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Abstract

Edoxaban, a direct factor Xa inhibitor, is the latest non-vitamin K antagonist oral anticoagulants (NOACs). Despite being
marketed later than other NOAC:s, its use is now spreading in current clinical practice, being indicated for both thrombo-
prophylaxis in patients with non-valvular atrial fibrillation (NVAF) and for the treatment and prevention of venous thrombo-
embolism (VTE). In patients with multiple conditions, the contemporary administration of several drugs can cause relevant
drug-drug interactions (DDIs), which can affect drugs’ pharmacokinetics and pharmacodynamics. Usually, all the NOACs
are considered to have significantly fewer DDIs than vitamin K antagonists; notwithstanding, this is actually not true, all of
them are affected by DDIs with drugs that can influence the activity (induction or inhibition) of P-glycoprotein (P-gp) and
cytochrome P450 3A4, both responsible for NOACs disposition and metabolism to a different extent. In this review/expert
opinion, we focused on an extensive report of edoxaban DDIs. All the relevant drugs categories have been examined to report
on significant DDIs, discussing the impact on edoxaban pharmacokinetic and pharmacodynamic and the evidence for dose
adjustment. Our analysis found that, despite a restrained number of interactions, some strong inhibitors/inducers of P-gp
and drug-metabolising enzymes can affect edoxaban concentration, just as it happens with other NOACsS, implying the need
for a dose adjustment. However, our analysis of edoxaban DDIs suggests that given the small propensity for interaction of
this agent, its use represents an acceptable clinical decision. Still, DDIs can be significant in certain clinical situations and
a careful evaluation is always needed when prescribing NOACs.

Despite a restrained number of interactions, some strong
inhibitors/inducers of P-gp and drug-metabolising
enzymes can affect edoxaban concentration, implying the
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1 Introduction

Four non-vitamin K antagonist oral anticoagulants
(NOACs) have been approved for clinical use by many
regulatory medicines’ agencies around the world. The
use of these drugs is increasing in routine practice for
the treatment of non-valvular atrial fibrillation (NVAF)
and venous thromboembolism (VTE). NVAF is the most
common sustained arrhythmia in clinical practice, espe-
cially in the elderly [1-3] and, even if the arrhythmia is
asymptomatic, it is associated with adverse outcomes, with
a significantly increased risk of stroke, death and heart
failure [4]. VTE, categorised as deep venous thrombosis
(DVT) and pulmonary embolism (PE), is associated with
high morbidity and a relevant financial burden on patients
and health systems. Both acquired and hereditary risks
factors contribute to VTE; in particular, VTE is a common
complication of cancer and its therapy [5].

Oral anticoagulant therapy significantly reduces the risk
of NVAF-related thromboembolic events and mortality,
and is recommended in every patient at risk, according to
guidelines [6, 7]. The new class of NOACs, also named
Direct Oral Anticoagulants (DOACs) are nowadays an
effective treatment with a safer profile compared to vita-
min K antagonist (VKA) and are currently implemented
in “real-world” clinical practice, in patients with so-called
NVAF and VTE, settings characterised by patients with
complex clinical scenarios, in terms of comorbidities and
polypharmacy. Comorbidity and polypharmacy have a
high prevalence in elderly patients, a population where
the estimated prevalence of NVAF is particularly high
(9-10% for patients aged > 80 years and lower than 0.1%
in patients aged <55 years) [8§—10]. In addition, NVAF is
associated with a 4- to 5-fold increased risk of embolic
stroke with an estimated increased stroke risk of 1.45-fold
per decade in aging [11, 12]. Since VKA warfarin shows
many clinically significant interactions with drugs, foods

Fig.1 The complex interplay
of factors influencing drugs
pharmacokinetic and pharmaco-
dynamic and the possible effects
on outcomes

Underlying Clinical
Condition
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Interaction with
Other Drugs

and herbal medicines [13, 14] resulting in frequent adjust-
ment of its dosage in order to achieve a safe and effective
anticoagulant effect, the use of new NOACs may represent
a significant clinical advantage. Among NOACsS, edoxaban
is the last to reach the market indicated for the prevention
of stroke and systemic embolism in adult patients with
NVAF and for treatment of DVT and PE, and prevention
of recurrent DVT and PE [15, 16].

Thus, in view of the need to prescribe oral anticoagulants
to patients with various concurrent disease and on treatment
with various drugs or agents, we will focus this review on
drug interactions, considering edoxaban, a NOAC with a
favourable safety profile in terms of studied and predicted
drug-drug interactions (DDIs) as well as interactions with
herbs and natural products. Considering that many DDIs
are not specifically studied, only theoretical pharmacologi-
cal considerations can be done of specific anticoagulants
in order to predict if an interaction is possible (Fig. 1). In
view of the increasing number of patients with oncologi-
cal pathologies who need treatment with anticoagulants, for
VTE or NVAE [5, 17], we will include interactions between
NOACSs and chemotherapies. Moreover, taking into account
the underweighted and commonly undisclosed use of nutra-
ceuticals or herbs in practice, which may account for up to
half of the patients [18, 19], we will consider the basis for
evaluating their potential interaction with edoxaban.

2 Pharmacodynamic and Pharmacokinetic
Characteristics of Edoxaban

Edoxaban is an oral, selective, direct and reversible inhibi-
tor of activated clotting factor X (FXa), the serine protease
responsible for the generation of thrombin [20]. The drug
binds directly to the active site of FXa and blocks the inter-

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

88
89

90
91
92
93

action with prothrombin [21], thus eliciting its anticoagu-§XeJil4

lant activity. In vitro, edoxaban inhibits the human FXa in a

Drugs
Pharmacokinetics
Pharmacodynamics

Clinical

Outcome

Journal : Large 40265 Article No : 1328 Pages : 19

MS Code : 1328

Dispatch : 31-5-2020

95



Author Proof

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
17
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

DDlIs in Edoxaban Use

concentration-dependent and -competitive manner, with an
inhibition constant (Ki) value of 0.561 nM [22].

Edoxaban is rapidly absorbed after oral administration
with a time to peak plasma concentration of 1-2 h, and a
bioavailability of 62% (Table 1) [23, 24]. Its absorption,
which is not related to solubility, occurs predominantly in
the proximal small intestine and it is limited in the colon
(13%) [25].

Surgeries such as Roux-en-Y gastric bypass could reduce
the absorption of edoxaban by shifting it to the distal small
intestine and ascending colon, segments of the gastrointesti-
nal tract with low edoxaban absorption capability [26]. Dif-
ferences in the permeability of edoxaban along the length
of the gastrointestinal tract rather than poor solubility per
se, has been suggested to be the reason for reduced colonic
absorption [25]. The solubility of edoxaban is pH dependent
with maximal values at pH 3-5, while is slightly soluble at
neutral pH (pH 6-7), and practically insoluble at a basic pH
(8-9) [25]. Another interesting characteristic of edoxaban
is that concomitant food intake has a clinically insignifi-
cant effect on its absorption [27] so its administration can
be independent of meals.

Terminally ill or elderly patients with dysphagia may
report reduced patient adherence to medications [28, 29].
Therefore, solid oral formulations crushed and mixed into
food or provided as a water suspension via a nasogastric
tube are often utilised as alternative methods of drug admin-
istration. However, these manipulations may alter the bio-
availability of a drug, also potentially exposing patients to
unexpected DDIs [30]. Within this clinical setting, a Phase
I, open-label, randomised trial was conducted to assess
the pharmacokinetic, safety, and tolerability profiles of the
edoxaban 60-mg tablet in healthy adults when crushed and
administered either via a nasogastric tube or mixed with
apple puree and ingested [31]. The results demonstrated
that edoxaban tablet crushed and administered either via a
nasogastric tube or with apple puree displays similar total
exposure, although time to maximum plasma concentration
was significantly shorter for the nasogastric tube suspen-
sion and apple puree versus the whole tablet [31]. Thus,

edoxaban can be considered a valid option for patients who
are unable to swallow solid oral dose formulations [31].

Edoxaban, as well as all other NOAC absorption is
dependent on the intestinal P-glycoprotein (P-gp) system
[32]. P-gp is an efflux transporter primarily expressed in the
apical/luminal membrane of epithelia of the small intestine,
hepatocytes, renal proximal tubules, and other sites. With
broad substrate specificity and high transport capacity, P-gp
can limit the systemic exposure of various xenobiotics by
decreasing intestinal absorption and increasing renal excre-
tion and biliary excretion [33]. Indeed, Phase I studies after
single- and multiple-dose administration showed a low inter-
subject variability and dose linearity, suggesting a predict-
able and consistent pharmacokinetic profile (Table 1) [24].

The mean apparent volume of distribution of edoxaban is
approximately 300 L and 100 L after oral and IV administra-
tion, respectively [23, 24]. This difference indicates biliary
excretion of edoxaban and a possible enterohepatic circula-
tion through a glucuronidation processes (data on file) [34].
The relatively high volume of distribution of edoxaban in
comparison to other NOACs is not predicted to have any
clinically relevant implication on the safety or efficacy of
the drug according to the large experience in the Phase III
trials, including patients with frailty [35, 36], obesity, older
age [37] and mild-to-moderate CKD [38, 39].

Edoxaban shows a relatively low total plasma protein
binding (~55%), whereas the human-unique metabolite
M-4 is approximately 80% bound to plasma proteins over a
concentration range of 0.2-2 pug/mL [34].

Edoxaban is primarily eliminated unchanged in urine
and through biliary secretion, with a mean elimination half-
life in the range of 10—14 h [24, 34]. The total clearance of
edoxaban is estimated to be ~22 L/h, with renal clearance
estimated to be about 10 L/h [34]. Due to the relevant renal
clearance, the edoxaban exposure has been shown in a phar-
macokinetic study of patients with NVAF in the ENGAGE
AF-TIMI 48 study, to be higher in patients with creatinine
clearance (CrCl) above 90 mL/min [40]. The lower expo-
sure of edoxaban is associated with an apparent lower rela-
tive efficacy for edoxaban compared to warfarin in patients

Table 1 Geometric mean (% coefficient of variation) of pharmacokinetic parameters after single or multiple administration of 30 and 60 mg

edoxaban. Modified from Ogata et al. [24]

Edoxaban dose 30 mg single (n=10)

60 mg single (n=10) 60 mg multiple (n=9)

AUC,_,, ng/h/mL 993 (13.7)
Cpnaxs NZ/ML 152 (21.8)
La 1.00 (0.50-2.00)
Ty, h 8.92 (36.2)
CLR, 45, mL/min 194 (9.21)

1779 (11.6) 1572 (11.2)

302 (33.9) 266 (25.3)

1.27 (0.50-2.50) 2.00 (1.00-3.50)
8.90 (20.2) 10.4 (30.2)

222 (15.9) 237 (28.0)

AUC area under the curve

4 Median (minimum — maximum)

I\ Adis

Journal : Large 40265 Article No : 1328 Pages : 19

MS Code : 1328

Dispatch : 31-5-2020

136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175



Author Proof

176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

217

218
219

220
221
222
223
224

A. Corsini et al.

with a CrCl > 95 mL/min [39]. On this basis, the Cardio-
renal Division of the US Food and Drug Administration
recommended that edoxaban not be used in patients with a
CrCIl> 95 mL/min for stroke prevention in NVAF [41]. The
position of FDA was not followed by other regulatory agen-
cies in Europe by the European Medicines Agency (EMA),
in three Asian countries (Japan, Korea and Taiwan) [39]
as well as in Canada [42], which did not restrict the use
of edoxaban in these patients. In addition, further analysis
showed a similar behaviour at high glomerular formulation
rate (GFR) (> 95 CrCl) for other NOACs [43]. Notwith-
standing, the same analysis that documented the lower rela-
tive efficacy in patients with a CrCl > 95 mL/min, showed
that the overall net clinical benefit of edoxaban remained
unchanged irrespective of renal function [39].

In healthy human subjects, six phase 1 metabolites (M-1,
M-2, M-4, M-5, M-6 and M-8) and a glucuronide (M-3)
were detected in plasma [34]. M-4 is the major metabo-
lite and it is produced from the hepatic carboxylesterase-1
(CES1). Cytochrome P450 isoenzyme (CYP) 3A4 mediates
the formation of M-5, while a minor metabolite M-8 derives
spontaneously (non-enzymatically) from an intermediary,
hydroxymethyl edoxaban, formed via CYP3A4/5 [34, 44].

Three of the metabolites (M-4, M-6 and M-8) have anti-
coagulant activity, with ICs, values for anti-FXa of 1.8 nM
(M-4), 6.9 nM (M-6) and 2.7 nM (M-8) [34]. However, due
to the low plasma concentration and high protein binding,
the most abundant metabolite, M-4, is not expected to con-
tribute significantly to the overall pharmacological activ-
ity of edoxaban [45]. Importantly, the relative increase in
edoxaban and M-4 systemic exposure is identical, and the
AUC ratio (M-4 over edoxaban) is constant over varying
kidney function, body weight, and doses [45]; however, a
significant increase of M-4/edoxaban ratio is predictable
in the presence of drugs that induce edoxaban metabolism
(see paragraph Interaction with antifungal, antibiotics and
antiepileptic drugs).

Unlike the other factor Xa inhibitors rivaroxaban and
apixaban, CYP3A4-type cytochrome P450-dependent
elimination is-marginally involved in the hepatic clearance
of edoxaban [46].

3 Pharmacological Interactions

3.1 Pharmacologist and Clinician Point of View:
General Considerations

As previously discussed, edoxaban and all other NOACs are
substrates for P-gp, therefore strong inhibition of P-gp can
increase absorption and exposure of NOACs, thus increas-
ing the bleeding risk. On the other hand, an induction of
P-gp can reduce NOACs absorption, therefore reducing the

A\ Adis

antithrombotic therapeutic effect of edoxaban. Indeed, an
important interaction mechanism for all.

NOAC:S consists of significant gastrointestinal re-secre-
tion over a P-gp transporter after absorption in the gut and in
their renal clearance [47]. Conversely, edoxaban was shown
not to be a substrate of uptake transporters like OATP1B1
in the liver or OAT1, OAT3 and OCT?2 in the kidney [32],
thus excluding possible DDI with other substrates of these
drug transporters.

The activity of the inhibition or induction of P-gp trans-
porters, can help predict the entity of the change in edoxa-
ban exposure (Table 1). This approach was adopted by the
recently published “The 2018 European Heart Rhythm
Association Practical Guide on the use of non-vitamin K
antagonist oral anticoagulants in patients with atrial fibril-
lation” [6]. Thus, P-gp inhibitors may increase systemic
absorption and decrease elimination of P-gp substrates, such
as edoxaban, resulting in increased exposure. In this regard,
it is relevant to consider that the extent of the inter-individ-
ual variability of a drug plasma concentration may have a
significant impact of the interaction with P-gp inhibitors or
inducers [48-50].

Since edoxaban metabolism, by CES1, CYP3A4 and via
glucuronidation, is only marginally involved in its clear-
ance, inhibitors or inducers of these enzymes are unlikely
involved in clinically relevant interactions with edoxaban
[34]. Indeed, unlike other direct anti Xa inhibitors such as
rivaroxaban and apixaban, edoxaban is minimally involved
in hydrolysis, conjugation and oxidation through CYP3A4
metabolism (< 4%) and theoretically we could expect fewer
DDIs with agents that strongly inhibit or induce cytochrome
P450 enzymes, in particular the CYP3A4 variant (Table 2).

In the following paragraphs we will summarise the clini-
cal evidence of DDI of edoxaban with different classes of
drugs and with phytotherapy or nutraceuticals, but also
some tools to predict non-studied DDIs. These predictions
are based on the pharmacological profile of edoxaban and
the profile of the specific class of drugs that are being con-
sidered. The issue of how to identify and distinguish the
clinically relevant DDIs from non-relevant interactions will
also be discussed.

4 Edoxaban Drug-drug Interactions (DDI)
4.1 DDIs with Rate and Rhythm Control Drugs

Many classes of cardiovascular drugs might interact with
NOAC:s via inhibition of P-gp and/or CYP3A4, thus lead-
ing to increased exposure and possibly increased bleeding
risk. Interestingly, the Phase III clinical trials ENGAGE AF
TIMI 48 [52] and Hokusai VTE [53], were the only pivotal
trials that contemplated dose reduction with concomitant
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Table 2 Main inducers and inhibitors of CYP3A and P-gp Modified from Stollberger et al. [S1]

P-gp inhibitor

Non-P-gp inhibitor P-gp inducer

Strong CYP3A inhibitor Itraconazole, ketoconazole, clarithromycin, lopina- Voriconazole
vir, indinavir, ritonavir, telaprevir
Moderate CYP3A inhibitor Erythromycin, verapamil, diltiazem, amiodarone, None-identified Doxorubicin
dronedarone
Weak CYP3A inhibitor Lapatinib, quinidine, cyclosporine, felodipine, Cimetidine Vinblastine
azithromycin, ranolazine
CYP3A inducers Carbamazepine, phenytoin, phenobar-

bital, rifampin, dexamethasone, St
John’s Wort

CYP cytochrome P 450, P-gp P-glycoprotein

P-gp inhibitor drugs, in order to compensate for the increase
in edoxaban absorption.

Many cardiovascular drugs are commonly prescribed
with edoxaban in patients with NVAF (Table 3). For this
reason, specific pharmacokinetic studies and post-hoc analy-
sis of Phase III clinical trial ENGAGE AF-TIMI 48 has been
performed. In particular, Mendell et al., reported results
from six studies evaluating the potential pharmacokinetic
interactions between edoxaban and cardiovascular drugs
such as digoxin, atorvastatin, verapamil, quinidine, amiodar-
one, and dronedarone [54]. The relevance of the inhibition
of P-gp on the final exposure of edoxaban was strikingly
demonstrated by comparing the effect of drugs displaying
differing degrees of P-gp inhibition, with verapamil, quini-
dine, dronedarone, and amiodarone, which are recognised
as strong P-gp inhibitors [6], while digoxin and atorvastatin
are recognised P-gp substrates [6, 55]. Indeed, verapamil,
quinidine, dronedarone and amiodarone increased the AUC
of edoxaban by about 50%, while digoxin or atorvastatin had
relatively minor effects on the pharmacokinetic of edoxaban
[54]. Interestingly, quinidine increased edoxaban exposure

by only 35% after intravenous administration, thus signifi-
cantly less than after oral administration (+77%) [54], fur-
ther assessing the effect of P-gp inhibition at gastrointestinal
level on the bioavailability of edoxaban [23].

The potential clinically relevant effect of drug interaction
between edoxaban and amiodarone was also investigated by
a subgroup analysis of the ENGAGE AF-TIMI 48 trial. Ami-
odarone was associated with significantly increased trough
levels of edoxaban 60 mg (high dose, HD). Specifically, the
concentrations were 58.5 +53.2 ng/mL with amiodarone
versus 43.2 +41.1 ng/mL without amiodarone [56]. No sig-
nificant interaction with respect to amiodarone use at base-
line was observed for HD edoxaban on efficacy endpoint and
safety endpoint, although an increase in clinically relevant
non-major bleeding compared with warfarin was observed
[56]. The SmPC does not require reduction of edoxaban dos-
age with amiodarone concomitant use [16, 57].

As for quinidine and verapamil, pharmacological data
show a total increase in edoxaban exposure of respectively
77% and 53% [54], but after analysis of Phase III data these
interactions alone were not considered clinically relevant

Table 3 Commonly co-prescribed cardiovascular drugs in patients with atrial fibrillation and effects on edoxaban exposure and indications of

dosage recommendation

Concomitant drug  Effect on P-gp and CYP

Effect on edoxaban concentration

Indication and dosage recommendation
for edoxaban

Cardiovascular drugs

Amiodarone Moderate P-gp competitive inhibition +40% AUC [24] No dose adjustment (use with caution)
[6, 59]
Digoxin P-gp competitive inhibition No significant effect on AUC [24] No dose adjustment [6, 59]
Diltiazem P-gp competitive inhibition and weak No significant effect on AUC predicted No dose adjustment [6]
CYP3A4 inhibition
Dronedarone P-gp inhibitor and CYP3A4 inhibitor +85% AUC [24] Use edoxaban 30 mg [6, 59]
Quinidine P-gp competitive inhibition +77% AUC [24] No dose adjustment (use with caution)
[6, 59]
Verapamil P-gp competitive inhibition and weak +53% AUC [23] No dose adjustment (use with caution)
CYP3A4 inhibition [6, 59]

AUC area under the curve, CYP cytochrome P 450, P-gp P-glycoprotein
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so no dose reduction is required in the European SmPC,
but caution if other factors that might increase edoxaban
exposure are present [6]. No action is then recommended
with atorvastatin and digoxin [6] that did not alter edoxaban
exposure.

In this regard, it is important to point out that the char-
acterisation of edoxaban population pharmacokinetics and
the identification of potential intrinsic and extrinsic fac-
tors affecting variability in edoxaban exposure, demon-
strated that edoxaban exposure in patients with moderate
renal impairment receiving strong P-gp inhibitors could
potentially increase the steady state AUC (AUC,,) and C,;,
(Chnin.ss) €Xposure up to ~2.5- and threefold of the expected
exposure in patients with normal renal function [58]. Thus,
in the presence of a moderate renal impairment (creatinine
clearance 30-50 mL/min), either quinidine or verapamil may
significantly increase edoxaban exposure (Fig. 2).

In view of the pharmacokinetic and clinical data, the
SmPC [16, 57] and European Heart Rhythm Association
(EHRA) practical guide, it is suggested dose reduction in
case of a co-treatment of edoxaban with dronedarone, no
dose reduction, but caution with amiodarone (+40% of
edoxaban AUC), quinidine (+77% of edoxaban AUC) and
verapamil (+53% of edoxaban AUC) and no action with a
digoxin [6] (Table 3).

4.2 DDIs with Antiplatelet and Antithrombotic
Drugs

Given the common occurrence of coronary artery disease
with NVAF, the possible interactions of edoxaban with anti-
platelet drugs could be clinically relevant (Table 4).
Dual-antiplatelet therapy with aspirin and P2Y, antago-
nist is currently recommended after percutaneous coronary

Fig.2 Edoxaban pharmacoki- 2
netic modifications according =
rate/rhythm control drugs and b=
renal function. Red line shows o]
. . wn
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[
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. . . <
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fied from Salazar et al. [58] -
Q| 2
o
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© o € 0@a © ¢ a © € © o i o c 0@ © € o0Q @ c o a
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Table 4 Predicted effects of antiplatelet and antithrombotic drugs on edoxaban exposure and indications of dosage recommendation

Concomitant drug Effect on P-gp and CYP

Effect on edoxaban concentration

Indication and dosage recommendation
for edoxaban

Cardiovascular drugs

Increased AUC for high doses of aspi-
rin; pharmacodynamically increased

No dose adjustment; Chronic use not
recommended [59]

bleeding time [62]

No significant effect on AUC predicted;
pharmacodynamically increased
bleeding time

Predicted increased of AUC; pharma-
codynamically increased bleeding

Aspirin No relevant interactions known/
assumed
Clopidogrel No relevant pharmacokinetic interac-
tions known/assumed
Ticagrelor P-gp competitive inhibition [66, 67]
time
Prasugrel P-gp substrate [68]

Predicted pharmacodynamically
increased bleeding time

No dose adjustment®

No dose adjustment [6] (use with caution
for harmacodynamics effect?)

No dose adjustment (use with caution for
harmacodynamics effect)?

AUC area under the curve, CYP cytochrome P 450, P-gp P-glycoprotein

“Expert opinion
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intervention (PCI) with stent placement, and further oral
anticoagulation is required for patients with NVAF. Therapy
with a NOAC, aspirin, and clopidogrel (P2Y , inhibitor)
is considered the standard of care for patients with NVAF
following coronary stent placement. However, this triple
therapy is associated with a 3- to 4-fold increased risk of
bleeding complications [60, 61]. This was the rational of
studying a possible pharmacokinetic and pharmacodynamic
interaction between edoxaban and aspirin [62].

Low-dose aspirin (100 mg) did not alter the edoxaban
pharmacokinetic parameter, whereas the combination with
aspirin 325 mg increased edoxaban systemic exposure by
approximately 30% (AUC) and 34% for C,,,, [62]. The rea-
son for increased exposure with high-dose aspirin is not
clear and unknown, but high-dose aspirin did not alter the
effect of edoxaban on the coagulation biomarkers, and the
inhibition of platelet aggregation (arachidonic acid induced)
by aspirin was not affected by edoxaban [62]. Nevertheless,
the administration of edoxaban with aspirin 100 mg (low
dose), or aspirin 325 mg (high dose) resulted in an approxi-
mately additive effect of the agents administered alone with
a final twofold increase in bleeding time [62], thus suggest-
ing a potential pharmacodynamics interaction between the
two drugs [62].

The subgroup analysis of the ENGAGE AF-TIMI 48,
observed that single antiplatelet therapy in addition to an
anticoagulant had a similar risk of stroke/SEE and higher

rates of bleeding than those not receiving the antiplate-
let drug. Edoxaban exhibited similar relative efficacy and
reduced bleeding compared to warfarin, with or without con-
comitant use of antiplatelet therapies, including clopidogrel
and ticagrelor [63]. Nevertheless, a potential pharmacody-
namic interaction with increasing risk of major bleeding is
predictable in patients treated with NOACs under mono- or
dual-antiplatelet therapy. Indeed, some of these drugs are
substrates (clopidogrel, enoxaparin), or inhibitors (ticagre-
lor, naproxen) of P-gp [64—67], suggesting a possible phar-
macokinetic interaction with NOACs.

4.3 DDIs with Statins and Lipid-modifying Agents

Considering the high rate of CVD in the elderly, especially
CHD in concomitance with NVAF, the co-administration of
a lipid-modifying agent and NOACS is quite common. Sev-
eral statins interact with P-gp and CYP450, being both their
substrates and inhibitors [69, 70] (Table 5). For example,
atorvastatin, lovastatin and simvastatin inhibit or compete
with P-gp-mediated drug transport and are metabolised by
CYP3A4. These characteristics might lead to an increased
absorption of NOACs [51]. Lovastatin is a CYP2C9- and
P-gp inhibitor. In a population-based, nested case—control
study involving 45,991 Ontario residents who started dabi-
gatran, the use of lovastatin was associated with a higher

Table 5 Predicted effects of lipid-modifying agents on edoxaban exposure and indications of dosage recommendation

Concomitant drug Effect on P-gp and CYP

Effect on edoxaban concentration

Indication and dosage recommendation
for edoxaban

Lipid-lowering agents
Atorvastatin P-gp substrate and moderate inhibi-
tors; CYP3A4 substrate and moder-

ate inhibitors

Lovastatin, simvastatin P-gp substrate and moderate inhibi-
tors; CYP3A4 substrate

No significant effect on AUC pre-
dicted

Minor effect on AUC predicted

No dose adjustment;, ¢

No dose adjustment®

Pravastatin No relevant interactions known/ No significant effect on AUC pre- No dose adjustment®
assumed dicted
Rosuvastatin CYP2C9 substrate No significant effect on AUC pre- No dose adjustment®
dicted
Fluvastatin CYP2C9 substrate and inhibitor No significant effect on AUC pre- No dose adjustment®
dicted
Gemfibrozil CYP2CS inhibitor No significant effect on AUC pre- No dose adjustment®
dicted
Fenofibrate CYP3A4 inhibitor, moderate P-gp Minor effect on AUC predicted No dose adjustment (use with caution)®
inhibition
Ezetimibe Minor CYP3A4 inhibition, P-gp No significant effect on AUC pre- No dose adjustment®
substrate dicted
Evolocumab No relevant interactions known/ No significant effect on AUC pre- No dose adjustment®
assumed dicted

AUC area under the curve, CYP cytochrome P 450, P-gp P-glycoprotein
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risk of major haemorrhage [71]. Similar effects can also be
predicted for edoxaban.

The pharmacokinetics of edoxaban is not affected by ator-
vastatin (weak inhibitor of P-gp) [55, 72]. Indeed, atorvas-
tatin induces a non-significant increase of 1.7% in edoxaban
AUC and a decrease by 14.2% in C,,,, [54]. Other statins
such as pravastatin and rosuvastatin have limited involve-
ment in the CYP3 A4 metabolism, while fluvastatin is metab-
olised by CYP2C9.

Other commonly used lipid-lowering agents that might
interact with NOAC metabolism are fibrates. Medicaid
claims data showed that fibrates that are metabolised by
CYP3A4 appear to increase the risk of gastrointestinal
bleeding in warfarin users [73]. Fenofibrate is an inhibitor of
CYP3A4 [74] while gemfibrozil is not a CYP3A4 inhibitor,
but it is a competitive inhibitor of CYP2CS8 [75]. The only
fibric acid that showed moderate P-gp inhibition in vitro
is fenofibrate [76, 77]. By virtue of the minor involvement
of CYP3A4 metabolism, the only fibrate that might alter
edoxaban exposure is fenofibrate, because of the possible
inhibition on the P-gp transporter, although this interaction
may not be clinically relevant.

Another cholesterol-lowering agent that can be used alone
or in combination with statins is ezetimibe. Ezetimibe does
not induce or inhibit CYP3A4 or P-gp, interactions with
NOACS seem to be improbable.

Finally, considering PCSK9 inhibitor evolocumab and
alirocumab, no CYP and P-gp involvement is expected as

its metabolism and elimination follow the immunoglobulin
clearance pathways, resulting in degradation to small pep-
tides and individual amino acids [78]; thus, no interactions
are predicted with edoxaban or other NOACs. To date, no
pharmacokinetic studies of interaction between edoxaban
and fibrates, ezetimibe and PCSK9 inhibitors exist.

4.4 DDIs with Antibiotics and Antifungal Drugs

It is well established that antibiotic and fungistatic medi-
cations have strong interference with VKAs. Among these
drugs, erythromycin, clarithromycin, rifampin, ketocona-
zole, fluconazole, posaconazole may also alter NOAC con-
centrations by interfering with the P-gp pathway and with
the CYP3A4 metabolism, and certain concomitant antibiotic
treatments should require accurate evaluation and an even-
tual dose adjustment (Table 6).

Among the different classes of antibiotics, macrolides,
such as clarithromycin and erythromycin, are the best-known
P-gp inhibitors which reduce CYP3A4 activity. Macrolide
antibiotics have been associated with increased exposure
of NOAC:s, even though there are no data available about
azithromycin [6, 79, 80]. The entity of the DDI between
edoxaban and erythromycin has been investigated in a phar-
macokinetic study on healthy subjects [81]. Erythromycin
decreased the total apparent clearance of edoxaban by about
47%, which translated to a significant increase in both peak
(+68%) and total exposure (+ 85%) of edoxaban. Similarly,

Table 6 Predicted effects of antibiotics and antifungal drugs on edoxaban exposure and indications of dosage adjustment

Concomitant drug Effect on P-gp and CYP

Effect on edoxaban concentration

Reasonable indication and suggested
dosage adjustment

Antibiotics
Erythromycin P-gp substrate; CYP3A4 inhibition =~ AUC:+85% [81] Adjust dose to edoxaban 30 mg [6,
59]
Clarithromycin P-gp substrate; CYP3A4 inhibition ~ Predicted increase of AUC Adjust dose to edoxaban 30 mg [59]
Rifampin P-gp//BCRP and CYP3A4/CYP2J2  AUC: —35%, compensatory No dose adjustment (use with cau-
inducers increase of active metabolites tion) [6, 59]
Metronidazole CYP3A4 inhibitor No significant effect on AUC No dose adjustment®
predicted
Levofloxacin CYP1A2 inhibitor No significant effect on AUC No dose adjustment®
predicted
Ciprofloxacin CYP1A2 inhibitor No significant effect on AUC No dose adjustment
predicted
Meropenem CYP3A4 and CYP2C19 inhibition ~ No significant effect on AUC No dose adjustment®
predicted
Antifungals
Ketoconazole Potent P-gp and BCRP competitive =~ AUC:+87% [81] Adjust dose to edoxaban 30 mg [6,

inhibition; CYP3A4 inhibition
Itraconazole, voriconazole Potent P-gp and BCRP competitive
inhibition; CYP3A4 inhibition

Predicted increase of AUC

59]

Adjust dose to edoxaban 30 mg [6,
59]

AUC area under the curve, BCRP breast cancer resistance protein, CYP cytochrome P 450, P-gp P-glycoprotein
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the peak and total exposure of M-4 were approximately 75%
and 78% higher, respectively, when administered with eryth-
romycin, with no change in the formation of M-4 metabolite
[81]. Given the decreases in both apparent clearance and
volume of distribution, these data suggest that bioavailability
increased owing to inhibition of P-gp in the gut by erythro-
mycin [81]. This pharmacological interaction is considered
clinically relevant and the EHRA indicated dose adjustment
[6], in line with the SmPC [15, 57]. In addition, the expo-
sure to other NOACsSs increases if macrolides are taken in
concomitance, but no specific dose reduction was studied
in this contest. The EHRA 2018 practical guide suggests
considering dose adjustment if another factor for increased
exposure is present, while for other NOACs, dose adjustment
is recommended only with other concomitant factors for risk
reduction [6], given the pharmacological data on the impact
of clarithromycin on their metabolism [79]. It is our expert
opinion that with macrolides, edoxaban 30 mg could be a
facilitating approach.

Rifampin is one of the most relevant inducer of
CYP3A4/5 and P-gp [82, 83]. Concomitant use of rifampin
may lead to a decrease in edoxaban and NOAC exposure
due to induction of P-gp and CYP3A4/CYP2J2. The effect
of rifampin on edoxaban exposure has been evaluated in
a specific pharmacokinetic study of multiple doses of the
antibiotics on a single-dose of edoxaban and its active
metabolites M-4 and M-6 [84]. Rifampin determined an
approximate 34% decrease in total exposure to edoxaban
(AUC), when compared with administration of edoxaban
alone, and unlike other NOACs, a concomitant compensa-
tory 5- and 4-fold increase of C,,, values of metabolites
M-4 and M-6, respectively [84]. These results demonstrate
a significant drug interaction of edoxaban and its metabo-
lites with rifampin. However, the concomitant increase in
both M-4 and M-6 metabolites led to a final neutral effect,
suggesting that the co-administration of the two drugs is
possible [16]. Edoxaban is the only NOAC that can be used
with rifampin. Nevertheless, since not tested prospectively,
the EHRA indicated that this'.combination should be used
with caution, and avoided when possible [6]. Apart from
edoxaban, other NOACs are contraindicated with rifampin
in Europe [6]. Nonetheless, US SmPC suggest to avoid con-
comitant use, even though on scarce evidence [57].

Metronidazole is known for having a major interaction
with VKAs and dose reductions are often necessary to main-
tain INR in range. There is no direct evidence with NOACs,
but metronidazole has been reported to increase plasma con-
centration and toxicities in a number of CYP3A4 substrates
[85]. It has been suggested that metronidazole, among other
drugs, is a CYP3A4 inhibitor and concomitant administra-
tion of certain CYP3A4 substrates should be avoided [86].
In contrast, a pharmacokinetic study provided evidence that
metronidazole does not act as an inhibitor of P-gp-mediated

disposition in humans [87]. On the basis of current evidence,
we do not recommend dose adjustment for metronidazole
concomitant use.

The antifungals itraconazole, ketoconazole, and vori-
conazole, are strong inhibitors of P-gp, breast cancer resist-
ant protein (BCRP) and CYP3A4, suggesting a potential
pharmacological interaction with NOAC, including edoxa-
ban. This hypothesis has been tested in an open-label,
randomised, two-period, two-treatment crossover study in
healthy subjects under co-treatment with ketoconazole and
edoxaban [81]. As predicted, ketoconazole increased total
exposure of edoxaban by approximately 90%. Exposure
to the metabolite M-4 was higher when edoxaban was co-
administered with ketoconazole, with approximately 46%
higher total exposures, potentially due to increased bio-
availability without a significant alteration of its formation
mediated by CES-1. On the contrary, both peak and total
exposure to the metabolite M-6, derived from the CYP3A4
activity, was decreased by 51% and 43%, respectively [81].
The inhibitory effect of ketoconazole on CYP3A4 is also
demonstrated by the fact that the metabolite-to-parent drug
ratio was decreased from 4.44 to 1.45 [81]. From this analy-
sis, it is suggested to reduce the dose of edoxaban by 50% in
case of a co-administration with antifungals (itraconazole,
ketoconazole, and voriconazole) [6]. Similar indication has
been decided for posaconazole, whereas fluconazole is not
expected to interact with edoxaban [6]. While other NOACs
are contraindicated in this eventuality, edoxaban can be
used in concomitance reducing the dosage to 30 mg due to
increased exposure [6, 81].

4.5 DDIs with Antineoplastic
and Imnmune-modulating Agents

Cancer patients are at higher risk for thromboembolic events
due to the presence of comorbidities, surgical interventions
and chemotherapy [88]. Data on the use of NOACs in cancer
patients is very limited and little clinical information is avail-
able when considering the effect that specific antineoplastic
drugs might have on NOAC exposure. However, the results
of the Hokusai VTE Cancer trial clearly demonstrated that
treatment with a fixed once-daily dose of oral edoxaban for
up to 12 months was noninferior to treatment with subcu-
taneous dalteparin with respect to the composite outcome
of recurrent venous thromboembolism or major bleeding
in patients predominantly with advanced cancer and acute
symptomatic or incidental venous thromboembolism [89].
Among the 1046 patients enrolled in the study, only 16
(3.0%) were, at randomisation, under treatment with P-gp
inhibitors in the edoxaban group and 21 in the dalteparin
group [89]. In more detail, the trial excluded patients antici-
pated to continue therapies with the P-gp inhibitors rito-
navir, nelfinavir, indinavir, or saquinavir, while the use of
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ketoconazole, itraconazole, erythromycin, azithromycin or
clarithromycin was permitted with appropriate dose reduc-
tion of edoxaban [89].

Patients in the edoxaban group, were exposed to many
different classes of anticancer drugs, such as antimetabo-
lites, platinum-based chemotherapy, taxanes, topoisomerase
inhibitors, alkylating agents, anthracyclines, vinca alkaloids,
kinase inhibitors and antitumor antibiotics [89] (Table S1).
These agents might have significant influence on CYP3A4
and/or P-gp metabolism, thus altering NOAC exposure.

Since antineoplastic agents usually undergo hepatic
metabolism and transformation, to a variable extent, the
pharmacokinetic profile of edoxaban appears particularly
favourable in this setting in view of its limited CYP3A4
metabolism, even if the interaction with P-gp has to be care-
fully considered (Table S2). For example, the Bruton’s tyros-
ine kinase ibrutinib significantly increases risk of NVAF,
with an estimated cumulative incidence of 5.9% at 6 months
and increasing to 10.3% by 2 years of treatment [90]. The
management of NVAF induced by ibrutinib is complicated
by the fact that this drug is also a P-gp inhibitor, thereby
increasing exposure to substrates such as NOACs [91]. It
has been suggested that NOACs such as edoxaban and dabi-
gatran that have limited influence on CYP3A4 metabolism
might have a lower risk of DDI with ibrutinib [92], but cau-
tion has been suggested with its use (Table S2).

Given the clinical evidence provided by the Hokusai VTE
Cancer and the expert opinion [6] regarding the pharma-
cological interactions of NOACSs and antineoplastic agents,
edoxaban use might be a good choice in case of treatment
with the following agents:

— Antimitotic agents: paclitaxel, docetaxel, vincristine.

— Topoisomerase inhibitors: etoposide.

— Anthracycline: idarubicin.

— Alkylating agents: ifosfamide, cyclophosphamide, lomus-
tine.

— Tyrosine kinase inhibitors: vemurafenib, dasatinib.

— Hormonal agents: bicalutamide, anastrozole.

— Immune-modulating agents: cyclosporine, prednisone,
temsirolimus, sirolimus.

4.6 DDIs with Antiepileptic Drugs

Seizures are seen in up to 10% patients after stroke and and
account for 30% to 40% of all cases of epilepsy in the elderly
[93]. Most of these patients require long-term antiepilep-
tic drug treatment. Furthermore, the same drugs are also
prescribed for neuropathic pain, migraine, headaches, or
psychiatric disorders. Thus, it is conceivable to conclude
that a considerable number of patients under treatment with
NOACs would be on concomitant therapy with antiepilep-
tic drugs (Table 7). Little clinical evidence exists regarding
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interactions between antiepileptic drugs and NOACs. There
is evidence that a number of these drugs induce CYP3A4
and P-gp leading to reduced NOAC exposure [94].

Human, animals, and in vitro evidence has demonstrated
that carbamazepine [95], levetiracetam [96], phenobarbital
[97], phenytoin [98] are potent inducers of P-gp, and there-
fore may lead to reduced edoxaban and NOAC plasma con-
centrations and clinical efficacy. In the summary of product
characteristics, it is suggested that edoxaban should be used
with caution when co-administered with such P-gp inducers,
although direct evidence for a clinically relevant pharmaco-
logical interaction with these drugs is still missing.

According to the EHRA practical guide, the use of car-
bamazepine, phenobarbital, and phenytoin is only possible
with edoxaban and apixaban [6]. In this case the concomi-
tant use should be made with caution if it cannot be avoided,
because there still is a decreased absorption that might lead
to minor efficacy of these NOACs [6], even though no data
about edoxaban are available.

A more stringent indication was deserved for valproic
acid and levetiracetam, whose con-administration with
edoxaban and all other NOACS is contraindicated [6], prob-
ably due to their more potent effect on P-gp [99, 100]. On
the contrary, other antiepileptic drugs, that do not affect P-gp
function, such as ethosuximide, gabapentin, lamotrigine
[101], pregabalin [101], and zonisamide, are not predicted
to interact with edoxaban [6]. Finally, the use of oxcarbaz-
epine and topiramate is possible without relevant DDIs only
with edoxaban and dabigatran due to absence of CYP3A4
metabolism. Unfortunately, the clinical relevance of these
drug interactions is largely unknown since mainly data from
in vitro and animal studies are available [94]. Although all
NOAC:S are consider to interact with P-gp inducers [6], the
influence of these drugs on edoxaban can be considered less
problematic due to the compensatory increase of the active
metabolite M-4. Indeed, in the EHRA guidelines, in con-
trast to dabigatran and rivaroxaban, the use of carbamaz-
epine, phenobarbital and phenytoin is not contraindicated
with edoxaban and apixaban [6]. It can be hypothesised that
antiepileptic drugs that do not have an effect on CYP3A4
and P-gp, such as ethosuximide, gabapentin, lamotrigine,
pregabalin and zonisamide, can be used with all NOACs
without relevant pharmacological interaction [6, 94].

4.7 DDI with Antidepressants and Antipsychotic
Drugs

It is estimated that 7.2% of the general European population
in the EU had used antidepressant in 2010 [102]. Given the
high prevalence of the use of this type of drug, it is quite
common to have concomitant anticoagulant use in patients
with atrial fibrillation or VTE, thus exposing the patients to
the risk of pharmacological interactions (Table 8).
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Table 7 Predicted effects of antiepileptic drugs on edoxaban exposure and indications of dosage recommendation. Modified from Steffel et al.

(6]

Concomitant drug Effect on P-gp and CYP

Effect on edoxaban concentration

Indication and dosage recommendation
for edoxaban

Carbamazepine Strong CYP3A4/P-gp induction;
CYP3A4 competitive inhibition

Ethosuximide CYP3A4 competitive inhibition; no
relevant interaction known/assumed

Gabapentin No relevant interactions known/

assumed
Lamotrigine P-gp competitive inhibition; no relevant

interaction known/assumed

Levetiracetam P-gp induction; P-gp competitive
inhibition

Oxcarbazepine CYP3A4 induction; P-gp competitive
inhibition

Phenobarbital Strong CYP3A4/P-gp induction; P-gp
competitive inhibition

Phenytoin Strong CYP3A4/P-gp induction; P-gp
competitive inhibition

Pregabalin No relevant interactions known/
assumed

Topiramate CYP3A4 induction; CYP3A4 competi-

tive inhibition
CYP3A4/P-gp induction

CYP3A4 competitive inhibition; no
relevant interactions known/assumed

Valproic acid

Zonisamide

Decrease in AUC [59]

Significant decrease in AUC predicted

Decrease in AUC [59]

Decrease in AUC [59]

Significant decrease in AUC predicted

No dose adjustment (use with caution for
potential decrease of plasmatic concen-
tration) [59]

No significant effect on AUC predicted No dose adjustment,
No significant effect on AUC predicted No dose adjustment [6]

No significant effect on AUC predicted No dose adjustment [6]

Should not be used [6]

No significant effect on AUC predicted No dose adjustment [6]

No dose adjustment (use with caution for
potential decrease of plasmatic concen-
tration) [12]

No dose adjustment (use with caution for

potential decrease of plasmatic concen-
tration) [59]

No significant effect on AUC predicted No dose adjustment [6]

No significant effect on AUC predicted No dose adjustment [6]

Should not be used [6]

No significant effect on AUC predicted No dose adjustment [6]

AUC area under the curve, CYP cytochrome P 450, P-gp P-glycoprotein

Many psychotropic drugs interact with anticoagulants
both on a pharmacokinetic and a pharmacodynamic level.
For instance, it has been shown that selective serotonin
reuptake inhibitors (SSRIs) can cause an antiplatelet
effect [103]. Indeed SSRIs have been clinically associ-
ated with an increased risk in bleeding with concurrent
coumarins [104], also with dabigatran, in the RE-LY study
and with rivaroxaban in the clinical trial programme,
where the association with SSRIs or serotonin norepi-
nephrine reuptake inhibitors (SNRIs) was related to an
increased risk of bleeding in all treatment groups [105,
106]. Due to its effect on platelets, SSRIs and SNRIs could
have an increased risk of bleeding with all concomitant
anticoagulants.

Considering the potential pharmacokinetic interactions,
in vitro data showed that sertraline and paroxetine have a
relevant P-gp inhibition, bearing a large potential to influ-
ence the absorption of co-administered drugs at the level
of P-gp, while citalopram, venlafaxine had only a very
weak inhibition [107]. Fluoxetine showed no significant
effect on P-gp function in vitro or in vivo [108].

On this basis, we could hypothesise that edoxaban and
the other NOACs might interact especially with paroxetine
and sertraline.

Examining the influence on the metabolism of
cytochromes, the only SSRI that appears to moderately
inhibit CYP3A4 is fluvoxamine, while sertraline, citalopram,
paroxetine, venlafaxine, duloxetine have no any effect on
CYP3A4 and fluoxetine has only a mild effect [109]. Fluvox-
amine, therefore, might influence the metabolism of NOACs
that are metabolised by CYP3A4.

Other psychoactive drugs that might bear potential for
interaction with NOACs are antipsychotics, such as clo-
zapine, risperidone, olanzapine, quetiapine, sertindole,
ziprasidone, aripiprazole and amisulpride. These drugs are
substrates of P450 cytochrome, but are unlikely to interfere
with the elimination of other drugs through this path [110].
However, most antipsychotics act as inhibitors of P-gp, and
can therefore influence plasma and brain concentrations of
other drugs. Risperidone and olanzapine are the most likely
agents that may relevantly inhibit P-gp activity [111, 112].
Therefore, we could predict that these antipsychotics have
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Table 8 Predicted effects of antidepressants and antipsychotic drugs on edoxaban exposure and indications of dosage recommendation

Concomitant drug

Effect on P-gp and CYP

Effect on edoxaban concentration

Indication and dosage recom-
mendation for edoxaban

SSRI

Sertraline, paroxetine
Citalopram

Fluoxetine

Fluvoxamine

SNRI
Duloxetine

Venlafaxine

Antipsychotics
Risperidone, olanzapine

Clozapine, quetiapine, sertin-

P-gp inhibition, CYP2D6 inhibi-
tion

Weak P-gp inhibition, CYP2D6
inhibition

Mild CYP3A4 inhibition, CYP2D6
inhibition, CYP2C19 inhibition,
CYP2C9/10 inhibition

Moderate CYP3A4 inhibi-
tion, CYP2C19 inhibition,
CYP2C9/10 inhibition, CYP1A2
inhibition

No relevant interactions known/
assumed, CYP2D6 inhibition

Weak P-gp inhibition,

P-gp inhibition

Possible P-gp inhibition

Possible increase of AUC pre-
dicted

No significant effect on AUC
predicted

No significant effect on AUC
predicted

No significant effect on AUC
predicted

No significant effect on AUC
predicted

No significant effect on AUC
predicted

Possible increase of AUC pre-
dicted

No significant effect on AUC

No dose adjustment (use with
caution)®
No dose adjustment®

No dose adjustment®

No dose adjustment®

No dose adjustment®

No dose adjustment®

No dose adjustment (use with
caution)®

No dose adjustment®

dole, ziprasidone, aripiprazole,
amisulpride

predicted

AUC area under the curve, CYP cytochrome P 450, P-gp P-glycoprotein
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the highest potential to interfere with edoxaban and other
NOAC concentrations.

4.8 DDIs with Antiparkinsonian
and Anti-Alzheimer’s Disease Drugs

Age is the most important risk factor for the most highly
prevalent diseases in Western countries and neurodegenera-
tion is a particularly relevant concern in the elderly patient.
Along with the ageing of the population, neurodegenerative
diseases such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD) are becoming more common [113, 114]. PD
affects 1-2 per 1000 of the population at any time and it
affects 1% of the population above 60 years [115]. Demen-
tia is especially prevalent in North America and Western
Europe (6.4 and 5.4% of the population at age 60) with the
risk that rises exponentially with age [116].

Given the high prevalence of NVAF, many of these
patients are treated in concomitance with antiparkinsonian
or AD medication and NOACS but the direct pharmacologi-
cal evidence for DDIs is poor. For some of these patients,
other clinical concerns could emerge such as the risk of fall-
ing that might increase the haemorrhage risk or compliance
issues that might reduce the efficacy of NOACs (Table S3).
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Considering pharmacokinetics, levodopa is reported to
be a P-gp substrate [117, 118], but neither levodopa nor
carbidopa are reported to influence P-gp or CYP3A4 so a
relevant pharmacokinetic interaction between edoxaban and
levodopa/carbidopa seem to be improbable.

Dopamine agonists like pergolide, bromocriptine or
pramipexole are substrates of the P-gp transporter system but
only bromocriptine is reported to be a P-gp inhibitor [118].
Bromocriptine is also a strong CYP3A4 inhibitor in vitro,
while pergolide and pramipexole are CYP2D2 inhibitors
[119].

Taking into account MAO-B inhibitors, there is no evi-
dence of interaction between P-gp and selegiline, rasagil-
ine and safinamide [120, 121]. Safinamide seem to have no
activity on the CYP systems [122]; moreover, rasagiline and
selegiline are metabolised by the CYP1A2 and CYP2D6
[121] respectively, but do not have any inhibitory or induc-
tion influence on the cytochrome CYP. Taking into account
these considerations an interaction with edoxaban or other
NOAC:Ss seem to be unlikely.

With respect to catechol O-methyltransferase (COMT)
inhibitors, the DDIs with edoxaban seem to be equally
improbable. Entacapone, nebicapone and opicapone
were not identified in vitro as P-gp substrates [123, 124].
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Tolcapone and entacapone might inhibit CYP2C9; thus,
influencing warfarin INR [125, 126], but this would have
little or no influence on edoxaban, as its metabolism is mini-
mally involved through the cytochrome system.

Another drug used to treat side effects of PD is the anti-
viral agent amantadine. This medication was shown to be a
non-substrate for P-gp [127] so a DDI with edoxaban seems
unlikely.

Considering the most commonly prescribed medications
in patients affected by AD, donepezil is reported to have
a low P-gp affinity and a weak CYP3A4 inhibition [128]
so any DDIs in vivo seem to be improbable with edoxa-
ban. The same might apply with galantamine—a CYP3A4
and CYP2D6 substrate [129], but has no effect on warfarin

cynetics and INR and no P-gp inhibition is reported [130].
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Rivastigmine, on the other hand, is not involved in the CYP-
450 metabolism [131], but was shown to have an inductive
effect on P-gp in the mouse model [132]. Further studies are
necessary to determine if the same could apply to human
P-gp, and in that case a reduction of NOACs and edoxaban
absorption could verify.

4.9 DDIs with Anti-human Immunodeficiency (HIV)
and Anti-hepatitis C Virus (HCV) Drugs

Several combinations of agents belonging to at least two
drug families are recommended for treating HIV [133]

(Table 9). Integrase inhibitors (e.g. dolutegravir or ralte-
gravir) and non-nucleoside analogue polymerase inhibitors
(e.g. rilpivirine) are currently the preferred third agents
used along with a two nucleos(t)ide analogue backbone,
either abacavir/lamivudine or tenofovir/emtricitabine [134].
The use of HIV protease inhibitors has progressively been
deferred, due to increased potential for DDIs and metabolic
complications. Darunavir boosted with ritonavir or cobicistat
is the only protease inhibitor still recommended as first-line
HIV therapy [135]. With the exception of tipranavir, all HIV
protease inhibitors are inhibitors of CYP3A4 [136], with
ritonavir being the most potent and saquinavir the least.
Ritonavir is also a strong P-gp inhibitor interfering with
many drugs, and it may be expected to increase edoxaban
exposure. Therefore, its co-administration with edoxaban, as
well as other NOAC:S is not recommended [6]. Similarly, the
pharmaco-enhancer cobicistat, in addition to being a potent
inhibitor of cytochrome CYP3A4, also inhibits P-gp and
BCRP transporters [137], and is predicted to increase the
bioavailability of edoxaban and other NOACs [138].
Among the HCV protease inhibitors, simeprevir is a
substrate and inhibitor of CYP3A4 and P-gp enzymes and
through this action may increase the exposure of substrates
for P-gp, such as edoxaban (Table 10). Paritaprevir is an
HCYV protease inhibitor that is boosted with ritonavir and
thus this combination is predicted to increase the exposure
of edoxaban. Grazoprevir is not a P-gp inhibitor based on

Table 9 Predicted effects of anti-HIV therapies on edoxaban exposure and indications of dosage recommendation Modified from West et al.

[133]

Concomitant drug Effect on P-gp and CYP

Effect on edoxaban concentration  Indication and dosage
recommendation for

edoxaban

DTG+ ABC/TDF+3TC  No inhibition

DTG+ TDF/TAF+FTC  No inhibition

RAL+TDF/TAF+FTC - No inhibition

EVGc+TAF/TDF+FTC ' Cobicistat is a potent CYP3A4 and P-gp inhibitor

DRVc+ABC+3TC Cobicistat is a potent CYP3A4 and P-gp inhibitor
and darunavir is a CYP3A4 inhibition

DRVc+TDF/TAE+FTC  Cobicistat is a potent CYP3A4 and P-gp inhibitor
and darunavir is a CYP3A4 inhibition

ATVc+TDF/TAF+FTC  Cobicistat is a potent CYP3A4 and P-gp inhibitor

DRVr+TDF/TAF+FTC  Ritonavir is a potent CYP3A4 and P-gp inhibitor

DRVr+ABC+3TC Ritonavir is a potent CYP3A4 and P-gp inhibitor

EFV +TDF/TAF+FTC Inhibition of CYP3A4 and P-gp

RPV +TDF/TAF+FTC Inhibition of CYP3A4 and P-gp

AZT+3TC+EFV Inhibition of CYP3A4 and P-gp

TDF +3TC/FTC +EFV Inhibition of CYP3A4 and P-gp

TDF +3TC/FTC +NVP Inhibition of CYP3A4 and P-gp

No significant effect predicted No dose adjustment

No significant effect predicted No dose adjustment
No significant effect predicted No dose adjustment
Possible increased exposure Not recommended

Possible increased exposure Not recommended

Possible increased exposure Not recommended

Possible increased exposure Not recommended

Likely increased exposure Not recommended
Likely increased exposure Not recommended
Likely increased exposure Not recommended
Likely increased exposure Not recommended
Likely increased exposure Not recommended
Likely increased exposure Not recommended

Likely increased exposure Not recommended

3TC lamivudine, ABC abacavir, ATVc atazanavir + cobicistat, CYP cytochrome P450, DRVc darunavir + cobicistat, DRVr darunair + ritonavir,
DTG dolutegravir, EFV efavirenz, EVG elvitegravir, FTC emtricitabine, P-gp P-glycoprotein, RAL raltegravir, RPV rilpivirin, TAF tenofovir

alafenamide, TDF tenofovir disoproxil fumarate
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Table 10 Predicted effects of anti HCV drugs on edoxaban exposure and indications of dosage recommendation

Concomitant drug Effect on P-gp and CYP

Effect on edoxaban concentration

Indication and dosage recommendation
for edoxaban

HCYV protease inhibitors

Simeprevir Substrate and inhibitor of CYP3A4 and
P-gp
Grazoprevir No relevant interactions described

NSS5B polymerase inhibitors
Sofosbuvir P-gp substrate

P-gp/BCRP substrate and inhibitor

NS5A replication complex inhibitor

CYP3A4 and P-gp substrate, P-gp and
OATPI1B1 moderate inhibition

Ledipasvir

Daclatasvir

Possible increase in AUC predicted

Possible increase in AUC predicted

Possible increase in AUC predicted

No dose adjustment (use with caution)®

No significant effect on AUC predicted No dose adjustment®

No significant effect on AUC predicted No dose adjustment®

No dose adjustment®

No dose adjustment®

AUC area under the curve, BCRP breast cancer resistance protein, CYP cytochrome P 450, P-gp P-glycoprotein

“Expert opinion

in vitro data, and thus it is not expected to interact with
edoxaban.

Non-structural protein SAB (NS5B) polymerase inhibi-
tor, sofosbuvir, depicts an excellent pharmacokinetic profile,
without significant interactions with other drugs because its
metabolism does not involve the CYP450 pathway although
itis a P-gp substrate [139].

Daclatasvir was the first-in-class developed HCV non-
structural protein SA (NS5A) replication complex inhibitor.
Daclatasvir is a substrate for CYP3A4 and P-gp, and mod-
erately inhibits P-gp and OATP1B1 [140]. Its interaction
with edoxaban has not been evaluated; however, daclatasvir
increases rosuvastatin exposure [140, 1417, thus a similar
effect with the OATP and/or BCRP substrates are pre-
dicted, including edoxaban [142]. A similar effect has been
observed with ledipasvir, a substrate and inhibitor of P-gp/
BCRP [143].

4.10 DDIs with Antacid Drugs
Consult the Supplementary Materials.
4.11 DDIs with NSAIDs Drugs
Consult the Supplementary Materials.

4.12 DDIs with Monoclonal Antibodies
and Interleukin 6 (IL6)

Consult the Supplementary Materials.

4.13 DDIs with Omega-3 Polyunsaturated Fatty
Acids

Consult the Supplementary Materials.

A\ Adis

4.14 DDIs with Dietary Supplements,
Nutraceuticals and Herbs

Consult the Supplementary Materials.

5 Conclusions

DDIs have received a great deal of recent attention from the
regulatory, scientific, and health care communities world-
wide. A large number of drugs are introduced every year,
and new interactions between medications are increasingly
reported. The co-administration of multiple therapies (poly-
pharmacy) in patients with concomitant comorbidities may
determine a significant and clinically relevant modification
of a drug’s absorption, distribution, metabolism and excre-
tion phases.

The different pharmacokinetic properties of each NOAC
may significantly influence the potential DDIs, although
some similitudes exist. For instance, all NOACs are sub-
strate of the P-gp and their bioavailability may be influenced
by the presence of inducers or inhibitors of this drug trans-
porter. For this reason, the inter-individual variability of
drug plasma concentrations, lower for apixaban and edoxa-
ban and higher for rivaroxaban and dabigatran, is a deter-
mining factor for triggering a clinically significant DDI.

The DDIs of NOACs can also be affected by induc-
ers or inhibitors of CYP3A4. Edoxaban involvement in
cytochrome catalysed elimination is negligible, thus
less prone to interaction with inducers or inhibitors of
CYP3A4 compared to other anti-Xa inhibitors. Further-
more, through hydrolysis, edoxaban metabolism pro-
duces the active metabolite M-4. For this reason, the
reduction of edoxaban exposure by strong inducers of
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drug-metabolising enzymes, i.e. rifampin, may be partially
compensated by the formation of M-4, an effect that is not
observed with other NOACs.

In response to anticipated DDIs, possible strategies are
recommended, including dosage reduction or different
times of administration. In particular, in order to avoid
the DDIs, it is possible to administer edoxaban two hours
before the interacting drug or six hours after the use of
P-gp inhibitors. It is then important not to underestimate
the potential interactions of NOACs with dietary supple-
ments, nutraceuticals and herbs, often utilised in elderly
patients.

The introduction of NOAC:sS in the clinical practice has
certainly facilitated the use of anticoagulant therapies in
patients under polypharmacy, with a significantly lower
incidence of clinically relevant DDIs as compared to war-
farin. However, additional studies and/or sub-analysis will
be necessary to ascertain the DDIs, which currently are
mainly derived from hypothetical conclusions.

The differences found between EU and US labelling,
as well as with expert documents, could make it difficult
to make specific decisions in some circumstances. It is
important to underline the need for more data. The inte-
gration between all available data, together with the assis-
tance of expert opinions, can help when making decisions,
but this will need to be managed cautiously.

The present review/expert opinion has focused on edoxa-
ban and on its DDIs with other commonly prescribed drugs
and, although not every possible interaction has been studied
from a clinical or pharmacological point of view, there are
many situations in clinical practice where a decision must be
made even if the evidence is sometimes weak. In accordance
with EHRA suggestion, we point out how specific atten-
tion is needed with some drugs classes that present already
known or possible significant DDIs. An evaluation of all the
concomitant drugs is pivotal, addressing the more relevant
ones, and eventually changing prescriptions of concomitant
drugs. In this regard, the analysis of edoxaban DDIs suggests
that the small propensity for interaction of this agent make
its use a fairly acceptable clinical decision if the DDIs have
been properly considered and correctly evaluated.

Compliance with Ethical Standards

Funding This article was developed independently by the authors fol-
lowing an advisory board meeting sponsored by Daiichi Sankyo SpA.

Conflict of interest Alberto Corsini reports relationship with Bristol-
Mayers, Daiichi-Sankyo and Mylan. Nicola Ferri reports relationship
with Bristol-Mayers, Daiichi-Sankyo and Mylan. Marco Proietti re-
ports relationship with Boehringer Ingelheim. Giuseppe Boriani re-
ports relationship with Medtronic, Boston Scientific, Boehringer
Ingelheim and Bayer. All relationships disclosed are outside the sub-
mitted work.

References

10.

11.

12.

13.

14.

. Boriani G, Diemberger I, Martignani C, Biffi M, Branzi A. The

epidemiological burden of atrial fibrillation: a challenge for
clinicians and health care systems. Eur Heart J. 2006;27:893—4.

. Lip GY, Laroche C, Ioachim PM, Rasmussen LH, Vitali-Serdoz

L, Petrescu L, et al. Prognosis and treatment of atrial fibrilla-
tion patients by European cardiologists: one year follow-up of
the EURObservational Research Programme-Atrial Fibrillation
General Registry Pilot Phase (EORP-AF Pilot registry). Eur
Heart J. 2014;35(47):3365-76.

. Boriani G, Proietti M, Laroche C, Fauchier L, Marin F,

Nabauer M, et al. Contemporary stroke prevention strategies in
11 096 European patients with atrial fibrillation: a report from
the EURObservational Research Programme on Atrial Fibril-
lation (EORP-AF) Long-Term General Registry. Europace.
2018:;20(5):747-57.

. Boriani G, et al. Asymptomatic atrial fibrillation: clinical cor-

relates, management and outcomes in the EORP-AF Pilot Gen-
eral Registry. Am J Med. 2014;128:509-18.

. Timp JF, Braekkan SK, Versteeg HH, Cannegieter SC. Epi-

demiology of cancer-associated venous thrombosis. Blood.
2013;122(10):1712-23.

. Steffel J, Verhamme P, Potpara TS, Albaladejo P, Antz M,

Desteghe L, et al. The 2018 European Heart Rhythm Associa-
tion Practical Guide on the use of non-vitamin K antagonist
oral anticoagulants in patients with atrial fibrillation. Eur Heart
J.2018;39(16):1330-933.

. Lip GYH, Banerjee A, Boriani G, Chiang CE, Fargo R,

Freedman B, et al. Antithrombotic therapy for atrial fibril-
lation: CHEST guideline and expert panel report. Chest.
2018;154(5):1121-201.

. Go AS, Hylek EM, Phillips KA, Chang Y, Henault LE, Selby

JV, et al. Prevalence of diagnosed atrial fibrillation in adults:
national implications for rhythm management and stroke pre-
vention: the AnTicoagulation and Risk Factors in Atrial Fibril-
lation (ATRIA) Study. JAMA. 2001;285(18):2370-5.

. Lloyd-Jones DM, Wang TJ, Leip EP, Larson MG, Levy

D, Vasan RS, et al. Lifetime risk for development of atrial
fibrillation: the Framingham Heart Study. Circulation.
2004;110(9):1042-6.

Miyasaka Y, Barnes ME, Gersh BJ, Cha SS, Bailey KR,
Abhayaratna WP, et al. Secular trends in incidence of atrial
fibrillation in Olmsted County, Minnesota, 1980 to 2000, and
implications on the projections for future prevalence. Circula-
tion. 2006;114(2):119-25.

Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD,
Blaha MIJ, et al. Heart disease and stroke statistics—2014
update: a report from the American Heart Association. Circu-
lation. 2014;129(3):e28-e292.

Coppens M, Eikelboom JW, Hart RG, Yusuf S, Lip GY, Dorian
P, et al. The CHA2DS2-VASc score identifies those patients
with atrial fibrillation and a CHADS2 score of 1 who are
unlikely to benefit from oral anticoagulant therapy. Eur Heart
J. 2013;34(3):170-6.

Nutescu EA, Shapiro NL, Ibrahim S, West P. Warfarin and its
interactions with foods, herbs and other dietary supplements.
Expert Opin Drug Saf. 2006;5(3):433-51.

Teklay G, Shiferaw N, Legesse B, Bekele ML. Drug-drug inter-
actions and risk of bleeding among inpatients on warfarin ther-
apy: a prospective observational study. Thromb J. 2014;12:20.

. [Internet] Sde. Lixiana 60mg Film-Coated Tablets. Summary

of Product Characteristics (SPC)d(eMC) [Internet]. Last
Updated on eMC 31 July 2017. https://www.medicinesorguk/
emc/product/6905. Accessed 4 Jan 2018.

I\ Adis

Journal : Large 40265 Article No : 1328 Pages : 19

MS Code :

1328 Dispatch : 31-5-2020

906

907
908
909
910
911
912
913
914
915
916
917
918
919
920

922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969



Author Proof

970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034

A. Corsini et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

LIXIANA. 2018. https://www.emaeuropaeu/docs/en_GB/docum
ent_library/EPAR_-_Product_Information/human/002629/
WC500189045.pdf.

Ay C, Pabinger I, Cohen AT. Cancer-associated venous throm-
boembolism: burden, mechanisms, and management. Thromb
Haemost. 2017;117(2):219-30.

Firkins R, Eisfeld H, Keinki C, Buentzel J, Hochhaus A, Schmidt
T, et al. The use of complementary and alternative medicine by
patients in routine care and the risk of interactions. J Cancer Res
Clin Oncol. 2018;144(3):551-7.

Davis EL, Oh B, Butow PN, Mullan BA, Clarke S. Cancer patient
disclosure and patient-doctor communication of complementary
and alternative medicine use: a systematic review. Oncologist.
2012;17(11):1475-81.

Mosher DF. Blood coagulation and fibrinolysis: an overview.
Clin Cardiol. 1990;13(4 Suppl 6):VI5-VII11.

Eriksson BI, Quinlan DJ, Weitz JI. Comparative pharmaco-
dynamics and pharmacokinetics of oral direct thrombin and
factor xa inhibitors in development. Clin Pharmacokinet.
2009;48(1):1-22.

Furugohri T, Isobe K, Honda Y, Kamisato-Matsumoto C, Sugiy-
ama N, Nagahara T, et al. DU-176b, a potent and orally active
factor Xa inhibitor: in vitro and in vivo pharmacological profiles.
J Thromb Haemost. 2008;6(9):1542-9.

Matsushima N, Lee F, Sato T, Weiss D, Mendell J. Bioavail-
ability and safety of the factor Xa inhibitor edoxaban and the
effects of quinidine in healthy subjects. Clin Pharmacol Drug
Dev. 2013;2(4):358-66.

Ogata K, Mendell-Harary J, Tachibana M, Masumoto H, Oguma
T, Kojima M, et al. Clinical safety, tolerability, pharmacokinetics,
and pharmacodynamics of the novel factor Xa inhibitor edoxaban
in healthy volunteers. J Clin Pharmacol. 2010;50(7):743-53.
Parasrampuria DA, Kanamaru T, Connor A, Wilding I, Ogata K,
Shimoto Y, et al. Evaluation of regional gastrointestinal absorp-
tion of edoxaban using the enterion capsule. J Clin Pharmacol.
2015;55(11):1286-92.

Hakeam HA, Al-Sanea N. Effect of major gastrointestinal tract
surgery on the absorption and efficacy of direct acting oral antico-
agulants (DOACs). J Thromb Thrombolysis. 2017;43(3):343-51.
Mendell J, Tachibana M, Shi M, Kunitada S. Effects of food on
the pharmacokinetics of edoxaban, an oral direct factor Xa inhib-
itor, in healthy volunteers. J Clin Pharmacol. 2011;51(5):687-94.
Logrippo S, Ricci G, Sestili M, Cespi M, Ferrara L, Palmieri GF,
et al. Oral drug therapy in elderly with dysphagia: between a rock
and a hard place! Clin Interv Aging. 2017;12:241-51.

Coluzzi PH, Fairbairn BS. The management of pain in terminally
ill cancer patients with difficulty swallowing. Am J Hosp Palliat
Care. 1999;16(6):731-7.

Ferreira Silva R, Novaes MRCG. Interactions between drugs and
drug-nutrient in enteral nutrition: a review based on evidences.
Nutr Hosp. 2014;30(3):514-8.

Duchin K, Duggal A, Atiee GJ, Kidokoro M, Takatani T, Ship-
itofsky NL, et al. An Open-label crossover study of the pharma-
cokinetics of the 60-mg edoxaban tablet crushed and adminis-
tered either by a nasogastric tube or in apple puree in healthy
adults. Clin Pharmacokinet. 2018;57(2):221-8.

Mikkaichi T, Yoshigae Y, Masumoto H, Imaoka T, Rozehnal
V, Fischer T, et al. Edoxaban transport via P-glycoprotein is
a key factor for the drug’s disposition. Drug Metab Dispos.
2014;42(4):520-8.

Aller SG, Yu J, Ward A, Weng Y, Chittaboina S, Zhuo R, et al.
Structure of P-glycoprotein reveals a molecular basis for poly-
specific drug binding. Science. 2009;323(5922):1718-22.
Parasrampuria DA, Truitt KE. Pharmacokinetics and phar-
macodynamics of edoxaban, a non-vitamin K antagonist oral

A\ Adis

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

anticoagulant that inhibits clotting factor Xa. Clin Pharmacoki-
net. 2016;55(6):641-55.

Steffel J, Giugliano RP, Braunwald E, Murphy SA, Mercuri
M, Choi Y, et al. Edoxaban versus warfarin in atrial fibrillation
patients at risk of falling: ENGAGE AF-TIMI 48 analysis. ] Am
Coll Cardiol. 2016;68(11):1169-78.

Toda Kato E, Giugliano RP, Ruff CT. Efficacy and safety of
edoxaban for the management of elderly patients with atrial
fibrillation: engage AF-TIMI 48. Circulation. 2014;130:A16612.
Kato ET, Giugliano RP, Ruff CT, Koretsune Y, Yamashita T, Kiss
RG, et al. Efficacy and safety of edoxaban in elderly patients with
atrial fibrillation in the ENGAGE AF-TIMI 48 trial. ] Am Heart
Assoc. 2016;5(5):e003432.

Ruff CT, Giugliano RP, Braunwald E, Hoffman EB, Deenaday-
alu N, Ezekowitz MD, et al. Comparison of the efficacy and
safety of new oral anticoagulants with warfarin in patients with
atrial fibrillation: a meta-analysis of randomised trials. Lancet.
2014;383(9921):955-62.

Bohula EA, Giugliano RP, Ruff CT, Kuder JF, Murphy SA,
Antman EM, et al. Impact of renal function on outcomes with
edoxaban in the ENGAGE AF-TIMI 48 trial. Circulation.
2016;134(1):24-36.

Krekels EH, Niebecker R, Karlsson MO, Miller R, Shimizu T,
Karlsson KE, et al. Population pharmacokinetics of edoxaban
in patients with non-valvular atrial fibrillation in the ENGAGE
AF-TIMI 48 study, a phase III clinical trial. Clin Pharmacokinet.
2016;55(9):1079-90.

Grundvold I, et al. Body weight and risk of atrial fibrillation in
7,169 patients with newly diagnosed type 2 diabetes; an obser-
vational study. Cardiovasc Diabetol. 2015;14:5.

Adeli K, Taghibiglou C, Van Iderstine SC, Lewis GF. Mecha-
nisms of hepatic very low-density lipoprotein overproduction in
insulin resistance. Trends Cardiovasc Med. 2001;11(5):170-6.
Lindner SM, Fordyce CB, Hellkamp AS, Lokhnygina Y, Piccini
JP, Breithardt G, et al. Treatment consistency across levels of
baseline renal function with rivaroxaban or warfarin: a ROCKET
AF (rivaroxaban once-daily, oral, direct factor Xa Inhibition
Compared With Vitamin K antagonism for prevention of stroke
and embolism trial in atrial fibrillation) analysis. Circulation.
2017;135(10):1001-3.

Bathala MS, Masumoto H, Oguma T, He L, Lowrie C, Men-
dell J. Pharmacokinetics, biotransformation, and mass balance
of edoxaban, a selective, direct factor Xa inhibitor, in humans.
Drug Metab Dispos. 2012;40(12):2250-5.

Jonsson S, Simonsson US, Miller R, Karlsson MO. Popula-
tion pharmacokinetics of edoxaban and its main metabo-
lite in a dedicated renal impairment study. J Clin Pharmacol.
2015;55(11):1268-79.

Heidbuchel H, Verhamme P, Alings M, Antz M, Diener HC,
Hacke W, et al. Updated European Heart Rhythm Association
Practical Guide on the use of non-vitamin K antagonist anticoag-
ulants in patients with non-valvular atrial fibrillation. Europace.
2015;17(10):1467-507.

Gnoth MJ, Buetehorn U, Muenster U, Schwarz T, Sandmann S.
In vitro and in vivo P-glycoprotein transport characteristics of
rivaroxaban. J Pharmacol Exp Ther. 2011;338(1):372-80.
Gosselin RC, Adcock DM, Bates SM, Douxfils J, Favaloro EJ,
Gouin-Thibault I, et al. International Council for Standardiza-
tion in Haematology (ICSH) recommendations for laboratory
measurement of direct oral anticoagulants. Thromb Haemost.
2018;118(3):437-50.

Testa S, Tripodi A, Legnani C, Pengo V, Abbate R, Dellanoce
C, et al. Plasma levels of direct oral anticoagulants in real life
patients with atrial fibrillation: results observed in four antico-
agulation clinics. Thromb Res. 2016;137:178-83.

Journal : Large 40265 Article No : 1328 Pages : 19

MS Code : 1328

Dispatch : 31-5-2020

1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099



Author Proof

1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
11
1112
1113
1114
1115
1116
117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165

DDlIs in Edoxaban Use

50.

52.

53.

54.

55.

56.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Hirsh Raccah B, Rottenstreich A, Zacks N, Muszkat M, Matok
I, Perlman A, et al. Drug interaction as a predictor of direct oral
anticoagulant drug levels in atrial fibrillation patients. J Thromb
Thrombolysis. 2018;46(4):521-7.

. Stollberger C. Drug interactions with new oral antico-

agulants in elderly patients. Expert Rev Clin Pharmacol.
2017;10(11):1191-202.

Giugliano RP, Ruff CT, Braunwald E, Murphy SA, Wiviott SD,
Halperin JL, et al. Edoxaban versus warfarin in patients with
atrial fibrillation. N Engl J Med. 2013;369(22):2093-104.
GaBHaPMaSAaSMaSLavKRaMM R. Edoxaban for the long-
term treatment of venous thromboembolism: rationale and
design of the Hokusai-venous thromboembolism study—meth-
odological implications for clinical trials. J Thromb Haemost.
2013;11(7):1287-94.

Mendell J, Zahir H, Matsushima N, Noveck R, Lee F, Chen
S, et al. Drug-drug interaction studies of cardiovascular drugs
involving P-glycoprotein, an efflux transporter, on the pharma-
cokinetics of edoxaban, an oral factor Xa inhibitor. Am J Cardio-
vasc Drugs. 2013;13(5):331-42.

Holtzman CW, Wiggins BS, Spinler SA. Role of P-gly-
coprotein in statin drug interactions. Pharmacotherapy.
2006;26(11):1601-7.

Steffel J, Giugliano RP, Braunwald E, Murphy SA, Atar D, Hei-
dbuchel H, et al. Edoxaban vs. warfarin in patients with atrial
fibrillation on amiodarone: a subgroup analysis of the ENGAGE
AF-TIMI 48 trial. Eur Heart J. 2015;36(33):2239-45.
SAVAYSA FDA SmPC. 2015.

Salazar DE, Mendell J, Kastrissios H, Green M, Carrothers TJ,
Song S, et al. Modelling and simulation of edoxaban exposure
and response relationships in patients with atrial fibrillation.
Thromb Haemost. 2012;107(5):925-36.

[Internet] Sde. Lixiana 60mg Film-Coated Tablets. Summary of
Product Characteristics (SPC)d(eMC) [Internet]. Last updated
on eMC: 10 Aug 2018. https://www.medicinesorguk/emc/produ
ct/6905/smpc. Accessed 22 Oct 2018.

Aisenberg J, Chatterjee-Murphy P, Friedman Flack K, Weitz JI,
Ruff CT, Nordio F, et al. Gastrointestinal bleeding with edoxaban
versus warfarin: results from the ENGAGE AF-TIMI 48 trial
(effective anticoagulation with factor Xa next generation in atrial
fibrillation-thrombolysis in myocardial infarction). Circ Cardio-
vasc Qual Outcomes. 2018;11(5):e003998.

Hansen ML, Sorensen R, Clausen MT, Fog-Petersen ML, Raunso
J, Gadsboll N, et al. Risk of bleeding with single, dual, or triple
therapy with warfarin, aspirin, and clopidogrel in patients with
atrial fibrillation. Arch Intern Med. 2010;170(16):1433-41.
Mendell J, Lee F, Chen S, Worland V, Shi M, Samama MM.
The effects of the antiplatelet agents, aspirin and naproxen, on
pharmacokinetics and pharmacodynamics of the anticoagulant
edoxaban, a direct factor Xa inhibitor. J] Cardiovasc Pharmacol.
2013;62(2):212-21.

Xu H, Ruff CT, Giugliano RP, Murphy SA, Nordio F, Patel
I, et al. Concomitant use of single antiplatelet therapy with
edoxaban or warfarin in patients with atrial fibrillation: anal-
ysis from the ENGAGE AF-TIMI4S8 trial. ] Am Heart Assoc.
2016;5(2):¢002587.

Wessler JD, Grip LT, Mendell J, Giugliano RP. The P-glyco-
protein transport system and cardiovascular drugs. J Am Coll
Cardiol. 2013;61(25):2495-502.

Oh J, Shin D, Lim KS, Lee S, Jung KH, Chu K, et al. Aspirin
decreases systemic exposure to clopidogrel through modulation
of P-glycoprotein but does not alter its antithrombotic activity.
Clin Pharmacol Ther. 2014;95(6):608-16.

Teng R, Butler K. A pharmacokinetic interaction study of tica-
grelor and digoxin in healthy volunteers. Eur J Clin Pharmacol.
2013;69(10):1801-8.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Teng R, Mitchell P, Butler K. Effect of rifampicin on the phar-
macokinetics and pharmacodynamics of ticagrelor in healthy
subjects. Eur J Clin Pharmacol. 2013;69(4):877-83.

Mega JL, Close SL, Wiviott SD, Shen L, Walker JR, Simon T,
et al. Genetic variants in ABCB1 and CYP2C19 and cardiovas-
cular outcomes after treatment with clopidogrel and prasugrel
in the TRITON-TIMI 38 trial: a pharmacogenetic analysis.
Lancet. 2010;376(9749):1312-9.

Gelosa P, Castiglioni L, Tenconi M, Baldessin L, Racagni G,
Corsini A, et al. Pharmacokinetic drug interactions of the non-
vitamin K antagonist oral anticoagulants (NOACs). Pharmacol
Res. 2018;135:60-79.

Wiggins BS, Saseen JJ, Page RL 2nd, Reed BN, Sneed K,
Kostis JB, et al. Recommendations for management of clini-
cally significant drug-drug interactions with statins and select
agents used in patients with cardiovascular disease: a scientific
statement from the American heart association. Circulation.
2016;134(21):e468-e495495.

Antoniou T, Macdonald EM, Yao Z, Hollands S, Gomes
T, Tadrous M, et al. Association between statin use and
ischemic stroke or major hemorrhage in patients taking
dabigatran for atrial fibrillation. CMAJ Can Med Assoc J.
2017;189(1):E4-E10.

Boyd RA, Stern RH, Stewart BH, Wu X, Reyner EL, Zegarac
EA, et al. Atorvastatin coadministration may increase digoxin
concentrations by inhibition of intestinal P-glycoprotein-medi-
ated secretion. J Clin Pharmacol. 2000;40(1):91-8.

Schelleman H, Bilker WB, Brensinger CM, Wan F, Yang YX,
Hennessy S. Fibrate/Statin initiation in warfarin users and gas-
trointestinal bleeding risk. Am J Med. 2010;123(2):151-7.
Corsini A, Bellosta S, Davidson MH. Pharmacokinetic
interactions between statins and fibrates. Am J Cardiol.
2005;96(9A):44K-K49 (discussion 34K-5K).

Prueksaritanont T, Tang C, Qiu Y, Mu L, Subramanian R, Lin
JH. Effects of fibrates on metabolism of statins in human hepato-
cytes. Drug Metab Dispos. 2002;30(11):1280-7.

Ehrhardt M, Lindenmaier H, Burhenne J, Haefeli WE, Weiss J.
Influence of lipid lowering fibrates on P-glycoprotein activity
in vitro. Biochem Pharmacol. 2004;67(2):285-92.

Yamazaki M, Li B, Louie SW, Pudvah NT, Stocco R, Wong W,
et al. Effects of fibrates on human organic anion-transporting
polypeptide 1B1-, multidrug resistance protein 2- and P-glyco-
protein-mediated transport. Xenobiotica. 2005;35(7):737-53.
Henry CA, Lyon RA, Ling H. Clinical efficacy and safety of
evolocumab for low-density lipoprotein cholesterol reduction.
Vasc Health Risk Manag. 2016;12:163-9.

Gouin-Thibault I, Delavenne X, Blanchard A, Siguret V, Salem
JE, Narjoz C, et al. Interindividual variability in dabigatran and
rivaroxaban exposure: contribution of ABCB1 genetic polymor-
phisms and interaction with clarithromycin. J Thromb Haemost.
2017;15(2):273-83.

Hughes J, Crowe A. Inhibition of P-glycoprotein-mediated efflux
of digoxin and its metabolites by macrolide antibiotics. J Phar-
macol Sci. 2010;113(4):315-24.

Parasrampuria DA, Mendell J, Shi M, Matsushima N, Zahir
H, Truitt K. Edoxaban drug-drug interactions with ketocona-
zole, erythromycin, and cyclosporine. Br J Clin Pharmacol.
2016;82(6):1591-600.

Greiner B, Eichelbaum M, Fritz P, Kreichgauer HP, von Rich-
ter O, Zundler J, et al. The role of intestinal P-glycoprotein
in the interaction of digoxin and rifampin. J Clin Investig.
1999;104(2):147-53.

Schuetz EG, Schinkel AH, Relling MV, Schuetz JD. P-glycopro-
tein: a major determinant of rifampicin-inducible expression of
cytochrome P4503A in mice and humans. Proc Natl Acad Sci
USA. 1996;93(9):4001-5.

I\ Adis

Journal : Large 40265 Article No : 1328 Pages : 19

MS Code

0 1328 Dispatch : 31-5-2020

1166
1167
1168
1169
1170
171
172
1173
174
1175
1176
177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231



Author Proof

1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297

A. Corsini et al.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Mendell J, Chen S, He L, Desai M, Parasramupria DA. The effect
of rifampin on the pharmacokinetics of edoxaban in healthy
adults. Clin Drug Investig. 2015;35(7):447-53.

Roedler R, Neuhauser MM, Penzak SR. Does metronidazole
interact with CYP3A substrates by inhibiting their metabolism
through this metabolic pathway? Or should other mechanisms be
considered? Ann Pharmacother. 2007;41(4):653-8.

Michalets EL, Williams CR. Drug interactions with cisapride:
clinical implications. Clin Pharmacokinet. 2000;39(1):49-75.
Kim KA, Park JY. Effect of metronidazole on the pharmacokinet-
ics of fexofenadine, a P-glycoprotein substrate, in healthy male
volunteers. Eur J Clin Pharmacol. 2010;66(7):721-5.

Heit JA, Silverstein MD, Mohr DN, Petterson TM, O’Fallon
WM, Melton LJ 3rd. Risk factors for deep vein thrombosis and
pulmonary embolism: a population-based case-control study.
Arch Intern Med. 2000;160(6):809-15.

Raskob GE, van Es N, Verhamme P, Carrier M, Di Nisio M,
Garcia D, et al. Edoxaban for the treatment of cancer-associated
venous thromboembolism. N Engl J Med. 2018;378(7):615-24.
Wiczer TE, Levine LB, Brumbaugh J, Coggins J, Zhao Q, Rup-
pert AS, et al. Cumulative incidence, risk factors, and manage-
ment of atrial fibrillation in patients receiving ibrutinib. Blood
Adv. 2017;1(20):1739-48.

Thorp BC, Badoux X. Atrial fibrillation as a complication of
ibrutinib therapy: clinical features and challenges of manage-
ment. Leukemia Lymphoma. 2018;59(2):311-20.

Boriani G, Corradini P, Cuneo A, Falanga A, Foa R, Gaidano G,
et al. Practical management of ibrutinib in the real life: focus on
atrial fibrillation and bleeding. Hematol Oncol. 2018;36:624-32.
Gilad R. Management of seizures following a stroke: what are
the options? Drugs Aging. 2012;29(7):533-8.

Stollberger C, Finsterer J. Interactions between non-vitamin
K oral anticoagulants and antiepileptic drugs. Epilepsy Res.
2016;126:98-101.

Giessmann T, May K, Modess C, Wegner D, Hecker U, Zschi-
esche M, et al. Carbamazepine regulates intestinal P-glyco-
protein and multidrug resistance protein MRP2 and influ-
ences disposition of talinolol in humans. Clin Pharmacol Ther.
2004;76(3):192-200.

Moerman L, Wyffels L, Slaets D, Raedt R, Boon P, De Vos
F. Antiepileptic drugs modulate P-glycoproteins in the brain:
a mice study with (11)C-desmethylloperamide. Epilepsy Res.
2011;94(1-2):18-25.

Jing X, Liu X, Wen T, Xie S, Yao D, Liu X, et al. Combined
effects of epileptic seizure and phenobarbital induced overexpres-
sion of P-glycoprotein in brain of chemically kindled rats. Br J
Pharmacol. 2010;159(7):1511-22.

Alvariza S, Fagiolino P, Vazquez M, Feria-Romero I, Orozco-
Suarez S. Chronic administration of phenytoin induces
efflux transporter overexpression in rats. Pharmacol Rep.
2014;66(6):946-51.

Eyal S, Lamb JG, Smith-Yockman M, Yagen B, Fibach E, Alts-
chuler Y, et al. The antiepileptic and anticancer agent, valproic
acid, induces P-glycoprotein in human tumour cell lines and in
rat liver. Br J Pharmacol. 2006;149(3):250-60.

Tang R, Faussat AM, Majdak P, Perrot JY, Chaoui D, Legrand
O, et al. Valproic acid inhibits proliferation and induces apopto-
sis in acute myeloid leukemia cells expressing P-gp and MRP1.
Leukemia. 2004;18(7):1246-51.

Wang-Tilz Y, Tilz C, Wang B, Tilz GP, Stefan H. Influence of
lamotrigine and topiramate on MDR1 expression in difficult-to-
treat temporal lobe epilepsy. Epilepsia. 2006;47(2):233-9.
Lewer D, O’Reilly C, Mojtabai R, Evans-Lacko S. Antidepres-
sant use in 27 European countries: associations with sociode-
mographic, cultural and economic factors. Br J Psychiatry.
2015;207(3):221-6.

A\ Adis

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Maurer-Spurej E, Pittendreigh C, Solomons K. The influence
of selective serotonin reuptake inhibitors on human platelet
serotonin. Thromb Haemost. 2004;91(1):119-28.
Schalekamp T, Klungel OH, Souverein PC, de Boer A.
Increased bleeding risk with concurrent use of selective sero-
tonin reuptake inhibitors and coumarins. Arch Intern Med.
2008;168(2):180-5.

[Internet] Sde. Pradaxa 150 mg hard capsules. Summary of
Product Characteristics (SPC)d(eMC) [Internet]. Last Updated
on eMC 30-Jan-2015. Last Updated on eMC 30-Jan-2015. https
//[www.medicinesorguk/emc/medicine/24839. Accessed 18 May
2015.

Xarelto 20mg film-coated tablets—Summary of Product Char-
acteristics (SmPC)—(eMC). Date of first authorisation: 30 Sep-
tember 2008. Date of latest renewal: 22 May 2018. https://www.
medicines.org.uk/emc/product/2793/smpc.

Weiss J, Dormann SM, Martin-Facklam M, Kerpen CJ, Ketabi-
Kiyanvash N, Haefeli WE. Inhibition of P-glycoprotein by newer
antidepressants. J Pharmacol Exp Ther. 2003;305(1):197-204.
Kapoor A, Igbal M, Petropoulos S, Ho HL, Gibb W, Matthews
SG. Effects of sertraline and fluoxetine on p-glycoprotein at
barrier sites: in vivo and in vitro approaches. PLoS ONE.
2013;8(2):e56525.

Sansone RA, Sansone LA. Warfarin and antidepressants: happi-
ness without hemorrhaging. Psychiatry. 2009;6(7):24-9.

Spina E, de Leon J. Metabolic drug interactions with newer antip-
sychotics: a comparative review. Basic Clin Pharmacol Toxicol.
2007;100(1):4-22.

Wang JS, Zhu HJ, Markowitz JS, Donovan JL, DeVane CL.
Evaluation of antipsychotic drugs as inhibitors of multidrug
resistance transporter P-glycoprotein. Psychopharmacology.
2006;187(4):415-23.

Moons T, de Roo M, Claes S, Dom G. Relationship between
P-glycoprotein and second-generation antipsychotics. Pharma-
cogenomics. 2011;12(8):1193-211.

Wyss-Coray T. Ageing, neurodegeneration and brain rejuvena-
tion. Nature. 2016;539(7628):180-6.

Niccoli T, Partridge L. Ageing as a risk factor for disease. Curr
Biol. 2012;22(17):R741-R752752.

Tysnes OB, Storstein A. Epidemiology of Parkinson’s disease. J
Neural Transm. 2017;124(8):901-5.

Mayeux R, Stern Y. Epidemiology of Alzheimer disease. Cold
Spring Harbor Perspect Med. 2012;2(8):a006239.

Mittur A, Gupta S, Modi NB. Pharmacokinetics of Rytary((R)),
an extended-release capsule formulation of carbidopa-levodopa.
Clin Pharmacokinet. 2017;56(9):999-1014.

Vautier S, Milane A, Fernandez C, Buyse M, Chacun H, Farinotti
R. Interactions between antiparkinsonian drugs and ABCB1/P-
glycoprotein at the blood-brain barrier in a rat brain endothelial
cell model. Neurosci Lett. 2008;442(1):19-23.

Wynalda MA, Wienkers LC. Assessment of potential interac-
tions between dopamine receptor agonists and various human
cytochrome P450 enzymes using a simple in vitro inhibition
screen. Drug Metab Dispos. 1997;25(10):1211-4.

Muller T. ABCBI1: is there a role in the drug treatment of
Parkinson’s disease? Expert Opin Drug Metab Toxicol.
2018;14(2):127-9.

Pingili R, Vemulapalli S, Mullapudi SS, Nuthakki S, Pendyala S,
Kilaru N. Pharmacokinetic interaction study between flavanones
(hesperetin, naringenin) and rasagiline mesylate in wistar rats.
Drug Dev Ind Pharm. 2016;42(7):1110-7.

Muller T. Pharmacokinetic drug evaluation of safinamide
mesylate for the treatment of mid-to-late stage Parkinson’s dis-
ease. Expert Opin Drug Metab Toxicol. 2017;13(6):693-9.
Csoti I, Storch A, Miiller W, Jost WH. Drug interactions with
selegiline versus rasagiline. Basal Ganglia. 2012;2:S27-S31.

Journal : Large 40265

Article No : 1328 Pages : 19

MS Code

0 1328 Dispatch : 31-5-2020

1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363



Author Proof

1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403

DDlIs in Edoxaban Use

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Bicker J, Fortuna A, Alves G, Soares-da-Silva P, Falcao A. Elu-
cidation of the Impact of P-glycoprotein and breast cancer resist-
ance protein on the brain distribution of catechol-O-methyltrans-
ferase inhibitors. Drug Metab Dispos. 2017;45(12):1282-91.
Dingemanse J, Meyerhoff C, Schadrack J. Effect of the catechol-
O-methyltransferase inhibitor entacapone on the steady-state
pharmacokinetics and pharmacodynamics of warfarin. Br J Clin
Pharmacol. 2002;53(5):485-91.

Jeong HJ, Lee HS, Kim KS, Kim YK, Yoon D, Park SW. Sterol-
dependent regulation of proprotein convertase subtilisin/kexin
type 9 expression by sterol-regulatory element binding protein-2.
J Lipid Res. 2008;49(2):399—409.

Suzuki T, Fukami T, Tomono K. Possible involvement of cati-
onic-drug sensitive transport systems in the blood-to-brain influx
and brain-to-blood efflux of amantadine across the blood-brain
barrier. Biopharm Drug Dispos. 2015;36(2):126-37.
Mceneny-King A, Eginton AN, Rao PP. Investigating the
binding interactions of the anti-Alzheimer’s drug donepezil
with CYP3A4 and P-glycoprotein. Bioorg Med Chem Lett.
2015;25(2):297-301.

Huang F, Fu Y. A review of clinical pharmacokinetics and phar-
macodynamics of galantamine, a reversible acetylcholinesterase
inhibitor for the treatment of Alzheimer’s disease, in healthy sub-
jects and patients. Curr Clin Pharmacol. 2010;5(2):115-24.
Kraus W, et al. The national physical activity plan: a call to action
from the American heart association: a science advisory from the
American heart association. Circulation. 2015;131(21):1932-40.
Polinsky RJ. Clinical pharmacology of rivastigmine: a new-
generation acetylcholinesterase inhibitor for the treatment of
Alzheimer’s disease. Clin Ther. 1998;20(4):634-47.

Mohamed LA, Keller JN, Kaddoumi A. Role of P-glycoprotein
in mediating rivastigmine effect on amyloid-beta brain load and
related pathology in Alzheimer’s disease mouse model. Biochem
Biophys Acta. 2016;1862(4):778-87.

West TA, Perram J, Holloway CJ. Use of direct oral anticoagu-
lants for treatment of atrial fibrillation in patients with HIV: a
review. Curr Opin HIV AIDS. 2017;12(6):554-60.

Caplan MR, Daar ES, Corado KC. Next generation fixed dose
combination pharmacotherapies for treating HIV. Expert Opin
Pharmacother. 2018;19(6):589-96.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Clumeck N, Pozniak A, Raffi F. European AIDS Clinical Society
(EACS) guidelines for the clinical management and treatment of
HIV-infected adults. HIV Med. 2008;9(2):65-71.

Tseng A, Foisy M. Important drug-drug interactions in HIV-
infected persons on antiretroviral therapy: an update on new
interactions between HIV and Non-HIV drugs. Curr Infect Dis
Rep. 2012;14(1):67-82.

Mathias AA, German P, Murray BP, Wei L, Jain A, West S,
et al. Pharmacokinetics and pharmacodynamics of GS-9350: a
novel pharmacokinetic enhancer without anti-HIV activity. Clin
Pharmacol Ther. 2010;87(3):322-9.

Kumar P, Gordon LA, Brooks KM, George JM, Kellogg A,
McManus M, et al. Differential influence of the antiretroviral
pharmacokinetic enhancers ritonavir and cobicistat on intestinal
P-glycoprotein transport and the pharmacokinetic/pharmacody-
namic disposition of dabigatran. Antimicrob Agents Chemother.
2017;61(11):e01201-17.

Koff RS. Review article: the efficacy and safety of sofosbuvir, a
novel, oral nucleotide NS5B polymerase inhibitor, in the treat-
ment of chronic hepatitis C virus infection. Aliment Pharmacol
Ther. 2014;39(5):478-87.

Garimella T, You X, Wang R, Huang SP, Kandoussi H, Bifano
M, et al. A review of daclatasvir drug-drug interactions. Adv
Ther. 2016;33(11):1867-84.

Bertz R. Bristol-Myers Squibb HCV full development portfolio
overview. In: Plenary presentation presented at the 14th Interna-
tional Workshop on Clinical Pharmacology, April 22-24, 2014,
Amsterdam, The Netherlands.

Hodin S, Basset T, Jacqueroux E, Delezay O, Clotagatide A,
Perek N, et al. In vitro comparison of the role of P-glycopro-
tein and breast cancer resistance protein on direct oral anti-
coagulants disposition. Eur J Drug Metab Pharmacokinet.
2018;43(2):183-91.

Garrison KL, German P, Mogalian E, Mathias A. The drug-
drug interaction potential of antiviral agents for the treat-
ment of chronic hepatitis C infection. Drug Metab Dispos.
2018;46:1212-25.

I\ Adis

Journal : Large 40265 Article No : 1328 Pages : 19

MS Code : 1328

Dispatch : 31-5-2020

1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440



Author Proof

Journal: 40265
Article: 1328

Author Query Form

Please ensure you fill out your response to the queries raised below and return this form along
with your corrections

Dear Author
During the process of typesetting your article, the following queries have arisen. Please check your typeset proof

carefully against the queries listed below and mark the necessary changes either directly on the proof/online grid or in the
‘Author’s response’ area provided below

Query | Details Required Author’s Response
AQl Is this a reference "No dose adjustment (12. 6)" in Table 5?
AQ2 Do you mean kinetics here "cynetics"?

Journal : Large 40265 Article No : 1328 Pages : 1 MS Code : 1328 Dispatch : 31-5-2020




Electronic Supplementary Material

Drugs

Edoxaban and the Issue of Drug-Drug Interactions:

from Pharmacology to Clinical practice

Alberto Corsini, Nicola Ferri, Marco Proietti*, Giuseppe Boriani

* Corresponding Author:

Dr Marco Proietti, MD FESC

Istituto di Ricerche Farmacologiche Mario Negri IRCCS
Via Giuseppe La Masa 19, 20156, Milan, Italy

Tel: +39-02-39014458

e-mail: marco.proietti@unimi.it

ORCID ID: 0000-0003-1452-2478

Compliance with ethical standards
Funding: This article was developed independently by the authors following an advisory board meeting sponsored by
Daiichi Sankyo SpA.

Disclosures of Interest: Alberto Corsini reports relationship with Bristol-Mayers, Daiichi-Sankyo and Mylan. Nicola
Ferri reports relationship with Bristol-Mayers, Daiichi-Sankyo and Mylan. Marco Proietti reports relationship with
Boehringher Ingelheim. Giuseppe Boriani reports relationship with Medtronic, Boston Scientific, Boehringer Ingelheim
and Bayer. All relationships disclosed are outside the submitted work.



Table S1. Anticancer drug therapies continuing after randomization to edoxaban or dalteparin. From Raskob G.E et
al. [1]

Anticancer drugs Edoxaban (N=522) Dalteparin (N=524)
Antimetabolites — no. (%) 124 (23.8) 118 (22.5)
Platinum-based chemotherapy — no. (%) 105 (20.1) 107 (20.4)
Monoclonal antibodies — no. (%) 42 (8.0) 54 (10.3)
Bevacizumab — no. (%) 13 (2.5) 17 (3.2)
Taxanes — no. (%) 40 (7.7) 47 (9.0)
Hormonal therapy — no. (%) 41 (7.9) 37 (7.1)
Topoisomerase inhibitors — no. (%) 30 (5.7) 48 (9.2)
Alkylating agents — no. (%) 30 (5.7) 38 (7.3)
Anthracyclines — no. (%) 22 (4.2) 25 (4.8)
Vinca alkaloids — no. (%) 16 (3.1) 18 (3.4)
Kinase inhibitors — no. (%) 18 (3.4) 18 (3.4)
Immunomodulating agents — no. (%) 16 (3.1) 9(1.7)
Proteasome inhibitors — no. (%) 7(1.3) 8 (1.5)
Antitumor antibiotics — no. (%) 5(1.0) 5(1.0)
Miscellaneous — no. (%) 14 (2.7) 14 (2.7)




Table S2. Predicted Effects of antineoplastic drugs on edoxaban exposure and indications of dosage
recommendation; Modified from Steffel et al. [2]

Concomitant Drug

Effect on P-gp and CYP

Effect on edoxaban
concentration

Reasonable indication and
dosage recommendation for
edoxaban

Antimitotic agents

Paclitaxel

Moderate CYP3A4 induction; CYP3A4/P-
gp competitive inhibition

no significant effect on
AUC predicted

no dose adjustment

Vinblastine

Strong P-gp induction; CYP3A4/P-gp
competitive inhibition

significant decrease in
AUC predicted

Not recommended due to
reduced plasma levels

Docetaxel, Vincristine

Moderate CYP3A4 induction; CYP3A4/P-
gp competitive inhibition

no significant effect on
AUC predicted

no dose adjustment

Vinorelbine

Moderate CYP3A4 induction; CYP3A4/P-
gp competitive inhibition

no significant effect on
AUC predicted

no dose adjustment

Antimetabolites

Metotrexate

P-gp competitive inhibition; no relevant
interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Pemetrexed, Purine
analogs, Pyrimidine
analogs

No relevant interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Topoisomerase inhibitors

no significant effect on

Topotecan No relevant interaction anticipated AUC predicted no dose adjustment
Irinotecan CYP3A4/P-gp competitive inhibition; no no significant effect on no dose adjustment
relevant interaction anticipated AUC predicted
Et . Mild CYP3A4 induction; CYP3A4/P-gp no significant effect on .
oposide no dose adjustment

competitive inhibition

AUC predicted

Anthracyclines / Anthracenediones

Strong P-gp induction; Mild CYP3A4

significant decrease in

Not recommended due to

Doxorubicin ::E:g:t:gg CYP3A4/P-gp competitive AUC predicted reduced plasma levels
Idarubicin Mild CYP3A4 inhibition; P-gp competitive | no significant effect on no dose adjustment

inhibition

AUC predicted

Daunorubicin

P-gp competitive inhibition; no relevant
interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Mitoxantrone

no relevant interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Alkylating agents

Mild CYP3A4 inhibition; CYP3A4

no significant effect on

Ifosfamide competitive inhibition AUC predicted no dose adjustment
Cicloohosphamide Mild CYP3A4 inhibition; no significant effect on no dose adiustment
phosp CYP3A4 competitive inhibition AUC predicted )
Lomustine Mild CYP3A4 inhibition no S|gn|f|c_ant effect on no dose adjustment
AUC predicted
CYP3A4 competitive inhibition; no relevant | no significant effect on .
Busulfan no dose adjustment

interaction anticipated

AUC predicted

Bendamustine

P-gp competitive inhibition; no relevant
interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Chlorambucil,
Melphalan, Carmustine,
Procarbazine,
Dacarbazine,
Temozolomide

No relevant interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Platinum-based agents

Cisplatin, Carboplatin,
Oxaliplatin

No relevant interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Intercalating agents

Bleomycin,
Dactinomycin

No relevant interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Mitomycin C

No relevant interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Tyrosine kinase inhibitors

Imatinib, Crizotinib

Strong P-gp inhibition; Moderate CYP3A4
inhibition; CYP3A4/P-gp competitive

significant increase in
AUC predicted

Not recommended due to
increased plasma levels




inhibition

Nilotinib, Lapatinib

Moderate-to-strong P-gp inhibition; mild
CYP3A4 inhibition; CYP3A4/P-gp
competitive inhibition

possible increase in AUC
predicted

use with caution - Consider
dose adjustment if another
moderate to strong P-gp
inhibitor is used

Vemurafenib

Moderate CYP3A4 induction; CYP3A4/P-
gp competitive inhibition

no significant effect on
AUC predicted

no dose adjustment

Dasatinib

Mild CYP3A4 inhibition; CYP3A4/P-gp
competitive inhibition

no significant effect on
AUC predicted

no dose adjustment

Vandetanib, Sunitinib

Strong P-gp induction; CYP3A4
competitive inhibition

significant decrease in
AUC predicted

Not recommended due to
reduced plasma levels

Erlotinib, Gefatinib

CYP3A4 competitive inhibition, No
relevant interaction anticipated

no significant effect on
AUC predicted

no dose adjustment

Ibrutinib

P-gp inhibitor; CYP3A4 competitive
inhibition

possible increase in AUC
predicted

no dose adjustment (use with
caution)

Monoclonal antibodies

Brentuximab

CYP3A4 competitive inhibition; No
relevant interactions anticipated

no significant effect on
AUC predicted

no dose adjustment

Rituximab,
Alemtuzumab,
Cetuximab,
Trastuzumab,
Bevacizumab

No relevant interactions assumed

no significant effect on
AUC predicted

no dose adjustment

Hormonal agents

Abiraterone

Moderate CYP3A4 inhibition; Strong P-gp
inhibition; CYP3A4/P-gp competitive
inhibition

significant increase in
AUC predicted

Not recommended due to
increased plasma levels

Enzalutamide

Strong CYP3A4 induction; Strong P-gp
inhibition; CYP3A4/P-gp competitive
inhibition

significant increase in
AUC predicted

Not recommended due to
increased plasma levels

Bicalutamide

Moderate CYP3A4 inhibition

no significant effect on
AUC predicted

no dose adjustment

Tamoxifen

Strong P-gp inhibition; Mild CYP3A4
inhibition; CYP3A4 competitive inhibition

possible increase in AUC
predicted

use with caution - Consider
dose adjustment if another
moderate to strong P-gp
inhibitor is used

Anastrozole

Mild CYP3A4 inhibition

no significant effect on
AUC predicted

no dose adjustment

Flutamide

CYP3A4 competitive inhibition; No
relevant interactions anticipated

no significant effect on
AUC predicted

no dose adjustment

Letrozole, Fulvestrant

CYP3A4 competitive inhibition; No
relevant interactions anticipated

no significant effect on
AUC predicted

no dose adjustment

Raloxifene, Leuprolide,
Mitotane

No relevant interactions anticipated

no significant effect on
AUC predicted

no dose adjustment

Immune-modulating-agents

Cyclosporine

Strong to moderate P-gp inhibition,
moderate CYP3A4 inhibition; CYP3A4/P-
gp competitive inhibition

+73% AUC [3]

use edoxaban 30 mg [4]

Strong CYP3A4/P-gp induction;

significant decrease in

Not recommended due to

Dexamethasone CYP3A4/P-gp competitive inhibition AUC predicted reduced plasma levels
Strong to moderate P-gp inhibition, mild significant increase in
Tacrolimus CYP3A4 inhibition; CYP3A4/P-gp AUC predicted use edoxaban 30 mg
competitive inhibition
P . Moderate CYP3A4 induction; CYP3A4 no significant effect on .
rendisone no dose adjustment

competitive inhibition

AUC predicted

Temsirolimus,
Sirolimus

Mild CYP3A4 inhibition; CYP3A4/P-gp
competitive inhibition

no significant effect on
AUC predicted

no dose adjustment

Everolimus

CYP3A4 competitive inhibition; No
relevant interactions anticipated

no significant effect on
AUC predicted

no dose adjustment

AUC Area under the curve, CYP Cytochrome P 450, P-gp P-glycoprotein.




Table S3. Predicted effects of antiparkinsonian and anti-Alzheimer’s disease drugs on edoxaban exposure and
indications of dosage recommendation.

Concomitant

Effect on P-gp and CYP

Effect on edoxaban

Indication and dosage

Drug concentration recommendation for edoxaban
L-dopa

L-dopa/ substrate for P-gp inhibitors no significant effect on AUC no dose adjustment*

carbidopa predicted

Dopamine agonists

Pergolide

substrate for P-gp Cyp2D2 inhibition
(5]

no significant effect on AUC
predicted

no dose adjustment*®

Bromocriptine

P-gp inhibitor 51; CYP3A4 inhibition
[5, 6]

possible increase of AUC
predicted

no dose adjustment (use with caution)*

Pramipexole

substrate for P-gp and CYP2D2
inhibition [5, 6]

no significant effect on AUC
predicted

no dose adjustment*

MAO B inhibitors

Selegiline CYP2D6 substrate no significant effect on AUC no dose adjustment*
predicted

Rasagiline CYP1A2 substrate no significant effect on AUC no dose adjustment*
predicted

Safinamide No relevant interactions no significant effect on AUC no dose adjustment*

known/assumed

predicted

COMT inhibitors

Tolcapone CYP2C9 inhibitor no significant effect on AUC no dose adjustment*
predicted

Entacapone CYP2C9 inhibitor no significant effect on AUC no dose adjustment*
predicted

Others

Amantadine No relevant interactions no significant effect on AUC no dose adjustment”

known/assumed

predicted

Acetylcholinesterase inhibitors

Donepezil weak CYP3A4 inhibition no significant effect on AUC no dose adjustment*®
predicted
Galantamine CYP3A4, CYP2D6 substrate no significant effect on AUC no dose adjustment*®

predicted

Rivastigmine

P-gp induction

Possible decrease in AUC
predicted

no dose adjustment (use with caution)*

* Expert opinion

AUC Area under the curve, CYP Cytochrome P 450, P-gp P-glycoprotein.




DDIs with antacid drugs

The prevalence of gastro-esophageal reflux disease (GERD) is significant worldwide and evidence indicate, especially
in the western countries, an increase in its incidence [7]. This suggests that an increasingly higher portion of the
population is using antacid medication.

Theoretically, antacid medications are not devoid of risk of DDIs with NOACs. Especially considering gastric
acidity might play a role in NOAC absorption (Table S4). From a pharmacological point of view, a small reduction of
dabigatran bioavailability has been observed with concomitant PPls or H2-blockers, while no effect has been
observed with other NOACs [2]. Also, PPIs can have an influence on cytochrome P450 metabolism, especially
CYP2C19 [8] and some PPIs like omeprazole, lansoprazole and pantoprazole can also have an inhibitory influence on
P-gp [9]. In a pharmacological study, esomeprazole was shown to have no significant effect on the peak and total
exposure of edoxaban during concurrent dosing [10].

The histamine Il receptor blocker cimetidine was shown to inhibit certain cytochrome P450 enzymes, including
CYP1A2, CYP2C9, CYP2D6 and CYP3A3/A4, and CYP2C18 [11], while ranitidine has a minor effect on the CYP
isoenzymes [12].

Aluminum-Magnesium Hydroxide Tablets have no influence on P-gp or CYP isoenzymes but they might alter
the absorption of drugs that are concomitantly administered if taken within 1 hour [13].

Table S4. Predicted effects of antacid drugs on edoxaban exposure and indications of dosage recommendation.

Effect on edoxaban
concentration

Concomitant Drug Effect on P-gp and CYP Indication and dosage

recommendation for edoxaban

PPls

Esomeprazole

CYP2C9 and CYP2C19
inhibition,

no significant effect on AUC
observed

Minor effects (no dose adjustment)

Omeprazole

CYP2C19 inhibition;
CYP3A4 substrate;
moderate P-gp inhibition

no significant effect on AUC
predicted

no dose adjustment*

Pantoprazole,

P-gp inhibition

no significant effect on AUC
predicted

no dose adjustment*

Lansoprazole

CYP2C19 inhibition, P-gp
inhibition

no significant effect on AUC
predicted

no dose adjustment*

H2 antagonists

Cimetidine Inhibition of CYP1A2, no significant effect on AUC no dose adjustment*
CYP2C9, CYP2D6, predicted
CYP3A3/A4, CYP2C18

Ranitidine No interactions predicted no significant effect on AUC no dose adjustment*

predicted

Aluminium-magnesium
hydroxide

No interactions predicted

no significant effect on AUC
predicted

no dose adjustment*

* Expert opinion

AUC Area under the curve, CYP Cytochrome P 450, P-gp P-glycoprotein.




DDIs with NSAIDs drugs

Patients with AF tend to be elderly and to have other inflammatory disorders, which may require the use of
nonsteroidal anti-inflammatory drugs (NSAIDs). NSAIDs increase bleeding risk with NOACs due to a
pharmacodynamics interaction and the chronic use is not permitted by the respective SmPCs (Table S5).

Mendell et al, conducted a pharmacokinetic study to assess the potential pharmacokinetic/pharmacodynamic
interactions between edoxaban and the NSAID naproxen [14]. Naproxen undergoes to an extensive metabolism
through the CYP1A2 and CYP2C9 [15], therefore, the likelihood of pharmacokinetic interaction with edoxaban is
minimal, although, a pharmacodynamic interaction is likely. Indeed, no significant effect of naproxen was observed in
systemic exposure to edoxaban (AUC and C,..) whereas it was shown an additive effect on bleeding time [14].
Interestingly, naproxene has shown to increase apixaban exposure by more than 50%, an effect potentially related to
the inhibition of the intestinal efflux transporter P-gp [16]. Naproxene use and has not been studied with other NOACs
[2]. For the acute concomitant use of naproxene, edoxaban could constitute a reasonable choice for a concomitant
anticoagulant.

Table S5. Predicted effects of NSAIDs drugs on edoxaban exposure and indications of dosage recommendation.

Concomitant |Effect on P-gp and Eff . Indication and dosage
Dru CYP ect on edoxaban concentration recommendation for edoxaban
g
NSAIDs
Naproxen P-gp competitive no significant effect on AUC; no dose adjustment; Chronic use
inhibition; CYP1A2 and | Pharmacodynamically increased not recommended [4]
CYP2C9 inhibition bleeding time effect [14]
Aspirin No relevant interactions | Increased AUC for high doses of no dose adjustment; Chronic use
known/assumed aspirin; Pharmacodynamically not recommended [4]
increased bleeding time [14]

* Expert opinion
AUC Area under the curve, CYP Cytochrome P 450, P-gp P-glycoprotein.




DDIs with monoclonal antibodies and interleukin 6 (IL6)

The clearance of therapeutic monoclonal antibodies (mAbs) typically does not involve CYP450-mediated metabolism
or interaction with P-gp, therefore their pharmacokinetic interactions with small molecule drugs are limited. However,
mAbs directed against circulating cytokines, such as interleukin (IL)-6, IL-1B8, or TNF-a, for the treatment of
immunologic disorders like rheumatoid arthritis, celiac disease, and Crohn’s disease may have a significant impact on
drug metabolism. Specific studies have, indeed, demonstrated that IL-6 reduces the CYP3A4, 2B6 and 2C8 mRNA
expression [17, 18]. Even more relevant for NOAC disposition, is the observation that IL-6-treated mice displayed a
70% reduction in protein expression of all P-gp isoforms [19]. On these basis, it is possible that tocilizumab, a
monoclonal antibody anti IL-6, may induce P-gp and reducing NOAC intestinal absorption. A case report of possible
DDI between tocilizumab and dabigatran has been described. The authors claim that the coadministration of
tocilizumab with dabigatran had induced a progressively decreased anticoagulant effect of dabigatran, favoring
mesenteric arterial thrombosis [20]. A possible interaction can also be predicted for edoxaban.

Similar effect can be hypothesized with the monoclonal antibody dupilumab that inhibits IL-4 and IL-13
signaling. An open-label drug—drug interaction study was performed to assess whether a possible interaction of
dupilumab with the pharmacokinetics of drugs metabolized by cytochrome P450 (CYP450) enzymes, including
warfarin. The results clearly show no significant DDI of drugs metabolized by CYP3A, CYP2C19, CYP2C9, CYP1A2,
and CYP2D6 after IL-4/IL-13 signaling inhibition by dupilumab [21].

DDIs with omega-3 polyunsaturated fatty acids

Omega-3 polyunsaturated fatty acids (n3-PUFA) are an important component of human metabolism and cellular
function [22]. After some initial evidence of a beneficial role in reducing significantly the risk of all-cause death, n3-
PUFA have been largely investigated as possible beneficial dietary supplement to reduce the risk of major adverse
cardiovascular events [22]. Notwithstanding, current evidence available pointed out that only a small advantage is due
to the consumption of n3-PUFA, which seems to possibly increase over time [22].

Metabolism of n-3 PUFA does not involve P-gp or any CYP450 [23], so no direct effect on edoxaban
pharmacokinetic and concentration, nor any other NOAC, is predicted. Conversely, it is known that n-3 PUFA have a
significant role in modulating platelet activation [23], hence this action associated with the concomitant assumption of
antiplatelet agents or other anticoagulant drugs has been hypothesized to increase the risk of bleeding, even though
no evidence seems to support this hypothesis [24]. Currently, no evidence is available to recommend any dose
adjustment for edoxaban nor any other NOACs.

DDlIs with dietary supplements, nutraceuticals and herbs
Approximately half of the older population taking prescription medication also regularly use dietary supplements [25]
and the often-unregulated nature of supplements means that potential interactions with NOACs should be considered.

Herbs and supplements for the prevention and treatment of cardiovascular disease have been associated with
adverse effects and interactions [26-34]. For example, garlic inhibits platelet aggregation and can cause significant
anticoagulation, and the Chinese herb danshen (Salvia miltiorrhiza) may potentiate warfarin [35].

Dong quai is a Chinese herbal medicine used for the treatment of menstrual cramping, irregular menses, and
menopausal symptoms. Dong quai has a number antithrombotic constituents, particularly coumarins, and a case
report of DDI with warfarin has been reported [36].

Practitioners should be aware of the possibility of such an interaction that cannot be excluded with NOACs.
Green tea contains significant quantities of vitamin K and therefore may antagonize the anticoagulant effect of
warfarin [37]. Considering the vitamin K-independent mechanism of action of NOAC, it is not expected a significant
DDI with green tea.

Horse chestnut (Aesculus hippocastanum) is used as an herbal medicine for chronic venous insufficiency.
The main constituents of horse chestnut are triterpene saponins (escin), flavonoids (e.g., quercetin, kaempferol, EC,
proanthocyanidin A2, anthocyanins), and coumarins (e.g., esculin, esculetin) [38]. Clinical trials are suggested to
investigate whether or not the coumarins, present in horse chestnut, may play a therapeutic role in reducing
hypercoagulation [39]. The combination of vitamin E and alpha-lipoic acid increases bleeding tendencies and
therefore may have an impact on long-term anticoagulant therapies [40]. Beyond the effect on coagulation system and
platelet function, many foods and herbal drugs may modulate P-gp activity, as well as CYP3A4 metabolism and thus
NOACSs exposure (Table 4) [41]. Camellia sinensis, Hypericum perforatum, Ginkgo biloba increase P-gp activity while
Curcumin from Curcuma longa, piperine and silymarin inhibit this protein. Grapefruit juice is a strong CYP3A4 and P-
gp inhibitor and may lead to increased exposure of drugs metabolized in this manner or P-gp substrates, such as
NOACSs [42]. In addition, a study by Honda and colleagues showed that grapefruit and orange juice extracts and their
constituents also inhibited P-gp transcellular transport [43]. At present, however, none of the NOACs is cautioned with
grapefruit juice.



Additionally, St. John’s Wort is one of the most commonly used herbal remedies for minor and major
depression. Use of St. John’s Wort often goes unreported to medical practitioners, despite safety concerns about its
tendency for clinically relevant drug interactions [44].

The effect of St. John’s wort affects both the expression level of P-gp and CYP3A4 and therefore a series of
interactions that lead to the decrease of P-gp and CYP3A4 substrates have been reported [45].

It is noteworthy that a single-dose administration of St. John’s wort decreases intestinal P-glycoprotein
expression, while the opposite effect is observed if the same substance is administered long-term [46]. Due to the
frequent use of this substance, the non standardized dosages and the expected increased plasma concentrations with
all NOAC:s, their use should be avoided in concomitance [41, 47].

Taken together, the scenario of potential interaction of herbal medicine with NOACs is mainly unexplored,
excluding the well established P-gp inducer St. John’s Wort, which is contraindicated with any NOACs [2].

Table 16 lists a series of substances that are present in many commonly used medicinal plants and their
potential effect on P-gp and Cythochromes. These substances, theoretically, might have the potential to alter NOAC
plasmatic concentration thus, their use should be limited or carefully evaluated in case of concomitant administration.
Considering that CYP3A4 is involved to a minor extent in the metabolism of edoxaban, the substances that alter this
path might have less influence on edoxaban compared to other anti-Xa inhibitors.

Table 16. Effect of herbs and derived substances on P-glycoprotein activity and function. Modified from Bogacz A et
al and Di Minno A, et al [41, 46]

Substance Herb source of Induction of | Inhibition of | Effect on CYP450
substance P-gp P-gp
Apigenin Matricaria chamomilla X [26] Inhibition of CYP3A4
Berberine Berberis X [27] Inhibition of CYP2D6, 2C9, and CYP3A4
Capsaicin Capsicum (chili peppers) X [28] Induction of CYP3A4
Carum Ajowan Carum copticum Inhibition of CYP3A4
Citrus aurantium Orange Inhibition of CYP3A4
Coraria lactone Alisma orientalis X
(Alismataceae)
Curcumin Curcuma longa X Inhibition of CYP3A4
(Zingiberaceae)
Dehydroepiandrosterone | Soybean (Glycine max) Inhibition of CYP3A4
Echinacea purpurea and/or Inhibition of CYP3A4
angustifolia
Ephedrine Angelica sinensis X
(Apiaceae)
Eucalyptus Eucalyptus globulus Inhibition of CYP1A2, 2C9, 2C19, 3A4
Fo-ti-root Fallopian multiflora Inhibition of CYP1A2, 2C9, 2C19, 3A4
Garlic extract garlic X Inhibition of CYP2C9, 2C19, 3A4
Ginkgo biloba extract Ginkgo biloba X[29]
(Ginkgogaceae)
Glabridin Glycyrrhiza glabra X Inhibition of CYP3A4
(Glycyrrhizaceae)
Glycyrrhetinic acid Licorice X Inhibition of CYP3A4
Grape juice Vitis vinifera Induction of CYP1A2, 3A4
Grapefruit juice Grapefruit X [30] Inhibition of CYP3A4
Guggulsterone Guggul (Commiphora X[10] CYP3A4 induction
mukul)
Honokiol Pseudolarix kaempferi X
(Pinaceae)
Hydrastis canadensis goldenseal Inhibition of CYP3A4
extract
Hyperforin, hypericin St. John’s wort X (atlong X (acute) Induction of CYP1A2, 2C9, 3A4
(Hipericaceae) term) [31]
Kava Piper methysticum X Inhibition of CYP1A2, 2C9, 2C19, 3A4
Licorice root Glycyrrhiza glabra X [31, 32] CYP3A4 induction
Lime extract Lime Inhibition of CYP3A4
Paeoniflorin Paeonia alba X
(Paeoniaceae)




Phellamurin Phellodendron wilsonii X
(Rutaceae)
Piperine Piper nigrum; Piper X [33] Inhibition of CYP3A4
longum (Piperaceae)
Pyranocoumarins Peucadanum X
praeruptorum (Apiaceae)
Polyphenols Green tea leaf X short-term inhibition, and longterm
(Theaceae) induction of CYP3A4
Protopanaxatriol Panax ginseng X Potent CYP3A4 competitive inhibition;
ginsenosides (Araliaceae) moderate CYP2C9 inhibition
Prunus avium extract wild cherry CYP3A4 inhibition
Quercetin Dietary flavonoids X [31] Inhibiton of CYP1A2, induction of
CYP2A6
Resveratrol Vaccinium corymbosum, Inhibition of CYP1A2, 3A4
Rubus idaeus, Morus
nigra
Rutin Carpobrouts edulis X [26] Potent CYP3A4 inhibition
Scutellaria Lamiaceae X [31] CYP3A4 inhibition
Silymarin Silybum marianum X CYP3A4 inhibition
(Asteraceae)
Soy milk and miso soybeans X[32] CYP3A4 induction [32]
Sucralose X [34] CYP3A4 induction [32]
Tanacetum parthenium feverfew Inhibition of CYP1A2, 2C9, 2C19, 3A4
Tenacissimoside A Marsdenia tenacissima X
(Asclepiadaceae)
Tetrandrine Stephania tetrandra X Moderate CYP3A4 inhibition
(Menispermaceae)
Trifolium pretense Red clover Inhibition of CYP1A2, 2C9, 2C19, 3A4
Uncaria Una de gato CYP3A4 inhibition
Valerenic acid Valeriana officinalis CYP3A4 inhibition
Vauqueline Angelica sinensis X

(Apiaceae)

AUC Area under the curve, BCRP breast cancer resistance protein, CYP Cytochrome P 450, P-gp P-glycoprotein.
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