95% confidence interval [CI]
-28%, 7%) compared with rivaroxaban alone. The following drugs
moderately affected rivaroxaban exposure, but not to a clinically
relevant extent: erythromycin (moderate CYP3A4/P-gp inhibitor; 34%
increase [95% CI 23%, 46%]), clarithromycin (strong CYP3A4/moderate
P-gp inhibitor; 54% increase [95% CI 44%, 64%]) and fluconazole
(moderate CYP3A4, possible Bcrp [ABCG2] inhibitor; 42% increase
[95% CI 29%, 56%]). A significant increase in rivaroxaban exposure was
demonstrated with the strong CYP3A4, P-gp/Bcrp (ABCG2) inhibitors
(and potential CYP2J2 inhibitors) ketoconazole (158% increase
[95% CI 136%, 182%] for a 400 mg once daily dose) and ritonavir
(153% increase [95% CI 134%, 174%]).

CONCLUSIONS
Results suggest that rivaroxaban may be co-administered with CYP3A4
and/or P-gp substrates/moderate inhibitors, but not with strong
combined CYP3A4, P-gp and Bcrp (ABCG2) inhibitors (mainly
comprising azole-antimycotics, apart from fluconazole, and HIV
protease inhibitors), which are multi-pathway inhibitors of rivaroxaban
clearance and elimination.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Rivaroxaban, an oral, direct Factor Xa

inhibitor, is metabolized and excreted via
mechanisms involving CYP3A4/3A5/2J2,
P-gp and Bcrp (ABCG2). However, the
pharmacokinetic effects and implications of
the co-administration of rivaroxaban and
medications that interfere with these
elimination pathways require
characterization.

WHAT THIS STUDY ADDS
• This paper reports on a series of interaction

studies with rivaroxaban in healthy
volunteers, the results of which suggest that
rivaroxaban can be administered in
conjunction with substrates or moderate
inhibitors of CYP3A4 and/or P-gp without
affecting its pharmacokinetic properties to a
clinically relevant extent. However, strong
inhibitors of CYP3A4, P-gp and Bcrp
(ABCG2), such as azole-antimycotics and HIV
protease inhibitors, cause a significant
increase in rivaroxaban exposure that could
increase the risk of bleeding. The exception
is fluconazole, an azole-antimycotic, which
interacted to a lesser degree and could,
therefore, be co-administered with caution.
The results of these studies provide
important information to clinicians
managing anticoagulation in patients who
are taking concomitant medications.
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Introduction

The oral anticoagulant rivaroxaban is a highly selective,
direct Factor Xa inhibitor for the prevention and treatment
of thromboembolic disorders. It inhibits human free and
clot-bound Factor Xa (enzyme inhibition constant [Ki]
0.4 nM) independently of antithrombin [1]. In vitro, rivaroxa-
ban has been shown to inhibit thrombin generation and
prolong clotting times [1,2].Results of in vivo animal model
studies showed that rivaroxaban was effective in the pre-
vention and treatment of venous thrombosis [1, 3], as well
as in the prevention of arterial thrombosis [1, 4], and
this has been confirmed in humans in the RECORD [5],
EINSTEIN [6, 7], ROCKET AF [8] and ATLAS ACS 2 TIMI 51 [9]
phase III clinical trial programmes.

Rivaroxaban is approved for the prevention of venous
thromboembolism (or deep vein thrombosis [DVT] that
may lead to pulmonary embolism) after elective hip or
knee replacement in adult patients in many countries [10,
11]. It has also been approved in the European Union and
United States for the prevention of stroke and systemic
embolism in adult patients with non-valvular atrial fibrilla-
tion [10, 11], and in the European Union for the treatment
of DVT and secondary prevention of DVT and pulmonary
embolism after acute DVT [10].

Rivaroxaban has a dual mode of elimination. Approxi-
mately two-thirds of the administered dose undergoes
metabolic degradation, with half eliminated renally and
the remainder by the hepatobiliary route. The final one-
third of the administered dose is eliminated via direct renal
excretion as unchanged active substance in the urine,
mainly via active renal secretion [12].When comparing the
renal clearance of rivaroxaban (approximately 30–40% of
its apparent total body clearance [13, 14]) with normal
glomerular filtration rate, taking into account the high
plasma protein binding of rivaroxaban (approximately
92–95%), a considerable contribution of active secretion to
renal elimination of this drug becomes evident [13]. In vitro
investigations support the involvement of P-glycoprotein
(P-gp) and breast cancer resistance protein (Bcrp [ABCG2])
as the responsible active renal transporters [15].

Rivaroxaban is metabolized via cytochrome P450 (CYP)
3A4/3A5, CYP2J2 and CYP-independent mechanisms [16,
17]. Oxidative degradation of the morpholinone moiety
and hydrolysis of the amide bonds are the major pathways
of biotransformation [18]. After a 10 mg oral dose of rivar-
oxaban, the metabolite profile in human plasma shows
that unchanged rivaroxaban is the main compound, with
no major or active circulating metabolites present [12].
With a systemic clearance of approximately 10 l h-1, rivar-
oxaban can be classified as a low clearance drug, lacking
relevant presystemic first pass extraction [19, 20], with high
absolute bioavailability (�80% for the 10 mg dose)
(unpublished data on file, Bayer HealthCare Pharmaceuti-
cals, Wuppertal, Germany) [10]. Owing to the involvement
of both CYP3A4 and CYP2J2 in rivaroxaban biotransforma-

tion and of transport proteins P-gp and Bcrp (ABCG2) in
active renal secretion of rivaroxaban, it was important to
determine the potential of rivaroxaban to interact with
drugs that are substrates for, or known inhibitors of, these
pathways.

In vitro studies showed that the active transport of
rivaroxaban was unaffected by substrates of P-gp and Bcrp
(ABCG2). However, these studies suggested that strong
inhibitors of P-gp and/or Bcrp (ABCG2), such as ketocona-
zole and ritonavir, may reduce the renal clearance of rivar-
oxaban [15]. Further in vitro interaction studies showed
that the biotransformation of rivaroxaban was affected by
therapeutically relevant concentrations of ketoconazole
and ritonavir, both of which are not only strong inhibitors
of CYP3A4 [21, 22], but also potentially inhibitors of CYP2J2
[16, 17]. CYP3A4 substrates (including midazolam) or mod-
erate to strong inhibitors of CYP3A4 only (erythromycin
and clarithromycin) did not reveal any significant interac-
tions (unpublished data on file, Bayer HealthCare Pharma-
ceuticals, Wuppertal, Germany). Using appropriate probe
drugs and in vitro test systems, rivaroxaban itself (at con-
centrations up to more than 100-fold higher than thera-
peutic plasma concentrations) did not show any potential
to induce or inhibit major CYP enzymes, including CYP3A4
or P-gp/Bcrp-mediated transport [10, 11, 15, 17], rendering
clinically relevant interactions of rivaroxaban with
co-medications unlikely. Clinically relevant drug–drug
interactions between rivaroxaban and substrates of CYP
enzymes are unlikely, because no significant influence
of rivaroxaban on biotransformation reactions catalysed
by relevant CYP isoforms was observed in vitro [17]. The
likelihood of clinically relevant drug–drug interactions
through induction of CYP1A2, 3A4, 2B6 or 2C19 was also
considered to be very low [17].

This article reports the results of a series of mechanism-
guided clinical drug–drug interaction studies in healthy
subjects, in accordance with pertinent guidelines [23, 24],
undertaken to determine the clinical extent of any poten-
tial interaction between rivaroxaban and substrates for, or
inhibitors of, CYP3A4 and/or CYP2J2 and the transport pro-
teins P-gp and Bcrp (ABCG2). Previously, rivaroxaban has
demonstrated a lack of mutual interaction with the P-gp
probe substrate digoxin [24, 25], as well as with the
CYP3A4/P-gp substrate atorvastatin [26, 27]. Here, interac-
tion studies were carried out between rivaroxaban and the
following drugs:

• A sensitive probe substrate for CYP3A4 only – midazolam
[24, 28]

• Strong inhibitors of CYP3A4 (and possibly CYP2J2), P-gp
and Bcrp (ABCG2) – ketoconazole [24, 29, 30] and ritonavir
[24, 29, 31]

• A strong inhibitor of CYP3A4 and moderate inhibitor of
P-gp – clarithromycin [24, 32]

• A moderate inhibitor of CYP3A4 and P-gp – erythromycin
[24, 33]
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• A moderate inhibitor of CYP3A4, also reported to poten-
tially inhibit Bcrp (ABCG2) – fluconazole [24, 30]

Methods

In total, seven single centre studies were undertaken to
determine the extent of potential interactions with single
doses of rivaroxaban (10 mg or 20 mg) and steady-state
ketoconazole (200 mg once daily), steady-state ritonavir
(600 mg twice daily), steady-state clarithromycin (500 mg
twice daily), steady-state erythromycin (500 mg three
times daily), steady-state fluconazole (400 mg once daily)
or a single dose of midazolam (7.5 mg).An additional study
was undertaken to determine the extent of the possible
interaction between steady-state rivaroxaban (10 mg once
daily) and high dose, steady-state ketoconazole (400 mg
once daily).

Healthy male subjects aged 18–55 years with a body
mass index of 18–32 kg m-2 were enrolled into these
studies. They were required to have a resting heart rate of
45–90 beats min-1, systolic blood pressure of 100–
145 mmHg,diastolic blood pressure <95 mmHg and no rel-
evant pathological changes in their electrocardiogram
(ECG). Exclusion criteria included any clinically relevant
condition (past or present) that may have interfered with
the study, and any known coagulation disorders or disor-
ders associated with an increased risk of bleeding.

Subjects were admitted to the study unit on the day
prior to study drug administration. In the study investigat-
ing potential interactions between rivaroxaban and
steady-state ketoconazole 200 mg, subjects received keto-
conazole for 72 h as outpatients. Subjects were kept
in-house for 72 h after administration of the study drugs
alone, and were kept in-house for 92 h after administration
of the drug combinations, except in the erythromycin
interaction study, in which subjects were discharged 72 h
after receiving the combination. Blood and urine samples
were collected at regular intervals during the in-house
periods, and at follow-up (up to 1 week after the last dose
of study drug) for routine laboratory tests and to deter-
mine the pharmacokinetics of rivaroxaban and, where nec-
essary, the pharmacokinetics of the potential interacting
drug.

All studies were conducted in accordance with the Dec-
laration of Helsinki, the International Conference on Har-
monisation and Good Clinical Practice guidelines, and with
the approval of the local ethics committee (North-Rhine
Medical Council). Each subject gave their informed written
consent.

Interaction study with a substrate of CYP3A4
Midazolam A study was undertaken to determine poten-
tial interactions between rivaroxaban and a sensitive
probe substrate for CYP3A4 alone, midazolam [24, 28].

In an open label, three way crossover study, subjects
were randomized to receive a single dose of rivaroxaban
20 mg alone, a single dose of midazolam 7.5 mg alone or
the combination. All study drugs were given under fasting
conditions.

A total of 12 subjects were enrolled. Their mean age
was 28.5 years (range 19–37 years) and their mean weight
was 82.2 � 11.2 kg. All subjects were included in the analy-
ses of safety and pharmacokinetics.

Interaction studies with strong inhibitors of
CYP3A4/2J2, P-gp and Bcrp (ABCG2)
Three studies were undertaken to determine the extent of
the potential interaction between rivaroxaban and strong
inhibitors of CYP3A4/2J2, P-gp and Bcrp (ABCG2), ketoco-
nazole and ritonavir [24, 29, 30].

Ketoconazole The initial ketoconazole interaction study
investigated the potential interaction between a single
dose of rivaroxaban and steady-state ketoconazole
200 mg once daily. In this open label, two way crossover
study, subjects were randomized to receive a single dose of
rivaroxaban 10 mg, alone or with ketoconazole (4 days of
oral ketoconazole 200 mg once daily with rivaroxaban
given on day 4). Rivaroxaban was given under fasting con-
ditions and ketoconazole was given with food, except
when co-administered with rivaroxaban. After completion
of this study, a publication suggested that ketoconazole
400 mg may lead to higher inhibition of CYP [34], which
prompted a second study investigating the maximum
extent of the potential interaction between steady-state
rivaroxaban and steady-state ketoconazole 400 mg once
daily. This was a non-randomized, open label study in
which subjects received oral rivaroxaban 10 mg once daily
alone for 5 days, with concomitant ketoconazole 400 mg
once daily for a further 5 days. All study drugs were admin-
istered with food.

In the ketoconazole 200 mg study, 12 subjects were
enrolled. All completed the study and were included in the
safety and pharmacokinetic analyses. Their mean age was
33 years (range 24–41 years) and their mean weight was
86.4 � 9.2 kg. In the ketoconazole 400 mg study, a total of
20 subjects were enrolled. All completed the study and,
therefore, were valid for the safety and pharmaco-
kinetic analyses. Their mean age was 34.2 years (range
22–45 years) and their mean weight was 82.9 � 10.9 kg.

Ritonavir The potential interaction between a single dose
of rivaroxaban and steady-state ritonavir was investigated
in a non-randomized, open label study. Subjects received a
single dose of rivaroxaban 10 mg on day 1, ritonavir
600 mg twice daily on days 3–7, and ritonavir 600 mg twice
daily plus a single dose of rivaroxaban on day 8. All study
drugs were administered with food.

Eighteen subjects were enrolled in the study. Their
mean age was 33.2 years (range 18–44 years) and their

Drug interactions with rivaroxaban
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mean weight was 84.3 � 11.1 kg. One subject withdrew
consent and one was withdrawn as a result of a protocol
violation. However, neither subject had received the study
drugs and so they were not valid for any analyses. As a
result, 16 subjects were valid for the safety analysis. All
received a single dose of rivaroxaban 10 mg on day 1 and
at least one dose of ritonavir (600 mg). Twelve subjects
received the combination of rivaroxaban and ritonavir on
day 8. However, none of the subjects received the second
dose of ritonavir on day 8 because of tolerability issues,
which were considered to be related to ritonavir. Four sub-
jects withdrew from the study owing to adverse events
while receiving ritonavir alone (see below). Therefore,
12 subjects were valid for the pharmacokinetic analyses.

Interaction studies with other
CYP3A4/P-gp inhibitors
Clarithromycin A single study investigated the potential
interaction between rivaroxaban and clarithromycin, clas-
sified as a strong inhibitor of CYP3A4, and considered to be
a weak to moderate inhibitor of P-gp [24, 32].

In a randomized, two way crossover study, subjects
were randomized to receive a single dose of rivaroxaban
10 mg alone, or clarithromycin 500 mg twice daily for a
period of 4 days under steady-state conditions, followed
by concomitant administration of both drugs on the
morning of day 5. All study drugs were administered with
food.

A total of 16 subjects were enrolled into the study, with
a mean age of 37.6 years (range 24–50 years) and a mean
weight of 81.1 � 12.0 kg.One subject did not complete the
study owing to an adverse event (ankle joint pain), and was
included only for the safety analysis.The remaining 15 sub-
jects were included in the pharmacokinetic analyses.

Erythromycin A single study investigated the potential
interaction between rivaroxaban and erythromycin, classi-
fied as a moderate inhibitor of CYP3A4, and considered to
be a weak to moderate inhibitor of P-gp [24, 33].

In an open label, two way crossover study, subjects
were randomized to receive a single dose of rivaroxaban
10 mg alone, or erythromycin 500 mg three times daily
given for 4 days, with a single 500 mg dose given on day 5
with rivaroxaban 10 mg. All study drugs were administered
with food and there was a 14 day washout period between
study arms.

A total of 16 subjects were enrolled into the study and
were valid for the safety analysis. Their mean age was
32.0 years (range 20–44 years) and their mean weight was
79.3 � 11.2 kg. One subject withdrew from the study
prematurely owing to an adverse event. Consequently,
15 subjects were valid for the pharmacokinetic analyses.

Fluconazole A single study investigated the potential inter-
action between rivaroxaban and fluconazole, classified as
a potent inhibitor of CYP2C9 (rivaroxaban is not metabo-

lized via CYP2C9), a moderate inhibitor of CYP3A4, and also
reported to potentially inhibit Bcrp (ABCG2) [24, 30].

In an open label, two way crossover study, subjects
were randomized to receive a single dose of rivaroxaban
20 mg alone, or fluconazole 400 mg once daily given for
6 days, with a concomitant administration of 20 mg rivar-
oxaban given on day 5. All study drugs were administered
with food and there was a 14 day washout period between
study arms.

A total of 14 subjects were enrolled into the study, with
a mean age of 33.8 years (range 24–53 years) and a mean
weight of 83.7 � 9.4 kg. One subject dropped out because
of an adverse event before receiving any study medication.
Consequently, 13 subjects received at least one dose of
study medication and were included in both the safety and
pharmacokinetic analyses.

Assessments and analyses
Safety Safety and tolerability were assessed subjectively
by spontaneous reporting of adverse events and question-
ing of subjects. Tolerability was evaluated by monitoring
heart rate, blood pressure, ECG parameters, haematology
and by analyzing clinical chemistry and urinalysis findings.
Treatment-emergent adverse events were classified
according to the Medical Dictionary for Regulatory Activi-
ties (MedDRA).

Sample collection and analysis Pharmacokinetic
parameters were derived from rivaroxaban plasma
concentration–time profiles obtained by serial blood
sampling at predefined sampling time points in all studies.
In addition, urine samples were collected during prede-
fined time intervals after drug administration. Quantitative
analysis of rivaroxaban concentrations (plasma and
urine) was performed using a fully validated high perform-
ance liquid chromatography/tandem mass spectrometry
method after solid phase extraction, as described pre-
viously [35]. Across all studies, quality control plasma
samples were determined with a lower limit of quantifica-
tion of 0.5 mg l-1, an accuracy of 94.2–105.6% and a
precision of 2.4–8.3%. Quality control urine samples
were determined with a lower limit of quantification of
0.0997 mg l-1, an accuracy of 88.3–103.0% and a precision
of 1.2–8.3% (ranges were narrower in the individual
studies).

The following rivaroxaban plasma pharmacokinetic
parameters were assessed: area under the plasma
concentration–time curve (AUC(0,t)) in the ketoconazole
400 mg study, in which multiple doses of rivaroxaban
were given. Maximum drug concentration in plasma (Cmax),
time to maximum drug plasma concentration (tmax)
and elimination half-life (t1/2) were calculated using a
model-independent (compartment free) method with the
program WinNonlin® (Pharsight Corporation, Mountain
View, CA, USA). The linear-logarithmic trapezoidal method
was used to calculate AUC and t1/2 was derived by linear
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least-squares regression after logarithmic transformation
of the terminal concentrations. Clearance of blood from
plasma (CL/F) was calculated by dividing AUC by dose, and
is considered to be close to total body clearance, because
absolute bioavailability (F) for rivaroxaban is high (>80%)
for the 10 mg dose [14] used in most of the studies. The
amount of rivaroxaban excreted in the urine was used to
determine the renal clearance (CLR). Non-renal (hepatic)
clearance was defined as: CLNR = CL/F – CLR.

For mechanistic interpretation of the anticipated
interaction findings (in the ketoconazole, ritonavir, clari-
thromycin, erythromycin and fluconazole studies), the
fraction of free (unbound) drug in plasma (fu, %) for rivar-
oxaban was determined using equilibrium dialysis of total
plasma concentrations at three predefined sampling time
points. Creatinine clearance (CLcr), as a marker of glome-
rular filtration, was determined from serum creatinine
measurements and urinary creatinine data collected in
parallel to amount of rivaroxaban excreted in the urine.
This allowed the splitting of rivaroxaban CLR into clear-
ance by renal filtration (CLRF, calculated by CLCR ¥ fu/100
[l h-1]) and clearance by active renal secretion (CLRS = CLR

– CLRF [l h-1]). The AUC, Cmax, tmax and t1/2 of the potential
interacting drugs were also assessed using fully validated
assays and non-compartmental pharmacokinetic analy-
ses, and reported in a descriptive manner, mainly for com-
pliance but also to support a lack of interaction for
co-medicated drugs, and to allow mechanistic drug–drug
interaction modelling.

Pharmacokinetic parameters were assessed with either
drug alone, and in combination with the potential interact-
ing drug. In addition, as midazolam is metabolized by
CYP3A4 to a-hydroxy-midazolam [28], the effect of rivar-
oxaban on the pharmacokinetics of this CYP3A4-mediated
metabolite was also analyzed.

Statistical analyses All statistical analyses were performed
using an SAS software package. In the studies using a
crossover design, the pharmacokinetic parameters AUC
and Cmax of rivaroxaban were analyzed assuming log-
normally distributed data.To compare the pharmacokinet-
ics of rivaroxaban in the absence and presence of the
potential interacting drug, the logarithms of the pharma-
cokinetic parameters were analyzed using analysis of
variance (ANOVA), including sequence, subject (sequence),
period and study drug effects. Point estimates (least-
squares means) and exploratory 90% confidence intervals
(CIs) for the ratios were calculated by retransformation of
the logarithmic results. The AUC and Cmax of midazolam
(and its CYP3A4-mediated metabolites), in the absence or
presence of rivaroxaban, were also analyzed using the
same method.

In the ketoconazole 400 mg once daily and ritonavir
studies, both using sequential designs, the pharmacoki-
netic parameters AUC and Cmax of rivaroxaban were ana-
lyzed assuming log-normally distributed data. Student’s

paired t-tests were used to analyze the differences in these
parameters in the absence and presence of the potential
interacting drug, and exploratory 90% CIs for the ratios
were calculated by retransformation of the logarithmic
results. Derived clearance values of rivaroxaban (CL/F, CLR,
CLRS) were analyzed using the same methods.

Results

Interaction study with a substrate of CYP3A4
Midazolam The pharmacokinetics of rivaroxaban, mida-
zolam and its CYP3A4-mediated metabolite, a-hydroxy-
midazolam, when rivaroxaban 20 mg and midazolam
7.5 mg were administered alone and in combination are
summarized in Table 1. Co-administration with midazolam
led to an increase in rivaroxaban median tmax from 1.5 h
to 4.0 h and slightly decreased the rivaroxaban mean
Cmax by 12% compared with rivaroxaban alone, a change
that was not statistically significant (90% CI -28%, 7%).
Rivaroxaban mean AUC remained almost unchanged.
Co-administration with rivaroxaban slightly decreased the
mean AUC of midazolam by 11% compared with mida-
zolam alone, but this was not statistically significant (90%
CI -25%, 5%). The mean Cmax was virtually unaffected. Con-
versely, the mean AUC of a-hydroxy-midazolam remained
almost the same with co-administration of rivaroxaban
and midazolam compared with midazolam alone, but the
mean Cmax was increased by 11%. This change was not
statistically significant (90% CI -23%, 59%).The tmax and t1/2

of midazolam and its metabolite remained similar in the
presence or absence of rivaroxaban.

Interaction studies with strong inhibitors of
CYP3A4/2J2, P-gp and Bcrp (ABCG2)
Ketoconazole 200 mg once daily The pharmacokinetic
parameters of rivaroxaban 10 mg administered alone or in
combination with ketoconazole 200 mg once daily are
shown in Table 2. Co-administration with steady-state
ketoconazole significantly increased the plasma concen-
trations of a single dose of rivaroxaban 10 mg compared
with rivaroxaban alone. The mean AUC increased by 82%
(90% CI 59%, 108%) and the mean Cmax increased by 53%
(90% CI 27%, 85%). The total (apparent) body clearance of
drug from plasma (CL/F) of rivaroxaban was significantly
reduced by a mean of 45% (90% CI -52%, -37%) with
combined vs. rivaroxaban alone.

Ketoconazole 400 mg once daily The pharmacokinetics
of steady-state rivaroxaban 10 mg (day 5) were compared
with those of steady-state rivaroxaban 10 mg in combina-
tion with steady-state ketoconazole 400 mg once daily
(day 10). Co-administration with ketoconazole 400 mg sig-
nificantly increased rivaroxaban plasma concentrations
(Figure 1A). The mean AUC for the actual dose interval
(AUCt) was increased by 158% (90% CI 136%, 182%)
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and the mean Cmax by 72% (90% CI 61%, 83%) with the
combination compared with rivaroxaban alone (Table 2).
The mean CL/F was significantly decreased by 61% (90% CI
-65%, -58%) with the combination of drugs, and clearance
by active renal secretion (CLRS) was also significantly
reduced by a mean of 44% (90% CI -50%, -32%).

Ritonavir The pharmacokinetics of rivaroxaban 10 mg
were compared after a single dose (day 1) with those of a
single dose of steady-state ritonavir 600 mg twice daily
(day 8). In addition, the pharmacokinetics of ritonavir were
compared in the absence and presence of rivaroxaban
(days 7 and 8, respectively). Steady-state ritonavir signifi-
cantly increased the AUC and Cmax of rivaroxaban. The
mean AUC increased by 153% (90% CI 134%, 174%) and
the mean Cmax increased by 55% (90% CI 41%, 69%) com-
pared with rivaroxaban alone (Table 2). Mean plasma con-
centrations of rivaroxaban were shown to increase with
the combined regimen (Figure 1B). Ritonavir significantly
decreased the CL/F of rivaroxaban by 60% (90% CI -63%,
-57%) without affecting the fu of rivaroxaban. CLRS was
significantly reduced by 82% (90% CI -86%, -76%).

Interaction studies with other
CYP3A4/P-gp inhibitors
Clarithromycin The pharmacokinetics of rivaroxaban were
compared after a single dose of rivaroxaban 10 mg
was administered alone and co-administered with
clarithromycin 500 mg after 4 days of pretreatment with
clarithromycin 500 mg twice daily. Co-administration
with clarithromycin significantly increased the primary
pharmacokinetic parameters of rivaroxaban (Table 2,
Figure 1C). Both the mean AUC and Cmax were significantly
increased, by 54% (90% CI 44%, 64%) and 40% (90% CI

30%, 52%), respectively, in comparison with rivaroxaban
alone. Co-administration significantly decreased the mean
CL/F of rivaroxaban from plasma by 35% (90% CI -39%,
-31%), whereas mean CLRS was not significantly reduced
(10% decrease; 90% CI -20%, 1%).

Erythromycin The pharmacokinetic effects of rivaroxaban
10 mg administered alone (day 5) and in combination with
steady-state erythromycin (500 mg three times daily for
4 days with a single 500 mg dose on day 5) were analyzed.
Co-administration with steady-state erythromycin signifi-
cantly increased the pharmacokinetics of rivaroxaban
(Table 2, Figure 1D). The mean AUC and Cmax both signifi-
cantly increased (by 34% [90% CI 23%, 46%] and 38% [90%
CI 21%, 48%], respectively) compared with rivaroxaban
alone. The mean CL/F of rivaroxaban was significantly
decreased by 25% (90% CI -31%, -19%) with the combi-
nation. However, CLRS was not significantly affected
(increased by 7%; 90% CI -10%, 27%) and the fu of rivaroxa-
ban showed a slight increase of 6%.

Fluconazole The pharmacokinetics of rivaroxaban were
compared after a single dose of rivaroxaban 20 mg was
administered alone and co-administered with fluconazole
400 mg after 4 days of pretreatment with fluconazole
400 mg once daily. Co-administration with fluconazole sig-
nificantly increased the primary pharmacokinetic param-
eters of rivaroxaban (Table 2, Figure 1E). Both the mean
AUC and mean Cmax increased (by 42% [90% CI 29%, 56%]
and 28% [90% CI 12%, 47%], respectively) in comparison
with rivaroxaban alone. Co-administration significantly
decreased the CL/F of rivaroxaban from plasma by 29%
(90% CI -36%, -22%) and significantly reduced CLRS by
22% (90% CI -29%, -14%).

Table 1
Pharmacokinetic parameters of rivaroxaban administered alone or in combination with midazolam 7.5 mg (mean/CV [range]) and comparison of pharma-
cokinetic characteristics between treatments based on ANOVA results (point estimates and exploratory 90% CIs for the differences)

Drug AUC (mg l h-1) Cmax (mg l-1) tmax (h)* t1/2 (h)

Pharmacokinetic parameters of rivaroxaban (n = 12)

Rivaroxaban (20 mg) 1278/29.9 (881.0–2595) 118.6/38.9 (70.1–232.0) 1.5 (1.0–4.0) 10.7/32.3 (6.4–18.8)

Rivaroxaban (20 mg) + midazolam (7.5 mg) 1295/34.2 (732.3–2528) 104.1/49.3 (38.6–258.9) 4.0 (1.0–6.0) 9.1/41.7 (4.4–17.8)

Ratio (90% CI) 1.01 (0.92, 1.12) 0.88 (0.72, 1.07)
Pharmacokinetic parameters of midazolam (n = 12)

Midazolam (7.5 mg) 97.8/38.6 (42.4–202.1) 26.5/41.7 (12.8–51.9) 1.5 (0.5–4.0) 4.3/25.9 (2.3–5.8)
Rivaroxaban (20 mg) + midazolam (7.5 mg) 86.9/52.2 (55.9–331.9) 26.7/68.4 (11.4–80.8) 1.5 (0.5–3.0) 4.5/20.4 (3.1–5.7)
Ratio (90% CI) 0.89 (0.75, 1.05) 1.01 (0.73, 1.39)

Pharmacokinetic parameters of a-hydroxy-midazolam (n = 12)

Midazolam (7.5 mg) 29.0/34.6 (17.0–50.9) 9.1/53.7 (4.6–18.5) 1.1 (0.5–4.0) 5.1/37.9 (3.0–10.0)

Rivaroxaban (20 mg) + midazolam (7.5 mg) 28.6/36.1 (18.6–62.6) 10.1/78.1 (4.2–35.2) 1.0 (0.5–4.0) 5.5/50.0 (2.9–13.6)

Ratio (90% CI) 0.99 (0.85, 1.14) 1.11 (0.77, 1.59)

*Median (range). ANOVA, analysis of variance; AUC, area under the plasma concentration–time curve from zero to infinity after single (first) dose; CI, confidence interval; Cmax,
maximum drug concentration in plasma after single dose administration; CV, coefficient of variation in %; t1/2, half-life associated with the terminal slope; tmax, time to reach
maximum drug concentration in plasma after a single (first) dose.
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Figure 1
Plasma concentration–time profile of rivaroxaban (20 mg [fluconazole study] or 10 mg [all other studies] once daily) in the absence and presence of (A)
steady-state ketoconazole (400 mg once daily given concomitantly for 5 days), , rivaroxaban alone (n = 20); , rivaroxaban + ketoconazole (n = 20);
(B) steady-state ritonavir (600 mg twice daily for 8 days), , rivaroxaban alone (n = 12); , rivaroxaban + ritonavir (n = 12); (C) steady-state clarithromycin
(500 mg twice daily for 4 days), , rivaroxaban alone (n = 15); , rivaroxaban + clarithromycin (n = 15); (D) steady-state erythromycin (500 mg three
times daily for 5 days), , rivaroxaban alone (n = 15); , rivaroxaban + erythromycin (n = 15); (E) steady-state fluconazole (400 mg once daily for
6 days), , rivaroxaban alone (n = 13); , rivaroxaban + fluconazole (n = 13)
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Tolerability and adverse events across
all studies
In these studies,most adverse events reported were mild or
moderate in intensity and resolved by the end of the study.
A total of 64 events, none of which was serious, were con-
sidered to be possibly related to rivaroxaban alone or a
combination involving rivaroxaban. Of these, headache
(32 events) and fatigue (13 events) were the most common.
No clinically relevant changes in ECG or vital signs were
observed. Subjects taking ritonavir exhibited adverse
events consistent with its established safety profile.

Discussion

The results of these specific interaction studies in healthy
subjects demonstrate that rivaroxaban does not interact
with a probe substrate for CYP3A4 (midazolam). Co-
administration of rivaroxaban with a moderate CYP3A4
and P-gp inhibitor (erythromycin), a moderate inhibitor of
CYP3A4 and potentially Bcrp (ABCG2, fluconazole), and a
strong inhibitor of CYP3A4 and moderate inhibitor of P-gp
(clarithromycin), led to a statistically significant increase in
rivaroxaban exposure. Of note, active renal secretion (CLRS)
was reduced to a moderate but statistically significant
extent with fluconazole but minimally with erythromycin
and clarithromycin. As expected from in vitro studies [15,
24, 29, 30], a pronounced and statistically significant inter-
action was demonstrated between rivaroxaban and strong
inhibitors of CYP3A4 (and possibly CYP2J2), P-gp and Bcrp
(ABCG2, ketoconazole and ritonavir).

The co-administration of rivaroxaban with midazolam
had no effect on the pharmacokinetics of rivaroxaban, or
on the pharmacokinetics of midazolam or its CYP3A4-
mediated metabolites. Previous interaction studies with
digoxin (a pure P-gp substrate with a narrow therapeutic
window) and atorvastatin (a substrate of both CYP3A4 and
P-gp) in healthy subjects demonstrated no effect on the
pharmacokinetics and pharmacodynamics of rivaroxaban,
or on the pharmacokinetics of digoxin or atorvastatin [25,
27].This lack of interaction confirms previous in vitro obser-
vations that rivaroxaban does not induce or inhibit any
major CYP isoforms, including CYP3A4, or P-gp/Bcrp trans-
porters [10, 11, 15, 17]. This information is of further value
because the concomitant use of rivaroxaban and these
drugs is highly likely. Rivaroxaban is now in use for the
prevention of stroke in patients with atrial fibrillation, and
phase III data for secondary prevention in patients with
acute coronary syndrome have been published. Patients
with these conditions are likely to be taking concomitant
cardiovascular medications, such as digoxin and statins
[36, 37].

The co-administration of rivaroxaban and the fre-
quently used antibiotic erythromycin, a moderate CYP
inhibitor and weak to moderate P-gp inhibitor, led to a 34%
and 38% increase in the AUC and Cmax of rivaroxaban,

respectively. However, as with other studies reporting
similar statistically significant increases and/or decreases
in these parameters when drugs were co-administered
with erythromycin [38, 39], these changes were not consid-
ered to be clinically relevant because they were similar in
magnitude to the inter-individual variability expected for
rivaroxaban in patients [20, 40]. The decreased clearance
and slightly increased active renal secretion of rivaroxaban
when it was co-administered with steady-state erythromy-
cin may be partially explained by the observed mean dif-
ference in CLcr between the treatment periods (CLcr is a key
factor in the formulae used to derive clearance by renal
filtration [CLRF] and CLRS).The interaction between rivaroxa-
ban and another frequently used antibiotic,clarithromycin,
classified as a strong inhibitor of CYP3A4 only,but reported
also to possess weak to moderate P-gp inhibitory poten-
tial, was also moderate (mean increases of 54% and 40% in
rivaroxaban AUC and Cmax, respectively), with a minimal
decrease in active renal secretion.

These results, combined with in vitro data [15, 17],
suggest that rivaroxaban has the potential to interact to a
clinically relevant extent with strong inhibitors of both
CYP3A4 and the transport proteins P-gp and Bcrp (ABCG2).
This was confirmed in the studies with ketoconazole and
ritonavir, both strong inhibitors of CYP3A4 (and possibly
CYP2J2 based on in vitro data [unpublished data on file,
Bayer HealthCare Pharmaceuticals, Wuppertal, Germany]),
P-gp and Bcrp (ABCG2). There were significant increases in
exposure to rivaroxaban when it was co-administered with
ketoconazole and ritonavir, with a more than two-fold
increase in the AUC. Ketoconazole 400 mg led to an
approximately 70% mean inhibition of non-renal (meta-
bolic) clearance of rivaroxaban (derived from data in
Table 2) and a 44% mean inhibition of active renal secre-
tion, whereas ritonavir led to a reduction of metabolic
clearance by approximately 50% and of active renal secre-
tion by more than 80%. It is anticipated that similar inter-
actions will occur with other members of the same drug
class (i.e. azole-antimycotics and HIV protease inhibitors,
respectively) and, as a result, the concomitant administra-
tion of rivaroxaban with these drugs should be avoided
because of a potential increase in the risk of bleeding [10,
11]. An exception may be the azole-antimycotic flucona-
zole, which is classified as a strong CYP2C9 inhibitor with
only moderate inhibitory potential for CYP3A4. In the
present study, the quantitative assumption for the interac-
tion of fluconazole with rivaroxaban was moderate (mean
increases of 42% and 28% in rivaroxaban AUC and Cmax,
respectively).

Based on excretion and metabolite data derived from
studies in humans [12, 13] and the results from the in vitro
CYP-reaction phenotyping study [16–18], the clearance
pathways of rivaroxaban have been quantified to the fol-
lowing average values. The contribution of CYP3A4/3A5
accounts for approximately 18% and CYP2J2 for approxi-
mately 14% of total rivaroxaban elimination. In addition to
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this oxidative biotransformation, non-CYP-mediated
hydrolysis of the amide bonds (approximately 14%) and
active, transporter-mediated (P-gp, Bcrp [ABCG2]) renal
excretion of unchanged drug (approximately 30%; total
renal excretion of unchanged drug: 36% [13]) play impor-
tant roles as elimination pathways (Figure 2).The results of
all previously reported interaction studies are in accord-
ance with the contributions of the respective routes of
rivaroxaban multi-pathway clearance and the inhibitory
potential of the specific inhibitors employed [23, 24]. This
confirms both the established mechanistic understanding
of the clearance and elimination profile for rivaroxaban
and its potential for drug–drug interactions when linking
in vitro and in vivo data. Of note, although the studies
described here involve single doses of rivaroxaban, no
relevant accumulation was observed in a multiple dose
escalation study [41]. This indicates that the concentra-
tions of rivaroxaban observed after single dose administra-
tion can be considered representative for steady-state con-
ditions.

In conclusion, CYP3A4, CYP2J2 and the transport pro-
teins P-gp and Bcrp (ABCG2), are involved in the elimina-
tion of rivaroxaban. Therefore, it was important to
determine the clinical extent of any potential interaction
between rivaroxaban and drugs that are substrates for
and/or inhibitors of these pathways. The results of these
studies suggest that the oral, direct Factor Xa inhibitor
rivaroxaban does not interact to a clinically relevant extent
with substrates for, or inhibitors of, CYP3A4 and/or P-gp,
unless the agent strongly inhibits both CYP3A4 and P-gp/
Bcrp (ABCG2). The latter group essentially comprises
two classes of drugs, the azole-antimycotics and the HIV
protease inhibitors. Therefore, the concomitant use of

rivaroxaban with these agents should be avoided.
The exception may be fluconazole, which is expected to
have less effect on rivaroxaban exposure and can be
co-administered with caution [10, 11].
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