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Abstract: The direct oral anticoagulants (DOACs), dabigatran, rivaroxaban, apixaban, and edoxaban,
are becoming the most commonly prescribed drugs for preventing ischemic stroke in patients with
non-valvular atrial fibrillation (NVAF) and for the treatment and prevention of venous thromboem-
bolism (VTE). Rivaroxaban was also recently approved for the treatment of patients with a recent
acute coronary syndrome (ACS). Their use demonstrated to have a favorable risk-benefit profile,
with significant reductions in stroke, intracranial hemorrhage, and mortality compared to warfarin,
but with increased gastrointestinal bleeding. Nevertheless, their safety profile is compromised in
multimorbidity patients requiring contemporary administration of several drugs. Comorbidity and
polypharmacy have a high prevalence in elderly patients, who are also more susceptible to bleeding
events. The combination of multiple treatments can cause relevant drug-drug interactions (DDIs) by
affecting the exposure or the pharmacological activities of DOACs. Although important differences
of the pharmacokinetic (PK) properties can be observed between DOACs, all of them are substrate of
P-glycoprotein (P-gp) and thus may interact with strong inducers or inhibitors of this drug transporter.
On the contrary, rivaroxaban and, to a lower extent, apixaban, are also susceptible to drugs altering
the cytochrome P450 isoenzyme (CYP) activities. In the present review, we summarize the potential
DDI of DOACs with several classes of drugs that have been reported or have characteristics that
may predict clinically significant DDIs when administered together with DOACs. Possible strategies,
including dosage reduction, avoiding concomitant administration, or different time of treatment,
will be also discussed to reduce the incidence of DDI with DOACs. Considering the available data
from specific clinical trials or registries analysis, the use of DOACs is associated with fewer clinically
relevant DDIs than warfarin, and their use represents an acceptable clinical choice. Nevertheless,
DDIs can be significant in certain patient conditions so a careful evaluation should be made before
prescribing a specific DOAC.

Keywords: apixaban; dabigatran; rivaroxaban; edoxaban; drug-drug interaction; pharmacokinetics;
pharmacodynamics

1. Introduction

Atrial fibrillation (AF) is the most common type of cardiac arrhythmia worldwide [1]
and its prevalence is increasing due to the ageing population and other risk factors and
comorbidities [2]. In the elderly, comorbidity and polypharmacy are quite common, and
this population of patients showed a 9-10% incidence of AF at aged > 80 years, compared
to less than 0.1% in patients at aged < 55 years) [3]. In AF patients, polypharmacy and
multiple comorbidities have been associated to higher incidence of death and bleeding
risk [4-6]. Moreover, the risk of drug—drug interactions (DDI) increases with the number of
concomitant drug treatments [7].

Direct oral anticoagulants (DOACs) are considered by international guidelines as the
preferred choice of anticoagulants to prevent stroke in patients with AF [2,8] and to prevent

Pharmaceutics 2022, 14, 1120. https://doi.org/10.3390 /pharmaceutics14061120

https:/ /www.mdpi.com/journal /pharmaceutics


https://doi.org/10.3390/pharmaceutics14061120
https://doi.org/10.3390/pharmaceutics14061120
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0001-8898-7441
https://orcid.org/0000-0003-0822-4589
https://doi.org/10.3390/pharmaceutics14061120
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics14061120?type=check_update&version=2

Pharmaceutics 2022, 14, 1120

2 of 27

venous thromboembolism (VTE) [9]. Considering their large use, it is essential to have a
complete picture on possible DDI between DOACs and other commonly used classes of
drugs. Although the last European Heart Rhythm Association (EHRA) guidelines have
nicely summarized the main DDI with DOACs [2], in the present review we have extended
and updated the current knowledge on this topic that might be useful for clinicians for
their prescriptions.

2. Pharmacokinetic and Pharmacodynamic Properties of DOACs

DOACs comprise dabigatran, a selective inhibitor of factor Ila (thrombin), and three
factor Xa inhibitors: rivaroxaban, apixaban and edoxaban. Apixaban is the most potent
inhibitor of factor Xa with an inhibitory constant (Ki) of 0.08 nM, 10,000 higher than
thrombin (Ki ~ 3 uM) [10-12] compared with a Ki of 0.4 nM for rivaroxaban [13] and of
0.56 nM for edoxaban [14]. Differently, dabigatran acts at a lower level of the coagulative
cascade by inhibiting the activity of thrombin with a Ki of 4.5 nM [10].

Considering their direct inhibitory action of factor Xa or Ila, the DOACs anticoagulant
effect is linear with the plasma concentration of the drugs, with a maximal effect reached
after approximately 3 h post oral administration (T'max, Table 1). Results of clinical studies
clearly show that inhibitors of factor Xa, rivaroxaban, apixaban, and edoxaban exert their
pharmacological effect in a concentration-dependent manner [15-21]. The half-life of
DOACs (5 + 17 h) allows the reactivation of the coagulation cascade 12-24 h after the
interruption of the therapy [21,22]. These pharmacological characteristics yield therapy
with DOAC:s less problematic compared to warfarin, which has a very long onset of action
(days), long half-life (20 + 60 h), and the coagulation requires many days to be restored
after interruption of therapy [23]. It is also relevant to point out that apixaban, edoxaban,
and rivaroxaban are administered in active form, while dabigatran as a prodrug in the
etexilate form to improve its bioavailability.

Table 1. Pharmacokinetic and pharmacodynamic characteristics of DOACs.

Dabigatran Rivaroxaban Apixaban Edoxaban
Target Thrombin fXa fXa fXa
Ki (nmol/L) 45 04 0.08 0.56
Bioavailability 6.5% (absolute) 80% (absolute) 66% (absolute) 60% (absolute)
Effect of food re]gil?eygj;;i;t?(tm Increas(ezc(l) a;E);)rption None None
Administered with food No Yes * No No
Vd (L) 60-70 50 21 >300
Protein bound 35% >90% 87% 40-59%
prodrug Yes No No No
Tmax (h) 1-3 2-4 34 2
Peak levels (ng/mL) ** 175 (117-275) 249 (184-343) 171 (91-321) 170 (125-245)
Trough levels (ng/mL) ** 91 (61-143) 44 (12-137) 103 (41-230) 36 (16-62)
Half-life (h) 12-17 5-9 (healthy) 8-15 8-11
Metabolism (CYP) Conjugation BCA\?Igllfl?;iaze]r? (;I:Etd 3a4 (25;@29}?51 5 12, 2C8, 3A4 (<4%)
P-gp substrate Yes (only prodrug) Yes Yes Yes
Substrate of other transporters Not known BCRP/ABCG2 BCRP/ABCG2 Not known
Renal elimination 80% 35% 27% 50%
Hemodialysis elimination 60-70% Unlikely Unlikely Unlikely
Administration frequency Double daily dose Once daily dose Double daily dose Once daily dose

Vd: volume of distribution; Tmax: Time to reach the maximal plasma concentration; CYP450: Cytochrome P 450;
P-gp. P-glycoprotein. * The drug at 15 and 20 mg must be administered with food; ** Expected plasma levels of
DOAC:s in patients treated for AF.
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Beyond the pharmacodynamic (PD) characteristics, the pharmacokinetic (PK) profile
represents a second level of differentiation between DOACs and warfarin (Table 1). Consid-
ering the different parameters, those that more likely influence the interaction with other
drugs are the interaction with P-glycoprotein (P-gp), cytochrome P450 (CYP450)-mediated
metabolism, variability of plasma concentration of the drug (peak/through ratio), and
renal elimination. From all these considerations, it is evident that DOACs have intrinsic
characteristics which are deeply distinct, and thus their propensity to undergo to DDI may
vary between specific drugs.

The PK parameters of DOACs are summarized in Table 1. Protein binding are remark-
ably different between DOACs, with rivaroxaban and apixaban showing values above 90%
and 87%, respectively. Thus, these two drugs may undergo to protein displacement by
drugs with higher affinity to albumin and possible increase of their exposure. We recall that
warfarin shows a very similar high protein binding (89%), and S(—) isomer has a slightly
greater affinity than R(+) [24]. P-gp plays an important role in PK profile of all DOACs by
impairing their intestinal absorption and promoting elimination by the kidney and the liver
(Table 1) [25,26]. For this reason, potent P-gp inhibitors or inducers (Table 2) are expected
to have relevant pharmacological interactions with all DOACs, increasing or reducing their
anticoagulant effect.

Dabigatran differs from the other DOACs for its low bioavailability (6.5%) which
determines a large variability in the quote of the drug absorbed at gastrointestinal (GI)
level [11].

The presence of food slightly delays dabigatran absorption (Cpax from 2 h to 4 h),
while a significantly increase of rivaroxaban bioavailability is observed, especially at
20 mg dose [27]. In addition, the bioavailability of rivaroxaban is not linear with the
administered dose, it is estimated to be 80-100% at the dose of 10 mg and 66% at 20 mg [27].
Differently, the GI absorption of apixaban and edoxaban is not influenced by the presence
of food [17,18,28,29].

Table 2. Inducers and inhibitors of CYP3A and P-gp. Modified from Corsini et al. [30].

P-gp Inhibitor Non-P-gp Inhibitor P-gp Inducer

Strong CYP3A inhibitor

itraconazole, ketoconazole, clarithromycin,

X P . . . voriconazole
lopinavir, indinavir, ritonavir, telaprevir

Moderate CYP3A inhibitor

erythromycin, verapamil,

e 3 'f' . e
diltiazem, dronedarone not identified doxorubicin

lapatinib, quinidine, cyclosporine, felodipine,

Weak CYP3A inhibitor azithromyecin, ranazoline, ticagrelor, cimetidine vinblastine
chloroquine, hydroxychloroquine
carbamazepine, phenytoin,
CYP3A Inducers phenobarbital, rifampin,

dexamethasone, tocilizumab,
St. John’s Wort

CYP = Cytochrome P 450; P-gp = P-glycoprotein.

Both apixaban and rivaroxaban are partially metabolized in the liver by CYP3A4;
therefore, a strong inducer and inhibitors of this hepatic cytochrome (Table 2) may influence
the PK of the anticoagulants and alter their pharmacological effect.

Rivaroxaban, due to the once daily posology, and dabigatran, due to the low bioavail-
ability, are expected to have a higher variability of plasma concentrations (Table 1) and may
undergo more easily to clinically relevant DDI.

Anti-fXa chromogenic assays are available to measure plasma concentrations of
DOAC:s. This determination may help clinicians to detect a DDIs [2].

In addition to the PK interactions, different classes of drugs may have a PD interaction
by affecting either the coagulation cascade or platelet activation. Thus, the DDI can be
divided in PK and PD according to the different mechanism of interaction.
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The aim of this review was to summarize the known or predicted PK and PD inter-
actions of DOACs with different classes of drugs, discussing the clinical relevance and
possible strategies to reduce the incidence of these interactions.

3. Potential Drug-Drug Interaction with Antiarrhythmic Drugs

AF patients are commonly treated with cardiovascular drugs that might interact with
DOAC through the inhibition of P-gp and/or CYP3A4, thus leading to increased exposure
and bleeding risk [2].

Digoxin is a cardiac glycoside used for the treatment of congestive heart failure. Only
16% of digoxin is metabolized, while 50-70% is eliminated unmodified with urine. Digoxin
has a narrow therapeutic index, and it is a substrate of P-gp. A clinical PK study clearly
demonstrated that digoxin does not interact with apixaban (Table 3) [31]. Similarly, no
significant changes of the PK profile of dabigatran are observed with digoxin, and thus a
negligible impact was observed on blood coagulation time, activated partial thromboplastin
time (aPTT), and ecarin clotting times (ECT) [32]. The same results were obtained in healthy
subjects after co-administration of digoxin and rivaroxaban [33] with only a minor effect
that has been observed in one study on the PK of edoxaban [34].

Table 3. Effects of cardiovascular drugs on DOACs exposure.

Concomitant Drug Effect on DOACs Concentration

Cardiovascular Drugs Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Amiodarone Moderatg }’-gp °+12 to 60% eMinor effect Alestess increase +40% AUC
competition of concentrations
Digoxin P-gp competition No effect No effect No effect No effect
P-gp competition and Tiln 8 P elncrease in AUC s
Diltiazem weak CYP3A4 Possible increase ePossible increase (1.4-fold) and eNo mgmﬁcant‘ effect on
A of concentrations of concentrations AUC predicted
inhibition Cax (1.3-fold)
Moderate P-gp . ; " S
Dronedarone inhibition and +70 t0 100% Inf.‘ekase n bffdmg 'I;"SS"’IE mcrease 0+85% AUC
CYP3A4 inhibition risk (+30-40%) of concentrations
L - 3 eExtent in eExtent in ©+77% AUC (no dose
Quinidine P-gp competition RERFOGINC increase unknown increase unknown reduction required by label)
Verapamil in}?ﬁ;?ggf;g?vi " 0+12 to 180% AUC +40% AUC eExtent in +53% AUC (no dose
P CYP3A4 inhibition (reduce to 10 mg bid) Increase in bleeding risk increase unknown reduction required by label)
Atenolol P-gp substrate No PK data No PK data AUC and No PK data

Chax unchanged

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant DDI
anticipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the presence
of >2 yellow/bleeding risk factors. Orange: Consider dose reduction or avoiding concomitant use. Red:
Contraindicated /not advisable. Blue dot indicates PK interaction.

Atenolol is equally eliminated unmodified through the feces and urine and it is not an
inhibitor of CYP450 and P-gp. Beta-blockers may interact with other drugs by reducing
liver flow, although this should not affect the clearance of apixaban since it has a low
hepatic extraction. This hypothesis was confirmed in a PK study [31]. The interaction
between atenolol and other DOACS was not investigated clinically; however, atenolol is
not expected to alter the PK of other DOACs.

Dronedarone, an antiarrhythmic drug with properties of Vaughn-Williams classes
I-1V, is a strong inhibitor of P-glycoprotein and a moderate inhibitor of CYP3A4 [35].
As expected, dronedarone increases Cmax and AUC of dabigatran etexilate 150 mg bid
by 1.73-fold and 2-fold, respectively [36]. Dronedarone doubles dabigatran AUC and
Cmax, thus its co-administration is contraindicated [36], as confirmed by a retrospective
cohort study that observed a modest increased risk of GI bleeding but not overall bleeding
in AF patients treated with dronedarone and dabigatran [35]. In the US, patients with
values of clearance of creatinine between 30 and 50 mL/min, the combination dabigatran
dronedarone is permitted only at the lowest dose of 75 mg bid, further supporting the
relevance of this interaction.
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Caution must be taken with amiodarone, quinidine, and verapamil, moderate and
mild P-gp inhibitors. In healthy volunteers, amiodarone was shown to increase dabigatran
bioavailability by approximately 50-60% [37]. This DDI can be considered clinically relevant
considering also the long half-life time of amiodarone [38]. The effect of amiodarone
on dabigatran exposure (AUC) seems less evident, with an AUC increase by 12% in
AF patients [39]. In any case, significantly higher incidence of major bleeding has been
reported after a co-administration of amiodarone in dabigatran treated patients compared
to dabigatran alone [40].

Similarly to amiodarone, quinidine, another P-gp inhibitor, increases the bioavailabil-
ity of dabigatran, both AUC and Cpax, by more than 50% [2]. The interaction between
dabigatran and verapamil depends on the time of administration and the formulation
of verapamil. Dabigatran exposure increases significantly when given within 2 h with
an immediate-release formulation of verapamil (AUC and Cpax are 143% and 179%, re-
spectively, compared to dabigatran alone) [41]. On the contrary, a minor interaction was
observed when dabigatran was given 2 h before a double dose of extended-release vera-
pamil (AUC and Cpax < 20% of increase) [41]. Since the half-life time did not change, the
interaction was most likely related to the absorption of dabigatran, further supporting the
role of intestinal P-gp on DDlIs.

In healthy subjects, the co-administration of digoxin did not affect rivaroxaban PK
and PD [33]. Indeed, digoxin is not expected to interact with DOACs [2]. Rivaroxaban
does not induce or inhibit any major CYP isoforms, including CYP3A4, or P-gp/Bcrp
transporters. Dronedarone seems to have a moderate effect on rivaroxaban PK and the last
EHRA guidelines indicated to avoid their concomitant prescription [2]. This conclusion
has been reached after the results of a specific retrospective cohort study in patients with
AF > 18 years treated with DOACs [35]. The results of this study showed a significant
increased risk of overall bleeding, GI bleeding, in patient treated with dronedarone and
rivaroxaban [35].

Mendell | et al., reported the results from six PK studies evaluating the potential inter-
actions between edoxaban and cardiovascular drugs [34]. The relevance of the interaction
strongly depends on the degrees of P-gp inhibition. For instance, verapamil, quinidine,
dronedarone, and amiodarone are potent P-gp inhibitors [42], increased the AUC of edox-
aban by about 50-85% [34]. A clear contribution of P-gp inhibition on DDI with DOACs
has been demonstrated by comparing the effect of intravenous and oral administration
of quinidine on edoxaban exposure, 35% vs. 77% increase, respectively [34,43]. However,
the interaction with verapamil and quinidine has not been considered clinically relevant
and no dose reduction is required, although caution should be considered in the pres-
ence of other factors that might increase edoxaban exposure [2]. This final statement has
been reached after the analysis of phase III clinical data [2]. The determination of plasma
concentration of edoxaban, in a subgroup of patients of ENGAGE AF-TIMI 48 trial, demon-
strated a significant interaction with amiodarone [44]. Specifically, the concentrations were
58.5 &+ 53.2 ng/mL with amiodarone vs. 43.2 & 41.1 ng/mL without amiodarone [44]. The
last EHRA guidelines does not suggest reducing edoxaban dosage with the concomitant
use of amiodarone [2] (Table 3).

Summary

Considering all antiarrhythmic drugs, the most critical appears to be dronedarone,
with important differences between DOACs. The contraindication for rivaroxaban and
dabigatran results from higher bleeding risk (rivaroxaban) and higher bioavailability
(dabigatran) that may lead to a more relevant DDI. For verapamil, a clear and important
interaction has been described for dabigatran, while the anti-fXa factors can be considered
as co-treatment.
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4. Potential Drug-Drug Interaction with Antiplatelet and Antithrombotic Drugs

Coronary heart disease (CAD) is a common comorbidity in patients with AF, with
an incidence of approximately 25-35% [45,46]. This high incidence is largely due to the
multiple risk factors shared by these pathological conditions (e.g., obesity, hypertension,
diabetes mellitus). It is estimated that approximately 10% of patients with recent percuta-
neous coronary intervention (PCI) have concomitant AF [47]. In addition, rivaroxaban is
approved for the treatment of patients with recent ACS in combination with antiplatelet
drugs [48]. For this reason, the interaction of DOACs with antiplatelet drugs are of clinical
importance. In patients with AF undergoing PClI, it is recommended a triple therapy
with aspirin, P2Y12 antagonist, and oral anticoagulation [49]. However, this therapy is
associated with 3- to 4-fold increased risk of bleeding complications [50-52]. For the PD
prospective analysis, the results of four dedicated RCTs have investigated the efficacy
and safety of DOAC or warfarin with anti P2Y12 inhibitors in patients with AF and ACS
undergoing PCI [51,53-55]. These trials showed that dual therapy with DOAC plus P2Y12
inhibitors (mainly clopidogrel) performs better in terms of risk of bleeding compared triple
therapy with warfarin, aspirin, and a P2Y12 inhibitor. The bleeding risk reduction was
mainly driven by receiving DOAC instead of warfarin a well as by omitting aspirin [51].
Considering the possible PK interaction with aspirin, 100 mg once a day for 5 days does
not influence the PK of edoxaban [36], whereas higher dose of aspirin (325 mg) increased
edoxaban AUC by 30% and Cmax by 34% (Table 4) [56]. Although, the reason for this DDI is
still unknown, a clinically relevant 2-fold increase in bleeding time has been observed with
aspirin 100 mg (low dose), or aspirin 325 mg (high dose) in combination with edoxaban [56].
This effect is more likely due to a PD interaction between the two drugs [56].

Table 4. Effects of antiplatelet and antithrombotic drugs on DOAC exposure and pharmacologi-
cal activity.

Concomitant Drug Effect on DOACs Concentration and Pharmacodynamic

Antiplatelet Drugs Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
No relevant ©0+30-40% AUC oo No significant effect eeNo significant effect oo No significant effect
. . . and Crax; on AUC predicted; on AUC predicted; on AUC predicted;
Clopidogrel PK interactions Ph 4 icall Ph 4 icall Ph d icall Ph 4 icall
Kknown,/ assumed 'Pharmacodynamically Pharmacodynamically 'Pharmacodynamically 'Pharmacodynamically
increased bleeding time increased bleeding time  increased bleeding time  increased bleeding time
b 00+25-70% AUC; No data oNo data 'Pred“;teA‘{J‘g?rease
Ticagrelor 8P Pharmacodynamicall Pharmacodynamicall Pharmacodynamicall: ° -
8! % Y by y Y i
inhibition . R . . . R Pharmacodynamically
increased bleeding time increased bleeding time increased bleeding time increased bleeding time
eeIncreased AUC for
.. No relevant effect . . . . high doses of aspirin;
Aspirin Kknown/assumed ePharmacodynamically increased bleeding time Pharmacodynamically
increased bleeding time
#No significant effect
Prasugrel P-gp substrate ePharmacodynamically increased bleeding time on AUC;
& &p Y y & Pharmacodynamically
increased bleeding time
Cilostazol, No relevant effect ; ; N
Dipyridamole known/assumed ePharmacodynamically increased bleeding time

Prostacyclin Analogues  Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

No relevant effect
known/assumed

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant DDI
anticipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the presence
of >2 yellow/bleeding risk factors. Orange: Consider dose reduction or avoiding concomitant use. Red:
Contraindicated /not advisable. Blue dot indicates PK interaction and violet dot PD interaction.

Epoprostenol, Iloprost,

Treprostinil ePharmacodynamically increased bleeding time

Although rivaroxaban does not increase the antiplatelet effect of aspirin, and aspirin
does not alter the effect of rivaroxaban on the inhibition of fXa activity [57], their combi-
nation in patient with venous thromboembolism (VTE), was associated to 1.5-fold higher
incidence of major bleeding events [58].

Antiplatelet drugs are inhibitors (ticagrelor, naproxen) or substrates (clopidogrel,
enoxaparin) of P-gp [59-61] (Table 4). Edoxaban, with or without concomitant use of clopi-
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dogrel and ticagrelor, showed similar relative efficacy and reduced bleeding compared to
warfarin [62]. Nevertheless, a significant increase of bleeding risk due to a PD interaction is
expected with all DOACs when administered together with antiplatelet drugs, as observed
with dabigatran [55]. No PK interaction was observed when clopidogrel (75 mg once
daily) and dabigatran (150 mg twice daily) where administered in healthy volunteers [63].
However, a single loading dose (300 mg or 600 mg) of clopidogrel increased dabigatran
AUC and Cax by 30-40% [63].

The P-gp inhibitor, ticagrelor, increases the exposure of dabigatran by almost 50%
(AUC and Cpax +48.3% and +62.7%, respectively) (Table 4) [64]. A less evident interaction
between the two drugs was observed when ticagrelor was administered 2 h after morning
dose of dabigatran (AUC and Cpax +28.8% and +24.1%, respectively). This staggered intake
is clearly indicated in the SmPC [64]. A similar behavior can be predicted for the other
DOAC:s. Finally, apixaban does not further inhibit platelet aggregation when administered
with prasugrel (60 mg followed by 10 mg once daily) (Table 4) [50].

Summary

All DOACs show an important and clinically relevant PD DDI with antiplatelet drugs.
Ticagrelor is the only one that partially inhibit P-gp with a significant increase of drug
exposure for dabigatran and potentially for the other DOACs.

5. Potential Drug-Drug Interaction with Nonsteroidal Anti-Inflammatory Drugs

Long-term treatment with nonsteroidal anti-inflammatory drugs (NSAIDs) could be
expected in patients with AF as they tend to be elderly and to have other inflammatory
disorders. It is logical to predict a PD interaction between NSAIDs and DOAC with a
significant increase in bleeding risk; indeed, their chronic use is not permitted by the
respective SmPCs. This interaction has been documented in the EINSTEIN trial where
rivaroxaban was compared to enoxaparin-vitamin K antagonists (VKA) treatment. The
incidence of major bleeding during NSAID-anticoagulant treatment was equal to 6.5 per
100 patient-years, compared to 2.0 per 100 patient-years during anticoagulant use only
(HR, 2.37) [58]. A similar increase was observed for clinically relevant bleeding (HR, 1.77)
(Table 5) [58,65].

Table 5. Effects of NSAIDs on DOAC exposure and pharmacological activity.

Concomitant Drug

Effect on DOACs Concentration and Pharmacodynamic

NSAIDs Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

P-gp competition;

oNo data; Pharmacodynamically oo +55% AUG; N e

Naproxene CYP1A2 and increased bleeding time Pharmacodynamically =~ Pharmacodynamically
CYP2C9 inhibition 8 increased bleeding time  increased bleeding time
No relevant PK
Other NSAIDs interactions ePharmacodynamically increased bleeding time
known/assumed

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. Orange: Consider dose reduction
or avoiding concomitant use. Blue dot indicates PK interaction and violet dot PD interaction.

In a post hoc analysis of the RE-LY study, the use of NSAIDs was associated with
increased risk of major bleeding (HR, 1.68) and GI bleeding (HR, 1.81), stroke/SE (HR,
1.50), and hospitalization (HR, 1.64) [66]. The safety and efficacy of dabigatran 150 and
110 mg b.i.d. relative to warfarin were not altered [66].

A PK study has found that the use of the nonselective NSAID naproxen increased
serum concentrations of apixaban and could potentially increase the risk of bleeding
(Table 5) [67]. A post hoc analysis of the ARISTOTLE trial that the incident NSAIDs use
was associated with increased risk of clinically relevant nonmajor bleeding (HR, 1.70),
major bleeding (HR, 1.61), but not GI bleeding [65]. However, NSAIDs use in patients with
AF treated with apixaban relative to warfarin was not independently associated with an
increased risk of bleeding or adverse events [65].
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Summary

Similarly to antiplatelet drugs, NSAIDs interact with DOACs by modulating the
platelet activity. This interaction has been clearly observed in clinical trials. Naproxene has
an additional mechanism of interaction by a specific competition on P-gp that has been
detected with apixaban but can be considered for all DOACs.

6. Potential Drug-Drug Interaction with Antidepressant Drugs

Antidepressants are widely used in the treatment of patients with stroke [68]. A ret-
rospective cohort study conducted in patients with AF documented an increased risk of
intracerebral hemorrhage in patients treated with the combination of DOACs with SSRIs
(+38%), particularly with paroxetine and tetracyclic antidepressants [69]. These results,
although from a retrospective study, indicate a clinically relevant DDI between DOACs
and antidepressants, which should be carefully considered when prescribing DOACs in
adult patients (Table 6).

Table 6. Effects of antidepressant on DOAC exposure and pharmacological activity.

Concomitant Drug

Effect on DOACs Concentration and Pharmacodynamic

Antidepressant

St. John's wort
(Hypericum perforatum L.)

Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Strong CYP3A4 and Relevant decrease in —24% AUC and Relevant decrease in Relevant decrease in
P-gp induction AUC predicted —14% Cmax AUC predicted AUC predicted

No relevant PK interactions

known/assumed; . . . .
SSRI Fluvoxamine is a mild ePharmacodynamically increased bleeding risk
inhibitor of CYP3A4
Clomipramine No relevant PK interactions ePharmacodynamically increased bleeding risk

known/assumed

Vortioxetine

No relevant PK interactions

known/assumed ePharmacodynamically increased bleeding risk

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. Yellow: caution/careful monitoring
required, especially in case of polypharmacy or in the presence of >2 yellow/bleeding risk factors. Orange:
Consider dose reduction or avoiding concomitant use. Red: Contraindicated /not advisable. Blue dot indicates PK
interaction and violet dot PD interaction.

St. John’s wort is one of the most commonly used remedies for minor and major
depression [70]. The effect of St. John’s wort is a strong induction of P-gp and CYP3A4
and can potentially affect the anticoagulant action of all DOACs [71]. Due to the frequent
use of this substance, the non-standardized dosages and the expected reduction of plasma
concentrations with all DOAC:S, its use should be avoided in concomitance with DOACSs
(Table 6) [72,73]. In an open-label, nonrandomized, sequential treatment interaction study
conducted with 12 healthy volunteers, St. John’s wort extract significantly reduced the
AUC and Cmax of rivaroxaban by 24% and 14%, respectively. No clinically significant
differences were found regarding Tmax and half-life of rivaroxaban. Thus, St. John’s wort
extract significantly interact with rivaroxaban and are predicted to interfere with other
DOACs by inducing CYP3A4 and P-gp expression [74].

Summary

The most relevant interaction relies on St. John’s wort, a strong inducer of P-gp
and thus determining a clinically significant reduction of DOACs activity. The effect of
SSRI and clomipramine are less clear as their inhibitory effect on platelet aggregation is
still controversial.

7. Potential Drug-Drug Interaction with Statins and Lipid-Modified Agents

Lipid-modifying agents are widely utilized in AF patients, in consideration to the high
rate of coronary heart disease (CHD). Statins have some effect on P-gp and CYP450 [36].
Atorvastatin, lovastatin, and simvastatin are metabolized by CYP3A4 and may compete
with P-gp [75] and thus might increase the exposure of DOACs. This effect can be con-
sidered clinically relevant in consideration to the results of a population-based, nested
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case-control study involving 45,991 Ontario residents under treatment with dabigatran.
A higher risk of major hemorrhage was observed in patients under treatment with dabiga-
tran and simvastatin or lovastatin compared to dabigatran alone (OR 1.46) [76]. Similar
effect can be predicted for the other DOACs. Opposite results were observed with ator-
vastatin in the analysis of the Taiwan National Health Insurance database. In patients
cotreated with atorvastatin and dabigatran, the adjusted incidence rate for major bleeding
was significantly lower than dabigatran alone [40]. Specific PK study clearly demonstrated
a lack of interaction between dabigatran and atorvastatin [77]. These results were con-
firmed by a second PK study were no significant differences was observed in the C;ough
and Cpax concentration of dabigatran in the presence or absence of atorvastatin [78]. Sim-
ilarly, atorvastatin does not alter the PK of edoxaban (Table 7) [34]. The metabolism of
rosuvastatin and pravastatin only marginally involve CYP3A4, and Fluvastatin is substrate
of CYP2C9 [75]. Thus, the use of pravastatin, Fluvastatin, and rosuvastatin seem to be safer
alternatives to simvastatin in patients treated with DOACs.

Table 7. Effects of lipid-lowering drugs on DOAC exposure.

Concomitant Drug

Effect on DOACs Concentration

Lipid-Lowering Drug Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
. P-gp and CYP3A4 . . +1.7% AUC
Atorvastatin - No PK interaction No effect No dat
v i competition i i o effec o data 1429 Crmax
P derate inhibiti No data No data No data
. . . -gp moderate inhibition; .
Simvastatin; Lovastatin g%ypg) A4 substrate ePossible increased exposure Minor effect on Minor effect on Minor effect on
AUC predicted AUC predicted AUC predicted
Fluvastatin CYP2C9 substrate No significant effect on AUC predicted
Fenofibrate P-gp inhibitor Minor effect on AUC predicted
Gemfibrozil CYP2C8 inhibitor No significant effect on AUC predicted
Ezetimibe No relevant PK interactions No data, no significant effect on AUC predicted;
known/assumed
PCSK9 inhibitors No relevant PK interactions No data, no significant effect on AUC predicted;

known/assumed

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant DDI
anticipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the presence
of >2 yellow /bleeding risk factors. Blue dot indicates PK interaction.

Fibrates are a second class of lipid lowering agents that might interact with DOAC
metabolism. Fenofibrate shows a modest P-gp inhibitory activity in vitro; thus, its inter-
action with DOACs may not be clinically relevant [79]. Ezetimibe, frequently utilized in
combination with statins, does not induce or inhibit CYP3A4 or P-gp, so interactions with
DOACSs seem to be improbable.

Finally, monoclonal antibodies (mAbs) anti PCSK9, evolocumab and alirocumab, are
not metabolized or substrate of CYP and P-gp [80]; thus, no interactions are predicted
with DOACs.

Summary

Although some evidence suggests a possible DDI with simvastatin and lovastatin,
these are not considered to have an important clinical impact. No interaction is predicted
with ezetimibe and mAbs anti PCSKO.

8. Potential Drug-Drug Interaction with Antibiotics and Antifungal Drugs

Some antibiotics and antifungal drugs show moderate to strong inhibition or induc-
tion of P-gp (Table 2), with potentially relevant DDI with DOACs that may require a
dose adjustment.

The macrolides, clarithromycin and erythromycin, are well-known P-gp and CYP3A4
inhibitors. A slight increase of dabigatran AUC and Cmax by about 19% and 15%, respec-
tively, has been observed in response to clarithromycin treatment [81]. Clarithromycin
and erythromycin also increase rivaroxaban AUC and Cmax by approximately 40-50% [82].
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However, these changes are not considered to be clinically relevant. Similar considerations
can be done for apixaban, where the observed increase of 60% of AUC and 30% of Cpax
after co-administration of clarithromycin or erythromycin does not require a dose adjust-
ment [81] (Table 8). On the contrary, the PK of edoxaban seems to be more affected by the
co-administration of erythromycin, with a 47% decrease in the total apparent clearance
of the drug, associated to a significant increase in both peak (+68%) and total exposure
(+85%) of edoxaban and its active metabolite M4 [83]. This interaction may be explained
by the inhibition of P-gp, which may result in increased bioavailability of edoxaban in
the gut by erythromycin [83]. This pharmacological interaction can be managed by dose
adjustment [2], in line with the SmPC (Table 7).

Table 8. Effects of antibiotics and antifungal drugs on DOACs exposure and pharmacological activity.

Concomitant Drug

Effect on DOACs Concentration and Pharmacodynamic

Antibiotics Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
. P-gp substrate; ePredicted +15 to 20% ® ePredicted +60% AUC 0
Erythromycin CYP3A4 inhibition AUC +34% AUC +30% Copay +85% AUC
. . IR o +54% AUC +60% AUC ePredicted increase
Clarithromycin P-gp and CYP3A4 inhibition o+15 to 100% AUC +40% Cyr +30% Coro of AUC
AUC: —35%,
. . P-gp/ BCRP and A = R ° .
Rifampin CYP3A4/CYP2J2 induction 66% AUC 50% AUC 54% AUC compensatory increase
of active metabolites
Metronidazole CYP3A4 inhibition No significant effect on AUC predicted
éevoﬂoxaci_n CYP1A2 inhibition No significant effect on AUC predicted
iprofloxacin
Cephazolin No relevant PK interactions ePharmacodynamically increased bleeding time
known/assumed
Antifungals Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Fluconazole Moderate CYP3A4 inhibition ePredicted AUC increase 0+42% AUC ePredicted AUC increase No data
Ketoconazole Potent P-gp and BCRP
itraconazole competition; +140 to 150% AUC Up to 160% AUC +100% AUC *+87 to 95% AUC
CYP3A4 inhibition
P nazol Potent P-gp competition; ePredicted increase Predicted up to Predicted up to ePredicted increase
osaconazole CYP3AA inhibition of AUC +100% AUC +100% AUC of AUC
Voriconazole Potent CYP3A4 inhibition No data Predicted up to LS 17D (10 No data

+100% AUC

+100% AUC

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant DDI
anticipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the presence
of >2 yellow/bleeding risk factors. Orange: Consider dose reduction or avoiding concomitant use. Red:
Contraindicated /not advisable. Blue dot indicates PK interaction and violet dot PD interaction.

The administration of fluconazole 400 mg (given for 4 days) significantly increases
rivaroxaban Cpax AUC and by 28% and 42%, respectively [82]. This interaction becomes
even more importantly when to fluconazole was added also ciclosporin (strong P-gp
inhibitor) that determined an increase of rivaroxaban average exposure by 86% and Cmax
by 115% [84]. Thus, patients treated with rivaroxaban in combination with multiple
modulators of P-gp (cyclosporin) and CYP3A4 (fluconazole) require particular care. The
clinical impact of the combination of therapy with DOACs and fluconazole has been
recently investigated by using the nationwide Danish registers [85]. This analysis observed
that apixaban users had a higher risk of bleeding following exposure to fluconazole (OR 3.5)
while no differences were found among rivaroxaban and dabigatran users [85]. Topical
azole exposure did not increase bleeding risk with any DOACs [85].

Ketoconazole, a strong P-gp and CYP3A4 inhibitor, increased total exposure of edox-
aban by approximately 90% [83]. Ketoconazole, by inhibiting the P-gp, also increased
the bioavailability of M4 metabolite by approximately 46%, without altering the forma-
tion mediated by carboxylesterase 1(CES-1) [83]. A significant increase of rivaroxaban
AUC and Cpyax by 82% and 53%, respectively was observed in response to Ketoconazole
200 mg once daily, with a concomitant 45% reduction of its clearance [82]. Apixaban
maximum plasma concentration and AUC increase by 62% and 99%, respectively, with
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co-administration of ketoconazole [86]. Thus, the dose of edoxaban should be reduced
by 50% in case of a co-administration with antifungals (itraconazole, ketoconazole, and
posaconazole, Table 8), whereas fluconazole is not expected to alter the PK of edoxaban [2].
Differently, current guidelines contraindicated the use of apixaban and rivaroxaban with
itraconazole, ketoconazole, posaconazole, and voriconazole (Table 8).

Rifampin is one of the most potent inducers of CYP3A4/5 and P-gp; for this reason, a
clinically significant DDI may be predicted with DOAC, with a potential differentiation
in the case of edoxaban. Rifampin reduces by 34% the total exposure to edoxaban (AUC),
although a a concomitant compensatory 5- and 4-fold increase of Cinax values of metabolites
M4 and M6 is observed [87]. These results suggest that rifampin reduce oral bioavailability
of edoxaban but increase its metabolism to form the metabolite M6 through CYP3A4/5. The
increase plasma levels of the active metabolite M4 is potentially due to the inhibition of the
hepatic drug transporter OATP1B1 by rifampin, which determines a impaired liver uptake
of the metabolite [87,88]. Starting from this evidence, the administration of edoxaban with
rifampin is possible but with caution and, alternatively, should be avoided when possible
(Table 8) [2]. Apart from edoxaban, other DOACs are contraindicated with rifampin.

Quinolones, levofloxacin, and ciprofloxacin are CYP1A2 inhibitors and no relevant
interactions are predicted with DOACs [72].

Summary

The DDI with antibiotics and antifungal agents are the most important and with clear
clinical evidence. Rifampin is a well-known P-gp inducer and clearly affect the exposure of
DOAC S, with the exception of edoxaban that shows a partial compensatory increase of its
active metabolite and may be considered for a co-treatment. All azole antifungal agents,
except for fluconazole, show a strong DDI with DOACs, due to their inhibition of P-gp.
However, there are still some missing data for voriconazole; thus, unpredictable DDI can
be envisioned with dabigatran and edoxaban.

9. Potential Drug-Drug Interaction with Antiacid Drugs

The prevalence of gastro-esophageal reflux disease is significant worldwide and
increasingly higher portion of the population is using antacid medication [89]. Dabigatran
absorption increases in an acid environment, and, for this reason, may be influenced by
the coadministration of antiacids, i.e., the proton pomp inhibitors (PPIs). The solubility
of edoxaban is also pH dependent, practically insoluble at a basic pH (8 to 9), slightly
soluble at neutral pH (pH 6 to 7), and highly soluble in an acidic pH (pH 3 to 5) [90].
Thus, its bioavailability could be reduced with PPIs. Indeed, its oral bioavailability is
maximal at lower pH [91]. Several studies demonstrated that PPI co-administrated with
dabigatran decreased dabigatran trough and peak plasma levels [11,92-94]. For instance,
DDI studies with dabigatran, demonstrated that the use of PPIs, such as pantoprazole
40 mg bid, decreases its AUC by 20-30% and the Cnax by 45% [11,95], while no effect was
seen with ranitidine (Table 9) [37]. In agreement with this interaction, a 2-week period
of PPI withdrawal leads to a significant increase in dabigatran trough and peak plasma
levels in patients with AF [96]. However, this interaction has not been considered clinically
relevant [50], but instead the use of PPI reduced the incidence of hospitalization for upper
GI tract bleeding of AF patients [97]. Indeed, the use of PPI is recommended in AF patients
under treatment with DOACs, by the National Association of Hospital Cardiologists
(ANMCO) and the Italian Association of Hospital Gastroenterologists and Endoscopists
(AIGO) [98].
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Table 9. Effects of antiacid drugs on DOACs exposure.

Concomitant Drug

Effect on DOACs Concentration

PPI Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
GI absorption ©—20-30% AUC
Pantoprazole P-gp and CYP2C9 inhibition _45% Cmax No data No data No data
Esomeprazole Gl absorption No data No data No data No significant effect
GI absorption s
Omeprazole P-gp and CYP2C9 inhibition No data No significant effect No data No data
Ranitidine GI absorption No effect No data No data No data
Aluminum-Magnesium GI absorption No data No data No data No data

Hydroxide

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant DDI
anticipated. Blue dot indicates PK interaction.

Finally, esomeprazole did not show any significant changes in the peak and total expo-
sure of edoxaban during concurrent dosing [99], although omeprazole and pantoprazole
may inhibit the P-gp (Table 9) [100]. The influence of omeprazole (once daily 40 mg for
5 days) on the PK and PD of a single 20-mg dose of rivaroxaban, has been investigated in
healthy subjects [101]. No clinically meaningful interactions were observed, suggesting
that rivaroxaban absorption is not influenced by the gastric pH (Table 9) [101].

Summary

Although dabigatran and edoxaban show a pH-dependent GI absorption, there is no
evidence for clinically relevant DDI with antiacids. Instead, the use of PPI shows some
protection for upper gastrointestinal tract bleeding [97].

10. Potential Drug-Drug Interaction with Antineoplastic and Immune-Modulating Agents

Cancer patients are often treated with DOAC:s for their higher risk of VTE. Large phase
III clinical trials on oncologic patients have been completed with both edoxaban (Hokusai
VTE Cancer) and apixaban (Caravaggio) [102,103].

A clear statement on possible DDI with DOACs is possible only for the classes of
drugs with well-defined effect on P-gp and CYP3A4 (Table 10). Among them, the kinase
inhibitors strongly affect the P-gp activity; indeed, imatinib and crizotinib are contraindi-
cated with DOAC:s [2]. Differently, ibrutinib significantly increases risk of AF, with an
estimated cumulative incidence of 5.9% and 10.3% at 6 months and 2 years of treatment,
respectively [104]. The use of ibrutinib is also complicated by its inhibitory action on
P-gp; thus, its combination with DOACs should be limited and used with caution [104].
Other chemotherapeutic drugs may also increase the incidence of AF, such as alkylating
agents (e.g., melphalan, cisplatin, and cyclophosphamide (CTX)), cancer targeted therapies
(e.g., sorafenib and sunitinib), and anthracycline agents (e.g., doxorubicin). Thus, their
combination with DOACs may be considered but with caution.

Table 10. Effects of antineoplastic drugs on DOACs exposure and pharmacological activity.

Concomitant Drug

Effect on DOACs Concentration and Pharmacodynamic Effect

Antimitotic Agents

Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

Paclitaxel

Moderate CYP3A4 induction;

CYP3A4/P-gp competition No significant effect on AUC predicted

Vinblastine, Vincristine,
Vinca alkaloids

CYP3A4/P-gp competition oMild decrease in AUC predicted

Mild CYP3A4 induction;

Docetaxel CYP3A4/P-gp competition No significant effect on AUC predicted
Antimetabolites Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Metotrexate P-gp competition; no relevant No significant effect on AUC predicted

interaction anticipated

Pemetrexed, Purine analogs,
Pyrimidine analogs

No relevant interaction anticipated No significant effect on AUC predicted
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Table 10. Cont.

Concomitant Drug

Effect on DOACs Concentration and Pharmacodynamic Effect

Topoisomerase inhibitors Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Topotecan No relevant interaction anticipated No significant effect on AUC predicted
Irinotecan CYP3A4/P-gp competition; no No significant effect on AUC predicted
relevant interaction anticipated
. Mild CYP3A4 induction; c e .
Etoposide CYP3A4/P-gp competition No significant effect on AUC predicted
Aﬁ?}:r:::zzgﬁ;sés Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Doxorubicin CYP3A4/P-gp competition eDecrease in AUC predicted
Idarubicin Mlli‘, CYP3A4 m.thmO“; No significant effect on AUC predicted
-gp competition
Daunorubicin P—gp competition; no relevant No significant effect on AUC predicted
interaction anticipated
Mitoxantrone No relevant interaction anticipated No significant effect on AUC predicted
Alkylating agents Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Ifosfamide Mild CYP3A4 1nh1b{t1on; CYP3A4 No significant effect on AUC predicted
competition
Ciclophosphamide Mild CYP3A4 mhl‘.b%tlon; CYP3A4 No significant effect on AUC predicted
competition
Lomustine Mild CYP3A4 inhibition No significant effect on AUC predicted
Busulfan CYP3A4 competition; no relevant No significant effect on AUC predicted
interaction anticipated
Bendamustine P-gp competition; no relevant No significant effect on AUC predicted
interaction anticipated
Chlorambucil, Melphalan,
Carmustine, Procarbazine, No relevant effect anticipated No significant effect on AUC predicted
Dacarbazine, Temozolomide
Platinum-based agents Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Cisplatin, Carbf) platin, No relevant effect anticipated No significant effect on AUC predicted
Oxaliplatin
Intercalating agents Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Bleomycin, Dactinomycin No relevant effect anticipated No significant effect on AUC predicted
Mitomycin C No relevant interaction anticipated No significant effect on AUC predicted
Enzymes Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

Asparaginase, Pegaspargase

No relevant PK interactions

known/assumed ePharmacodynamically increased bleeding time

Tyrosine kinase inhibitors

Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

Imatinib, Crizotinib

Strong P-gp inhibition; Moderate

CYP3A4 inhibition; CYP3A4/P-gp Significant increase in AUC predicted

competition
Tucatinib Moderate to strong CYP3A4 and P-gp eModerate increase in AUC predicted
inhibition
Moderate-to-strong P-gp inhibition;
Nilotinib, Lapatinib mild CYP3A4 inhibition; ePossible increase in AUC predicted
CYP3A4/P-gp competition
o Moderate to strong CYP3A4 No significant ePossible increase ePossible increase No significant
Ribociclib inhibition; CYP3A4/P-gp competition effect on in AUC predicted in AUC predicted effect on
’ &p P AUC predicted p P AUC predicted
Vemurafenib Moderate CYP3A4 induction; eModerate increase ePossible variation ePossible variation ePossible variation
P-gp inhibition in AUC predicted in AUC predicted in AUC predicted in AUC predicted
Lorlatinib Moderate CYP3A4 and P-gp ePossible reduction in AUC predicted
induction
Ceritinib Strong CYP3A4 1nh1b1t1(?n'; CYP3A4 ePossible increase in AUC predicted
and P-gp competition
. Mild CYP3A4 inhibition; i 5 p

Selpercatinib CYP3A4/P-gp competition ePossible increase in AUC predicted

Dasatinib Mild CYP3A4 inhibition; ePossible increase in AUC predicted

CYP3A4/P-gp competition ePharmacodynamically increased bleeding risk

Encorafenib CYP3A4 competition ePharmacodynamically increased bleeding risk

Vandetanib, Cabozantinib,
Neratinib, Osimertinib,
Ruxolitinib

P-gp inhibition; CYP3A4 competition ePossible increase in AUC predicted
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Table 10. Cont.
Concomitant Drug Effect on DOACs Concentration and Pharmacodynamic Effect
Tyrosine kinase inhibitors Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

Alectinib, Alpelisib,
Brigatinib, Gilteritinib,
Pemigatinib

P-gp inhibition ePossible increase in AUC predicted

Sunitinib, Avapritinib,
Carfilzomib, Glasdegib,
Ponatinib

ePossible increase in AUC predicted

P-gp inhibition; CYP3A4 competition ePharmacodynamically increased bleeding risk

Nintedanib

P-gp competition ePharmacodynamically increased bleeding risk

Erlotinib, Gefitinib, Afatinib

CYP3A4 competition, no relevant

interaction anticipated No PKiinteraction

No significant effect on AUC predicted

Binimetinib

No relevant PK interactions

known/assumed ePharmacodynamically increased bleeding risk

Ibrutinib

ePossible increase in AUC predicted

P-gp inhibition; CYP3A4 competition ePharmacodynamically increased bleeding risk

Acalabrutinib, zanubrutinib

CYP3A4 and P-gp competition ePharmacodynamically increased bleeding risk

BCL-2 inhibitors Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Venetoclax P-gp inhibition; CYP3A4 and P-gp ePossible increase in AUC predicted
competition
Monoclonal . . .
antibodies Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Brentuximab No relevant interactions anticipated No significant effect on AUC predicted

Rituximab, Cetuximab,

No relevant effect assumed No significant effect on AUC predicted

Pharmacodynamically increased bleeding risk

Trastuzumab
No relevant PK interactions
Alemtuzumab
known/assumed
Bevacizumab, . .
. o No relevant PK interactions
Caplacizumab, Ipilimumab,
! known/assumed
Ramucirumab

ePharmacodynamically increased bleeding risk

Hormonal agents

Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

Moderate CYP3A4 inhibition;

Abiraterone Strong P-gp inhibition; ePossible increase in AUC predicted
CYP3A4/P-gp competition
Enzalutamide Strong CYP3A4 induction; P-gp Possible variation ;égg?;jg: ;é%;:i?ﬁ: Possible variation
inhibition; CYP3A4/P-gp competition in AUC predicted AUC predicted AUC predicted in AUC predicted
No significant ePossible ePossible No significant
Bicalutamide Moderate CYP3A4 inhibition effect on increase in increase in effect on
AUC predicted AUC predicted AUC predicted AUC predicted
. Strong P-gp inhibition; Mild CYP3A4 . . .
Tamoxifen inhibition; CYP3A4 competition eModerate increase in AUC predicted
Anastrozole Mild CYP3A4 inhibition No significant effect on AUC predicted
Flutamide CYP3.A4 corn'petitionf NO relevant No significant effect on AUC predicted
interactions anticipated
Letrozole, Fulvestrant CYP?’A 4 competition; NO relevant No significant effect on AUC predicted
interactions anticipated
Ralox1f§?e, Leuprolide, No relevant interactions anticipated No significant effect on AUC predicted
itotane
Immune-modulating-agents Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Strong to moderate P-gp inhibition, o ® ® *+73% AUC
Cyclosporine moderate CYP3A4 inhibition; SXS‘&O j;_gff‘f:{"f +'2+f4f1 é" ég;( o 4%)00 / °CAUC (reduce to 30 mg as
CYP3A4/P-gp competition predictec © max indicated by label)
Strong to moderate P-gp inhibition, 2 ULl
. . I ! Strong increase of ePossible increase ePossible increase in AUC predicted,
Tacrolimus mild CYP3A4 inhibition; N X . . . A
o AUC predicted in AUC predicted in AUC predicted consider a
CYP3A4/P-gp competition A
dose reduction
Dexamethasone Strong CYP3A4/P-gp induction; ePossible decrease in AUC predicted

CYP3A4/P-gp competition ePharmacodynamically increased bleeding risk

Prednisone and
other corticosteroids

Moderate CYP3A4 induction;
CYP3A4 competition

oNo significant effect on AUC predicted
ePharmacodynamically increased bleeding risk
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Table 10. Cont.
Concomitant Drug Effect on DOACs Concentration and Pharmacodynamic Effect
Immune-modulating-agents Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

Temsirolimus, Sirolimus

Mild CYP3A4 inhibition;

CYP3A4/P-gp competition No significant effect on AUC predicted

Everolimus

CYP3A4 competition; No relevant

interactions anticipated No significant effect on AUC predicted

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant DDI
anticipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the presence
of >2 yellow/bleeding risk factors. Orange: Consider dose reduction or avoiding concomitant use. Red:
Contraindicated /not advisable. Blue dot indicates PK interaction and violet dot PD interaction.

A retrospective analysis of the Caravaggio trial was recently conducted to evaluate
the possible DDI between apixaban and anticancer agents. Although there was a limited
number of patients under anticancer agent treatment and apixaban (1 = 336), or dalteparin
(n = 332), the risks of recurrent VTE, major bleeding and death were similar to those
observed in patients taking apixaban or dalteparin alone [105]. Nonetheless, the study
was underpowered to identify potential differences in VTE recurrence and bleeding with
different classes of anticancer drugs.

Although the PK interaction between DOACs and monoclonal antibodies is not ex-
pected [80], some of these new target therapies may increase the risk of bleeding and thus
their combination with anticoagulants should be avoided or conducted with caution. This
PD interaction can be predicted for the anti CD52 alemtuzumab, contraindicated with
all DOACs, while bevacizumab (anti VEGF), caplacizumab (anti-vWEF), ipilimumab (anti
CTLA4) and ramucirumab (anti-VEGFR?2) could be used with caution in the presence of
DOAC:s (Table 10).

Considering the hormone therapies, enzalutamide, an androgen receptors antago-
nist, is a strong inducer of P-gp and CYP3A4 and a moderate inducer of CYP2C9 and
CYP2C19 [106,107]. For these pharmacological properties its use is contraindicated with
all DOACs (Table 10). Indeed, patients with prostate cancer associated VTE can be safely
treated with low molecular weight heparin (LMWH) while on enzalutamide, though
observations of real-world use suggest alternative oral anticoagulants are used just as
frequently [108]. The androgen receptor antagonist tamoxifen is predicted to have a lower
impact on the PK of DOACs and can be used with caution (Table 10). Results from a recent
retrospective study conducted in breast cancer women with AF, suggests that DOACs are
an effective and safe therapeutic option during adjuvant hormonal therapy with either
tamoxifen or aromatase inhibitors [109].

Among the immune-modulating agents, the majority of the studies detecting a possible
interaction with DOACs have been conducted with cyclosporine and tacrolimus. Several
in vitro studies identified cyclosporine, tacrolimus, and rapamycin as inhibitors of CYP3A4
and Pgp. More importantly, by using a validated intravenous and per oral *C erythromycin
breath and urine test, Lemahieua, et al. observed a significant increase in intestinal CYP3A4
activity and a significant decrease in hepatic and intestinal P-gp activity in patients on
cyclosporine in comparison with those on tacrolimus and rapamycin [110]. This data
suggested a significant interaction of cyclosporine with all DOACs, although the strongest
effect has been observed with dabigatran [37] (contraindicated) and with edoxaban [83]
(+1.7 fold of Cmax and AUC of edoxaban + cyclosporine vs. edoxaban alone). On the
contrary, cyclosporine and tacrolimus showed a neglecting effect on the PK of apixaban
in healthy volunteers [111]. Finally, in healthy volunteers, cyclosporine increased the
exposure of rivaroxaban by 46% and the Cmax by more than 2-fold [84]. The clinical impact
of this potential DDI has been also evaluated in kidney transplanted patients treated with
warfarin or DOACs in the presence of tacrolimus or cyclosporine [112]. This retrospective
analysis revealed that the rates of major bleeding were 7.2% per year with DOACs vs. 11.4%
per year with warfarin and that the lowest incidence was observed with apixaban compared
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to all other anticoagulants (6.7% vs. 19.0%), further supporting the lower incidence of
immunosuppressor agents on apixaban exposure and activity [112].

Dexamethasone, prednisone, and other corticosteroids may increase the bleeding risk
at upper GI level; thus, a potential PD interaction is predicted (Table 10). In addition,
dexamethasone may induce P-gp and partially affect the anticoagulant action of DOACs,
although clinical data suggesting that dexamethasone is a P-gp inducer are limited and
indirect [113,114].

Summary

The majority of the chemotherapeutic agents appear to be neglected of DDI with
DOACSs. The tyrosine kinase inhibitors certainly represent the most critical class of drugs
with clinically relevant DDI with DOACs due to their inhibition of P-gp. However, this
DDI are restricted mainly to imatinib and crizotinib. Alemtuzumab increases the bleeding
risk as monotherapy, thus a PD interaction can be envisioned with DOACs. Finally, en-
zalutamide has the peculiarity to inhibit P-gp and thus its use is contraindicated with all
DOAC:s. Finally, dabigatran and edoxaban show a more relevant DDI with cyclosporine
and tacrolimus, immunosuppressant agents with strong to moderate P-gp inhibitory effect.

11. Potential Drug-Drug Interaction with Antiepileptic Agents

Stroke accounts for 30—40% of all cases of epilepsy in the elderly [115]. These patients
may require anticoagulant therapy and it is predicted to receive a concomitant therapy
with antiepileptic drugs.

Although there are few clinical evidences of DDI between DOACs and antiepileptic
drugs, in vitro studies clearly documented that many of these drugs induce CYP3A4 and
P-gp leading to reduced DOACs exposure (Table 11) [116]. For instance, carbamazepine,
phenobarbital, and phenytoin are potent inducers of P-gp [117], and therefore may lead
to reduced DOACs plasma concentrations and clinical efficacy. According to the EHRA
practical guide, the use of carbamazepine, phenobarbital, and phenytoin is only possible
with edoxaban and apixaban [2]. Indeed, the use of inducing P-gp agents may decrease
absorption of all DOACs and may reduce their efficacy. The higher variability of plasma
concentration of rivaroxaban and dabigatran (peak/through ratio) [118] may have a rele-
vant clinical impact on their interaction with inducing agents. In addition, the influence of
P-gp inducers on edoxaban can be considered less problematic due to the compensatory
increase of the active metabolite M4, as reported for rifampicin [87].

A careful monitoring of the efficacy of all DOACs is, instead, indicated for valproic
acid, due to its more potent modulation of P-gp [50]. Clinical data demonstrated, by using
digoxin as P-gp substrate, that levetiracetam does not induce P-gp and thus can be utilized
with DOAC:s, although with caution [119,120]. The antiepileptic drugs that do not affect
P-gp function, and thus are not predicted to interact with DOACs include ethosuximide,
lamotrigine, gabapentin, oxcarbazepine, pregabalin, topiramate, and zonisamide [50].

Summary

Antiepileptic drugs, such as carbamazepine, phenobarbital, and phenytoin, are well-
known CYP450 and P-gp inducers and their use is contraindicated for dabigatran and
rivaroxaban, the two DOACs with higher variability in their plasma concentrations. For
apixaban and edoxaban, there is no direct evidence of a DDI with these antiepileptic drugs
and thus may be co-administered with caution, and a lower efficacy might be predicted.
Moreover, valproic acid induces the P-gp activity, although at lower extent; thus, DOACs
may be co-administered but with caution. Finally, levetiracetam has been re-classified from
the previous EHRA guidelines and it is not predicted to have a clinically significant DDI
with DOAC:s, since its effect on P-gp is neutral [120].
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Table 11. Predicted effects of antiepileptic drugs on DOACs exposure.
Concomitant Drug Effect on DOACs Concentration
Antiepileptic Drugs Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Carbamazepine Strong CYP3A4/P-gp induction; Strong decrease Strong decrease ePossible decrease in ePossible decrease in
P CYP3A4 competition in AUC in AUC AUC predicted AUC predicted
Ethosuximide CY.P3A4 competition; No relevant No significant effect on AUC predicted
interaction known/assumed
Gabapentin No relevant interactions No significant effect on AUC predicted
known/assumed
Lamotrigine P-gp competition; No relevant No significant effect on AUC predicted
& interaction known/assumed & P
Levetiracetam P-gp induction; P-gp competition ePossible decrease in AUC predicted
Oxcarbazepine CI,YP3A4 1nduF pon; No significant effect on AUC predicted
-gp competition
Phenobarbital Strong CYP3A4/ P-g.p.induction; Decrease in AUC Decrease in AUC aPoss.ible decrease -Poss_ible decrease
P-gp competition in AUC in AUC
Phenytoin Strong CYP3A4/P-gp induction; Decrease in AUC Decrease in AUC ePossible decrease ePossible decrease

P-gp competition

Valproic acid

CYP3A4/P-gp induction

in AUC

in AUC

ePossible decrease in AUC predicted

No relevant interactions

Pregabalin Kknown/assumed No significant effect on AUC predicted
. CYP3A4 induction; C e .
Topiramate CYP3A4 competition No significant effect on AUC predicted

A CYP3A4 competition; No relevant
Zonisamide

interactions known/assumed

No significant effect on AUC predicted

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant DDI
anticipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the presence
of >2 yellow/bleeding risk factors. Orange: Consider dose reduction or avoiding concomitant use. Red:
Contraindicated /not advisable. Blue dot indicates PK interaction.

12. Potential Drug-Drug Interaction with Antiviral Agents for Human
Immunodeficiency and Hepatitis C Viruses

Considering the HIV therapy, darunavir boosted with ritonavir or cobicistat is the
main protease inhibitor still recommended as first-line treatment. The majority of the
HIV protease inhibitors strongly affect the CYP3A4 activity, with ritonavir being the most
potent, saquinavir the least and tipranavir with no effect. However, ritonavir is also a strong
P-gp inhibitor and thus it is expected to increase DOACs exposure [121]. Therefore, the co-
administration of darunavir/ritonavir with DOACs is not recommended [2] (Table 12). Sim-
ilarly, the pharmacoenhancer cobicistat, a potent CYP3A4, P-gp, and BCRP inhibitor [122], is
predicted to increase DOACs bioavailability; thus, the combinations atazanavir/cobicistat
and darunavir/cobicistat are contraindicated in patients under DOAC treatment.

Table 12. Predicted effects of anti-HIV therapies on DOACs exposure.

Concomitant Drug

Effect on DOACs Concentration

Anti-HIV

Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

HIV protease inhibitors

Strong CYP3A4 inhibition and
P-gp inhibition or induction

+153% AUC
+55% Cmax

Variable increase

Strong increase in
AUC predicted

Strong increase in

and decrease in AUC AUC predicted

No relevant interactions

DTG + ABC/TDF + 3TC known/assumed No significant effect predicted
No relevant interactions s .

DTG + TDF/TAF + FTC known/assumed No significant effect predicted

RAL + TDF/TAF + FTC No relevant interactions No significant effect predicted
known/assumed

EVGc + TAF/TDF + FTC Cobicistat is a potent CYP3A4 St increase in AUC predicted
and P-gp inhibitor 2

Cobicistat is a potent CYP3A4
DRVc + ABC + 3TC and P-gp inhibitor and darunavir Strong increase in AUC predicted

is a CYP3A4 inhibitor

DRVc + TDF/TAF + FTC

Cobicistat is a potent CYP3A4
and P-gp inhibitor and darunavir
is a CYP3A4 inhibitor

Strong increase in AUC predicted
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Table 12. Cont.
Concomitant Drug Effect on DOACs Concentration
Anti-HIV Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
ATVc +TDF/TAF + FTC Cobicistat is a potent CYP3A4 Strong increase in AUC predicted
and P-gp inhibitor
DRVr + TDF/TAF + FTC ~ Ritonavirisapotent CYP3A4 and Strong increase in AUC predicted
P-gp inhibitor =
DRVr + ABC + 3TC Ritonavir is a pf)ter.lt.CYP?’AAL and increase in AUC predicted
P-gp inhibitor
EFV + TDF/TAF + FTIC Induction of CYP3A4 and P-gp ePossible decreased exposure
RPV + TDF/TAF + FTC Induction of CYP3A4 and P-gp ePossible decreased exposure
AZT + 3TC + EFV Induction of CYP3A4 and P-gp ePossible decreased exposure
TDF + 3TC/FTC + EFV Induction of CYP3A4 and P-gp ePossible decreased exposure
TDF + 3TC/FTC + NVP Induction of CYP3A4 and P-gp ePossible decreased exposure

3TC, lamivudine; ABC, abacavir; ATVc = atazanavir + cobicistat; AUC = Area under the curve; AZT, zidovudine;
CYP = Cytochrome P 450; DRVc = darunavir + cobicistat; DRVr = darunair + ritonavir; DTG, dolutegravir;
EFV, efavirenz; EVG, elvitegravir; FTC, emtricitabine; NVP, nevirapine; P-gp = P-glycoprotein; RAL, raltegravir;
RPV, rilpivirin; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate. White: No relevant DDI antic-
ipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the presence of
>2 yellow /bleeding risk factors. Red: Contraindicated /not advisable. Blue dot indicates PK interaction.

HCV-infected patients are at higher risk of VTE, coupled with an increased inci-
dence of AF [123], thus resulting in a DOAC prescription. In this context, the use of
DOAC: in patients with cirrhosis is controversial due to possible new onset of liver in-
jury [124]. The interactions between dabigatran and glecaprevir/pibrentasvir [125] or
sofosbuvir/velpatasvir/voxilaprevir [126] has been recently investigated in specific phase
I trials. Dabigatran AUC increases by 138%, and 161%, when co-administered with gle-
caprevir/pibrentasvir and sofosbuvir/velpatasvir/voxilaprevir, respectively (Table 13).

Table 13. Predicted effects of anti HCV therapies on DOACs exposure.

Concomitant Drug

Effect on DOACs Concentration

NS5A/B Polymerase

Inhibitors Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Sofosbuvir P-gp substrate No significant effect on AUC predicted
Ledipasvir P-gp substrate and inhibitor ePossible increase in AUC predicted
Sofosbuvir + ledipasvir P-gp/CYP3A4 substrate and ePossible increase in AUC predicted
moderate P-gp inhibition
NSSA/B-NS3/4A replication Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban

complex inhibitor

Sofosbuvir + velpatasvir

P-gp/CYP3A4 substrate and
moderate P-gp inhibition

Sofosbuvir + velpatasvir
+ voxilaprevir

P-gp/CYP3A4 substrate and
strong P-gp inhibition

ePossible increase in AUC predicted

ePossible increase in
AUC predicted

ePossible increase in
AUC predicted

Strong increase in
AUC predicted

Ombitasvir
+ paritaprevir/ritonavir
+ dasabuvir

Ritonavir is a potent
CYP3A4 and P-gp inhibitor

eModerate increase in AUC predicted

Elbasvir + grazoprevir

CYP3A4 and P-gp
competition

Glecaprevir + pibrentasvir

P-gp inhibition and
competition

ePossible increase in AUC predicted

+138% AUC
+105% Crax

ePossible increase in
AUC predicted

ePossible increase in
AUC predicted

ePossible increase in
AUC predicted

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant DDI
anticipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the presence
of >2 yellow/bleeding risk factors. Orange: Consider dose reduction or avoiding concomitant use. Red:
Contraindicated /not advisable. Blue dot indicates PK interaction.

Paritaprevir is an HCV protease inhibitor that is boosted with ritonavir and thus this
combination is predicted to increase the exposure of DOACs.

In vitro data indicate that Grazoprevir is not a P-gp inhibitor, and thus it is not expected
to interact with DOACs [127]. Sofosbuvir, a nonstructural protein 5AB (NS5B) polymerase
inhibitor, is not metabolized by CYP450 although it is a P-gp substrate (Table 13) [128].
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Thus, the fixed-dose combination of sofosbuvir and ledipasvir, a substrate and inhibitor of
P-gp/BCRP, may have a relevant impact on DOACs PK and could increase their exposure
(Table 13) [129].

Summary

HIV protease inhibitor, primarily if enhanced with ritonavir and cobicistat, are potent
inhibitors of CYP3A4 and P-gp; thus, their use is contraindicated with DOACs. A pos-
sible interaction is also predicted with anti HCV therapies, such as with NS5B inhibitor
sofosbuvir in combination with velpatasvir/voxilaprevir and with the fixed combination
of glecaprevir/pibrentasvir.

13. Potential Drug-Drug Interaction with Anti-COVID-19 Agents

Remdesivir, darunavir, hydroxychloroquine, atazanavir, lopinavir, and interferon beta-
la are and have been the recommended therapy for coronavirus disease 2019 (COVID-19).
Lopinavir, darunavir, atazanavir, and nirmatrelvir are all utilized in combination with
ritonavir as booster and, for this reason, are all considered contraindicated with DOACs
(Table 14). As discussed before, methylprednisolone and other corticosteroids may also
interfere with DOACs mainly by an increase of GI bleeding risk [85,114].

Table 14. Predicted effects of drugs used in the treatment of COVID-19 on DOACs exposure and
pharmacological activity.

Concomitant Drug

Effect on DOACs Concentration and Pharmacodynamic Effect

Lopinavir + ritonavir

Effect on P-gp and CYP Dabigatran Rivaroxaban Apixaban Edoxaban
Strong CYP3A4 and P-gp inhibition i

Darunavir + ritonavir or cobicistat

Strong CYP3A4 and P-gp inhibition

Atazanavir + ritonavir or cobicistat

Strong CYP3A4 and P-gp inhibition

Nirmatrelvir + ritonavir

Strong CYP3A4 and P-gp inhibition Strong in AUC

No PK data

Azithromycin Mild P-gp inhibition No dose reduction required
Methylprednisolone and other Moderate CYP3A4 induction; eNo significant effect on AUC predicted
corticosteroids CYP3A4 competition Pharmacodynamically increased bleeding risk
Tocilizumab CYP3A4 and P-gp induction ePossible decrease in AUC predicted

Sotrovimab

No relevant interactions

known,/assumed No significant effect on AUC predicted

Regdanvimab

No relevant interactions

known,/assumed No significant effect on AUC predicted

Casirivimab + imdevimab

No relevant interactions

Kknown/assumed No significant effect on AUC predicted

AUC = Area under the curve; CYP = Cytochrome P 450; P-gp = P-glycoprotein. White: No relevant drug-drug
interaction anticipated. Yellow: caution/careful monitoring required, especially in case of polypharmacy or in the
presence of >2 yellow /bleeding risk factors. Orange: Consider dose reduction or avoiding concomitant use. Red:
Contraindicated /not advisable. Blue dot indicates PK interaction and violet dot PD interaction.

Summary

For the anti-COVID-19 therapy, ritonavir is still the drug with higher impact on the
PK of DOAC:s.

14. Potential Drug-Drug Interaction with Monoclonal Antibodies Anti Interleukin 6

DDI between therapeutic monoclonal antibodies (mAbs) and DOACs is unlikely due
to the fact that their clearance and distribution does not involve CYP450 and P-gp [80].
The only exception is represented by the mAbs anti interleukin (IL)-6, such as tocilizumab.
Indeed, IL-6 downregulates the CYP3A4, 2C8 and 2B6 mRNA expression, and IL-6 reduced
by 70% P-gp expression in mice. Thus, the inhibition of IL-6 by tocilizumab, induced P-gp
and reducing DOAC bioavailability (Table 14). A DDI between tocilizumab and dabigatran
has been described with a progressively decreased anticoagulant effect, favoring mesenteric
arterial thrombosis [130]. The coadministration of dabigatran with tocilizumab induced
similar interaction can be predicted for the other DOACs. For dupilumab, a mAb directed
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anti IL-4 and IL-13 signaling, may be predicted a similar effect. An open-label DDI study
was performed to assess the interaction of dupilumab with the PK of drugs metabolized
by CYP450 enzymes, including warfarin [131]. The results clearly show no significant
DDI of drugs metabolized by CYP3A, CYP2C19, CYP2C9, CYP1A2, and CYP2D6 by
dupilumab [131].

Summary

The mAD anti IL-6 receptor, tocilizumab, shows a very peculiar effect compared to
other mAbs. Indeed, tocilizumab may determine a significant induction of P-gp and
CYP3A4 with possible exposure of patients to thrombosis by affecting the GI absorption of
DOAC:s.

15. Expert Opinion

DDIs with DOACs are receiving recent attention in the scientific and health care com-
munities due to the fact that AF or VTE are commonly associated with many other cardiac
and non-cardiac chronic conditions, including cancer, hematological and immunological
disorders [132]. One direct consequence of multimorbidity is polypharmacy, which identi-
fies the utilization of multiple drugs, increasing the chance of experiencing DDIs, which
are common causes of adverse drug reactions. In this complex scenario, it must be also
considered that a large number of drugs are introduced every year, and new interactions
between medications are increasingly reported. Nevertheless, the introduction of the new
class of direct anticoagulant has potentially simplified the treatment with multiple drugs
considering that a total of 605 drugs are known to interact with warfarin, categorized
as 136 major, 398 moderate, and 71 minor interactions. However, dabigatran, apixaban,
rivaroxaban, and edoxaban cannot be commonly considered when co-prescribed with other
drugs. Indeed, their peculiar PD (dabigatran vs. anti fXa) and PK properties must be
considered for a proper prediction of clinically relevant DDIs. Indeed, although all DOACs
are substrate of the P-gp and may interact with strong inhibitors and inducers of this
drug transporter, the inter-individual variability of drug plasma concentrations, lower for
apixaban and edoxaban and higher for rivaroxaban and dabigatran, is a determining factor
for triggering a clinically significant DDIs. Secondly, the effect of perpetrators (CYP3A4
inhibitors or inducers) on DOACs exposure is predicted to be more relevant for rivaroxaban
and apixaban which undergo to CYP-mediated metabolism. An additional aspect that
requires further investigation for a better prediction of DDI with DOACs is represented by
the analysis of possible associations between genetic variants and PK profile. This topic
was not covered in the present review but some important information can be found in
a recent systematic review [133]. Finally, the anti-fXa chromogenic assays are available
to measure plasma concentrations of DOACs. This determination may help clinicians to
detect a DDIs [2].

16. Conclusions

In conclusion, although the majority of the possible interactions are predicted and not
studied in specific clinical trials, in response to anticipated DDIs, possible strategies, includ-
ing dosage reduction or different time of administrations, are recommended. Nevertheless,
additional clinical PK studies and analysis of registry, as anticipated by a retrospective cohort
study using data from the Taiwan National Health Insurance database [40], will be necessary
to ascertain the DDIs, which are currently mainly derived from hypothetical conclusions.

Author Contributions: N.F.: writing—original draft preparation; E.C. and A.C.: writing—review
and editing; M.T. and L.B.: visualization. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by EU Horizon 2020—Research and Innovation Framework
Programme (AFFIRMO project 899871-2) and supported by EDRA S.p.A.

Institutional Review Board Statement: Not applicable.



Pharmaceutics 2022, 14, 1120 21 of 27

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: N.F. and A.C. have received financial support from EDRA S.p.A. M.T. and L.B
are employees of EDRA S.p.A. The company had no role in the design of the study; in the collection,
analyses, or inter-pretation of data; in the writing of the manuscript; or in the decision to publish
the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Krijthe, B.P; Kunst, A.; Benjamin, E.; Lip, G.Y.; Franco, O.; Hofman, A.; Witteman, J.C.; Stricker, B.H.; Heeringa, J. Projections on
the number of individuals with atrial fibrillation in the European Union, from 2000 to 2060. Eur. Heart ]. 2013, 34, 2746-2751.
[CrossRef] [PubMed]

Steffel, J.; Collins, R.; Antz, M.; Cornu, P; Desteghe, L.; Haeusler, K.G.; Oldgren, J.; Reinecke, H.; Roldan-Schilling, V.,
Rowell, N.; et al. 2021 European Heart Rhythm Association Practical Guide on the Use of Non-Vitamin K Antagonist Oral
Anticoagulants in Patients with Atrial Fibrillation. Eur. Soc. Cardiol. 2021, 23, 1612-1676. [CrossRef] [PubMed]

Go, A.S.; Hylek, E.M,; Phillips, K.A.; Chang, Y.; Henault, L.E.; Selby, ].V.; Singer, D.E. Prevalence of Diagnosed Atrial Fibrillation
in Adults: National implications for rhythm management and stroke prevention: The AnTicoagulation and Risk Factors in Atrial
Fibrillation (ATRIA) Study. JAMA 2001, 285, 2370-2375. [CrossRef] [PubMed]

Nobili, A.; Marengoni, A.; Tettamanti, M.; Salerno, F,; Pasina, L.; Franchi, C.; Iorio, A.; Marcucci, M.; Corrao, S.; Licata, G.; et al.
Association between clusters of diseases and polypharmacy in hospitalized elderly patients: Results from the REPOSI study. Eur.
J. Intern. Med. 2011, 22, 597-602. [CrossRef]

Proietti, M.; Raparelli, V.; Olshansky, B.; Lip, G.Y.H. Polypharmacy and major adverse events in atrial fibrillation: Observations
from the AFFIRM trial. Clin. Res. Cardiol. 2015, 105, 412-420. [CrossRef]

Leiss, W.; Méan, M.; Limacher, A.; Righini, M.; Jaeger, K.; Beer, ].H.; Osterwalder, J.; Frauchiger, B.; Matter, C.M.; Kucher, N.; et al.
Polypharmacy is Associated with an Increased Risk of Bleeding in Elderly Patients with Venous Thromboembolism. . Gen. Intern.
Med. 2015, 30, 17-24. [CrossRef]

Dumbreck, S.; Flynn, A.; Nairn, M.; Wilson, M.; Treweek, S.; Mercer, S.; Alderson, P.; Thompson, A.; Payne, K.; Guthrie, B.
Drug-disease and drug-drug interactions: Systematic examination of recommendations in 12 UK national clinical guidelines.
BM]J 2015, 350, h949. [CrossRef]

January, C.T.; Wann, L.S.; Calkins, H.; Chen, L.Y.; Cigarroa, J.E.; Cleveland, J.C., Jr.; Ellinor, P.T., Jr.; Ezekowitz, M.D.; Field, M.E.;
Furie, K.L.; et al. 2019 AHA /ACC/HRS Focused Update of the 2014 AHA /ACC/HRS Guideline for the Management of Patients
With Atrial Fibrillation: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical
Practice Guidelines and the Heart Rhythm Society in Collaboration with the Society of Thoracic Surgeons. Circulation 2019, 140,
e125-e151, Correction in Circulation 2019, 140, €285. [CrossRef]

Kakkos, S.K.; Gohel, M.; Baekgaard, N.; Bauersachs, R.; Bellmunt-Montoya, S.; Black, S.A.; Cate-Hoek, A.].T.; Elalamy, I;
Enzmann, FK,; Geroulakos, G.; et al. Editor’s Choice—European Society for Vascular Surgery (ESVS) 2021 Clinical Practice
Guidelines on the Management of Venous Thrombosis. Eur. J. Vasc. Endovasc. Surg. 2021, 61, 9-82. [CrossRef]

Stangier, J.; Rathgen, K,; Stahle, H.; Gansser, D.; Roth, W. The pharmacokinetics, pharmacodynamics and tolerability of dabigatran
etexilate, a new oral direct thrombin inhibitor, in healthy male subjects. Br. J. Clin. Pharmacol. 2007, 64, 292-303. [CrossRef]
Stangier, J.; Stahle, H.; Rathgen, K.; Fuhr, R. Pharmacokinetics and Pharmacodynamics of the Direct Oral Thrombin Inhibitor
Dabigatran in Healthy Elderly Subjects. Clin. Pharmacokinet. 2008, 47, 47-59. [CrossRef] [PubMed]

Pinto, D.J.P; Orwat, M.].; Koch, S.; Rossi, K.A.; Alexander, R.S.; Smallwood, A.; Wong, P.C.; Rendina, A.R.; Luettgen, ] M.;
Knabb, R.M.; et al. Discovery of 1-(4-Methoxyphenyl)-7-oxo-6-(4-(2-oxopiperidin-1-yl)phenyl)-4,5,6,7-tetrahydro- 1H-pyrazolo[3,
4-c]pyridine-3-carboxamide (Apixaban, BMS-562247), a Highly Potent, Selective, Efficacious, and Orally Bioavailable Inhibitor of
Blood Coagulation Factor Xa. J. Med. Chem. 2007, 50, 5339-5356. [CrossRef] [PubMed]

Perzborn, E.; Strassburger, J.; Wilmen, A.; Pohlmann, J.; Roehrig, S.; Schlemmer, K.-H.; Straub, A. In vitro and in vivo studies of
the novel antithrombotic agent BAY 59-7939-an oral, direct Factor Xa inhibitor. J. Thromb. Haemost. 2005, 3, 514-521. [CrossRef]
[PubMed]

Furugohri, T.; Isobe, K.; Honda, Y.; Kamisato-Matsumoto, C.; Sugiyama, N.; Nagahara, T.; Morishima, Y.; Shibano, T. DU-176b, a
potent and orally active factor Xa inhibitor:in vitroandin vivopharmacological profiles. |. Thromb. Haemost. 2008, 6, 1542-1549.
[CrossRef] [PubMed]

Kubitza, D.; Becka, M.; Voith, B.; Zuehlsdorf, M.; Wensing, G. Safety, pharmacodynamics, and pharmacokinetics of single doses
of BAY 59-7939, an oral, direct factor Xa inhibitor. Clin. Pharmacol. Ther. 2005, 78, 412-421. [CrossRef]

Kubitza, D.; Becka, M.; Wensing, G.; Voith, B.; Zuehlsdorf, M. Safety, pharmacodynamics, and pharmacokinetics of BAY
59-7939—An oral, direct Factor Xa inhibitor—After multiple dosing in healthy male subjects. Eur. J. Clin. Pharmacol. 2005, 61,
873-880. [CrossRef]

Frost, C.; Nepal, S.; Wang, J.; Schuster, A.; Byon, W.; Boyd, R.A.; Yu, Z.; Shenker, A.; Barrett, Y.C.; Mosqueda-Garcia, R.; et al.
Safety, pharmacokinetics and pharmacodynamics of multiple oral doses of apixaban, a factor X a inhibitor, in healthy subjects. Br.
J. Clin. Pharmacol. 2013, 76, 776-786. [CrossRef]


http://doi.org/10.1093/eurheartj/eht280
http://www.ncbi.nlm.nih.gov/pubmed/23900699
http://doi.org/10.1093/europace/euab065
http://www.ncbi.nlm.nih.gov/pubmed/33895845
http://doi.org/10.1001/jama.285.18.2370
http://www.ncbi.nlm.nih.gov/pubmed/11343485
http://doi.org/10.1016/j.ejim.2011.08.029
http://doi.org/10.1007/s00392-015-0936-y
http://doi.org/10.1007/s11606-014-2993-8
http://doi.org/10.1136/bmj.h949
http://doi.org/10.1161/cir.0000000000000665
http://doi.org/10.1016/j.ejvs.2020.09.023
http://doi.org/10.1111/j.1365-2125.2007.02899.x
http://doi.org/10.2165/00003088-200847010-00005
http://www.ncbi.nlm.nih.gov/pubmed/18076218
http://doi.org/10.1021/jm070245n
http://www.ncbi.nlm.nih.gov/pubmed/17914785
http://doi.org/10.1111/j.1538-7836.2005.01166.x
http://www.ncbi.nlm.nih.gov/pubmed/15748242
http://doi.org/10.1111/j.1538-7836.2008.03064.x
http://www.ncbi.nlm.nih.gov/pubmed/18624979
http://doi.org/10.1016/j.clpt.2005.06.011
http://doi.org/10.1007/s00228-005-0043-5
http://doi.org/10.1111/bcp.12106

Pharmaceutics 2022, 14, 1120 22 of 27

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Frost, C.; Wang, ].; Nepal, S.; Schuster, A.; Barrett, Y.C.; Mosqueda-Garcia, R.; Reeves, R.A.; LaCreta, F. Apixaban, an oral, direct
factor X a inhibitor: Single dose safety, pharmacokinetics, pharmacodynamics and food effect in healthy subjects. Br. J. Clin.
Pharmacol. 2013, 75, 476-487. [CrossRef]

Ogata, K.; Mendell-Harary, J.; Tachibana, M.; Masumoto, H.; Oguma, T.; Kojima, M.; Kunitada, S. Clinical Safety, Tolerability,
Pharmacokinetics, and Pharmacodynamics of the Novel Factor Xa Inhibitor Edoxaban in Healthy Volunteers. |. Clin. Pharmacol.
2010, 50, 743-753. [CrossRef]

Wang, Z.; Frost, C.; Shenker, A.; Barrett, Y.C. Clinical laboratory measurement of direct factor Xa inhibitors: Anti-Xa assay is
preferable to prothrombin time assay. Thromb. Haemost. 2010, 104, 1263-1271. [CrossRef]

Frost, C.E.; Song, Y.; Shenker, A.; Wang, J.; Barrett, Y.C.; Schuster, A.; Harris, S.I.; LaCreta, F. Effects of Age and Sex on the
Single-Dose Pharmacokinetics and Pharmacodynamics of Apixaban. Clin. Pharmacokinet. 2015, 54, 651-662. [CrossRef] [PubMed]
Kubitza, D.; Berkowitz, S.D.; Misselwitz, F. Evidence-Based Development and Rationale for Once-Daily Rivaroxaban Dosing
Regimens Across Multiple Indications. Clin. Appl. Thromb. 2016, 22, 412-422. [CrossRef] [PubMed]

Desai, J.; Granger, C.B.; Weitz, ].I; Aisenberg, ]. Novel oral anticoagulants in gastroenterology practice. Gastrointest. Endosc. 2013,
78, 227-239. [CrossRef]

Miiller, W.E.; Wollert, U. Circular dichroism studies on the interaction of sulfonylureas with bovine and human serum albumin.
Res. Commun. Chem. Pathol. Pharmacol. 1976, 13, 551-554. [PubMed]

Gong, 1.Y,; Kim, R.B. Importance of Pharmacokinetic Profile and Variability as Determinants of Dose and Response to Dabigatran,
Rivaroxaban, and Apixaban. Can. J. Cardiol. 2013, 29, S24-S33. [CrossRef]

Wolking, S.; Schaeffeler, E.; Lerche, H.; Schwab, M.; Nies, A.T. Impact of Genetic Polymorphisms of ABCB1 (MDR1, P-
Glycoprotein) on Drug Disposition and Potential Clinical Implications: Update of the Literature. Clin. Pharmacokinet. 2015, 54,
709-735. [CrossRef]

Stampfuss, J.; Kubitza, D.; Becka, M.; Mueck, W. The effect of food on the absorption and pharmacokinetics of rivaroxaban. Int.
J. Clin. Pharmacol. Ther. 2013, 51, 549-561. [CrossRef]

Mendell, J.; Noveck, R.J.; Shi, M. Pharmacokinetics of the direct factor Xa inhibitor edoxaban and digoxin administered alone and
in combination. J. Cardiovasc. Pharmacol. 2012, 60, 335-341. [CrossRef]

Frost, C.; Garonzik, S.; Shenker, A.; Barrett, Y.C.; LaCreta, F. Apixaban Single-Dose Pharmacokinetics, Bioavailability, Renal
Clearance, and Pharmacodynamics Following Intravenous and Oral Administration. Clin. Pharmacol. Drug Dev. 2021, 10, 974-984.
[CrossRef]

Corsini, A.; Ferri, N.; Proietti, M.; Boriani, G. Edoxaban and the Issue of Drug-Drug Interactions: From Pharmacology to Clinical
Practice. Drugs 2020, 80, 1065-1083. [CrossRef]

Frost, C.; Song, Y,; Yu, Z.; Wang, |.; Lee, L.S.; Schuster, A.; Pollack, A.; LaCreta, F. The effect of apixaban on the pharmacokinetics
of digoxin and atenolol in healthy subjects. Clin. Pharmacol. Adv. Appl. 2017, 9, 19-28. [CrossRef] [PubMed]

Stangier, J.; Stahle, H.; Rathgen, K.; Roth, W.; Reseski, K.; Kornicke, T. Pharmacokinetics and Pharmacodynamics of Dabigatran
Etexilate, an Oral Direct Thrombin Inhibitor, With Coadministration of Digoxin. J. Clin. Pharmacol. 2012, 52, 243-250. [CrossRef]
[PubMed]

Kubitza, D.; Becka, M.; Roth, A.; Mueck, W. Absence of Clinically Relevant Interactions between Rivaroxaban—an Oral, Direct
Factor Xa Inhibitor—and Digoxin or Atorvastatin in Healthy Subjects. J. Int. Med. Res. 2012, 40, 1688-1707. [CrossRef] [PubMed]
Mendell, J.; Zahir, H.; Matsushima, N.; Noveck, R.; Lee, E; Chen, S.; Zhang, G.; Shi, M. Drug-Drug Interaction Studies of
Cardiovascular Drugs Involving P-Glycoprotein, an Efflux Transporter, on the Pharmacokinetics of Edoxaban, an Oral Factor Xa
Inhibitor. Am. J. Cardiovasc. Drugs 2013, 13, 331-342. [CrossRef] [PubMed]

Gandhi, S.K; Reiffel, ].A.; Boiron, R.; Wieloch, M. Risk of Major Bleeding in Patients With Atrial Fibrillation Taking Dronedarone
in Combination With a Direct Acting Oral Anticoagulant (From a U.S. Claims Database). Am. |. Cardiol. 2021, 159, 79-86.
[CrossRef] [PubMed]

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

Pradaxa, INN-Dabigatran Etexilate. Available online: https://www.ema.europa.eu/en/documents/overview /pradaxa-epar-
medicine-overview_en.pdf (accessed on 31 March 2022).

Latini, R.; Tognoni, G.; Kates, R.E. Clinical Pharmacokinetics of Amiodarone. Clin. Pharmacokinet. 1984, 9, 136-156. [CrossRef]
[PubMed]

Liesenfeld, K.-H.; Lehr, T.; Dansirikul, C.; Reilly, P.A.; Connolly, S.J.; Ezekowitz, M.D.; Yusuf, S.; Wallentin, L.; Haertter, S.;
Staab, A. Population pharmacokinetic analysis of the oral thrombin inhibitor dabigatran etexilate in patients with non-valvular
atrial fibrillation from the RE-LY trial. J. Thromb. Haemost. 2011, 9, 2168-2175. [CrossRef]

Chang, S.-H.; Chou, I.-].; Yeh, Y.-H.; Chiou, M.-J.; Wen, M.-S.; Kuo, C.-T.; See, L.-C.; Kuo, C.-F. Association Between Use of
Non-Vitamin K Oral Anticoagulants With and Without Concurrent Medications and Risk of Major Bleeding in Nonvalvular
Atrial Fibrillation. JAMA 2017, 318, 1250-1259. [CrossRef]

Hartter, S.; Sennewald, R.; Nehmiz, G.; Reilly, P. Oral bioavailability of dabigatran etexilate (Pradaxa®) after co-medication with
verapamil in healthy subjects. Br. J. Clin. Pharmacol. 2013, 75, 1053-1062. [CrossRef]


http://doi.org/10.1111/j.1365-2125.2012.04369.x
http://doi.org/10.1177/0091270009351883
http://doi.org/10.1160/TH10-05-0328
http://doi.org/10.1007/s40262-014-0228-0
http://www.ncbi.nlm.nih.gov/pubmed/25573421
http://doi.org/10.1177/1076029616631427
http://www.ncbi.nlm.nih.gov/pubmed/26893445
http://doi.org/10.1016/j.gie.2013.04.179
http://www.ncbi.nlm.nih.gov/pubmed/819976
http://doi.org/10.1016/j.cjca.2013.04.002
http://doi.org/10.1007/s40262-015-0267-1
http://doi.org/10.5414/CP201812
http://doi.org/10.1097/FJC.0b013e31826265b6
http://doi.org/10.1002/cpdd.990
http://doi.org/10.1007/s40265-020-01328-6
http://doi.org/10.2147/CPAA.S115687
http://www.ncbi.nlm.nih.gov/pubmed/28260951
http://doi.org/10.1177/0091270010393342
http://www.ncbi.nlm.nih.gov/pubmed/21868715
http://doi.org/10.1177/030006051204000508
http://www.ncbi.nlm.nih.gov/pubmed/23206451
http://doi.org/10.1007/s40256-013-0029-0
http://www.ncbi.nlm.nih.gov/pubmed/23784266
http://doi.org/10.1016/j.amjcard.2021.08.015
http://www.ncbi.nlm.nih.gov/pubmed/34656316
http://doi.org/10.1016/j.phrs.2018.07.016
https://www.ema.europa.eu/en/documents/overview/pradaxa-epar-medicine-overview_en.pdf
https://www.ema.europa.eu/en/documents/overview/pradaxa-epar-medicine-overview_en.pdf
http://doi.org/10.2165/00003088-198409020-00002
http://www.ncbi.nlm.nih.gov/pubmed/6370540
http://doi.org/10.1111/j.1538-7836.2011.04498.x
http://doi.org/10.1001/jama.2017.13883
http://doi.org/10.1111/j.1365-2125.2012.04453.x

Pharmaceutics 2022, 14, 1120 23 of 27

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

US Food and Drug Administration. Guidance for Industry. Drug Interaction Studies—Design, Data Analysis, Im-
plications for Dosing, and Labeling Instructions. 2018. Available online: http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/UCM292362.pdf (accessed on 6 June 2018).

Matsushima, N.; Lee, F; Sato, T.; Weiss, D.; Mendell, J. Bioavailability and Safety of the Factor Xa Inhibitor Edoxaban and the
Effects of Quinidine in Healthy Subjects. Clin. Pharmacol. Drug Dev. 2013, 2, 358-366. [CrossRef] [PubMed]

Steffel, ].; Giugliano, R.P; Braunwald, E.; Murphy, S.A.; Atar, D.; Heidbuchel, H.; Camm, A.].; Antman, E.M.; Ruff, C.T. 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, 2239-2245. [CrossRef] [PubMed]

Nabauer, M.; Gerth, A.; Limbourg, T.; Schneider, S.; Oeff, M.; Kirchhof, P.; Goette, A.; Lewalter, T.; Ravens, U.; Meinertz, T.; et al.
The Registry of the German Competence NETwork on Atrial Fibrillation: Patient characteristics and initial management. Europace
2009, 11, 423-434. [CrossRef]

Fox, K.A.A,; Velentgas, P.; Camm, A.].; Bassand, J.-P.; Fitzmaurice, D.A.; Gersh, B.J.; Goldhaber, S.Z.; Goto, S.; Haas, S.;
Misselwitz, E; et al. Outcomes Associated With Oral Anticoagulants Plus Antiplatelets in Patients With Newly Diagnosed Atrial
Fibrillation. JAMA Netw. Open 2020, 3, €200107. [CrossRef] [PubMed]

Depta, J.P.; Cannon, C.P.; Fonarow, G.C.; Zhao, X.; Peacock, W.E,; Bhatt, D.L. Patient Characteristics Associated With the Choice of
Triple Antithrombotic Therapy in Acute Coronary Syndromes. Am. J. Cardiol. 2009, 104, 1171-1178. [CrossRef]

Mega, J.L.; Braunwald, E.; Wiviott, S.D.; Bassand, J.-P; Bhatt, D.L.; Bode, C.; Burton, P.; Cohen, M.; Cook-Bruns, N;
Fox, K.A.A; et al. Rivaroxaban in Patients with a Recent Acute Coronary Syndrome. N. Engl. |. Med. 2012, 366, 9-19. [CrossRef]
Collet, ].-P.; Thiele, H.; Barbato, E.; Barthélémy, O.; Bauersachs, J.; Bhatt, D.L.; Dendale, P.; Dorobantu, M.; Edvardsen, T,
Folliguet, T.; et al. 2020 ESC Guidelines for the management of acute coronary syndromes in patients presenting without
persistent ST-segment elevation. Eur. Heart J. 2021, 42, 1289-1367. [CrossRef]

Steffel, J.; Verhamme, P; Potpara, T.S.; Albaladejo, P.; Antz, M.; Desteghe, L.; Haeusler, K.G.; Oldgren, J.; Reinecke, H;
Roldan-Schilling, V.; et al. The 2018 European Heart Rhythm Association Practical Guide on the use of non-vitamin K antagonist
oral anticoagulants in patients with atrial fibrillation. Eur. Heart |. 2018, 39, 1330-1393. [CrossRef]

Lopes, R.D.; Heizer, G.; Aronson, R.; Vora, A.N.; Massaro, T.; Mehran, R.; Goodman, S.G.; Windecker, S.; Darius, H.; Li, J.; et al.
Antithrombotic Therapy after Acute Coronary Syndrome or PCI in Atrial Fibrillation. N. Engl. ]. Med. 2019, 380, 1509-1524.
[CrossRef]

Perera, K.S.; Ng, KK.H.; Nayar, S.; Catanese, L.; Dyal, L.; Sharma, M.; Connolly, S.J.; Yusuf, S.; Bosch, J.; Eikelboom, ] W.; et al.
Association between Low-Dose Rivaroxaban with or without Aspirin and Ischemic Stroke Subtypes: A Secondary Analysis of the
COMPASS Trial. JAMA Neurol. 2019, 77, 43-48. [CrossRef]

Vranckx, P; Valgimigli, M.; Eckardt, L.; Tijssen, J.; Lewalter, T.; Gargiulo, G.; Batushkin, V.; Campo, G.; Lysak, Z.; Vakaliuk, L; et al.
Edoxaban-based versus vitamin K antagonist-based antithrombotic regimen after successful coronary stenting in patients with
atrial fibrillation (ENTRUST-AF PCI): A randomised, open-label, phase 3b trial. Lancet 2019, 394, 1335-1343. [CrossRef]

Gibson, C.M.; Mehran, R.; Bode, C.; Halperin, J.; Verheugt, EW.; Wildgoose, P.; Birmingham, M.; Ianus, J.; Burton, P;
van Eickels, M.; et al. Prevention of Bleeding in Patients with Atrial Fibrillation Undergoing PCI. N. Engl. . Med. 2016, 375,
2423-2434. [CrossRef] [PubMed]

Cannon, C.P; Bhatt, D.L.; Oldgren, J.; Lip, G.Y.; Ellis, S.G.; Kimura, T.; Maeng, M.; Merkely, B.; Zeymer, U.; Gropper, S.; et al.
Dual Antithrombotic Therapy with Dabigatran after PCI in Atrial Fibrillation. N. Engl. ]. Med. 2017, 377, 1513-1524. [CrossRef]
[PubMed]

Mendell, J.; Lee, E; Chen, S.; Worland, V.; Shi, M.; Samama, M.M. 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, 212-221. [CrossRef]

Kubitza, D.; Becka, M.; Mueck, W.; Zuehlsdorf, M. Safety, Tolerability, Pharmacodynamics, and Pharmacokinetics of Rivaroxaban-
an Oral, Direct Factor Xa Inhibitor-Are Not Affected by Aspirin. J. Clin. Pharmacol. 2006, 46, 981-990. [CrossRef]

Davidson, B.L.; Verheijen, S.; Lensing, A.W.A.; Gebel, M.; Brighton, T.A.; Lyons, R-M.; Rehm, J.; Prins, M.H. Bleeding Risk of
Patients With Acute Venous Thromboembolism Taking Nonsteroidal Anti-Inflammatory Drugs or Aspirin. JAMA Intern. Med.
2014, 174, 947-953. [CrossRef]

Wessler, ].D.; Grip, L.T.; Mendell, J.; Giugliano, R.P. The P-Glycoprotein Transport System and Cardiovascular Drugs. J. Am. Coll.
Cardiol. 2013, 61, 2495-2502. [CrossRef]

Oh, J; Shin, D.; Lim, K.S,; Lee, S.; Jung, K.-H.; Chu, K,; Hong, K.S.; Shin, K.-H.; Cho, J.-Y.; Yoon, S.H.; 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, 608-616. [CrossRef]

Marsousi, N.; Doffey-Lazeyras, F.; Rudaz, S.; Desmeules, J.A.; Daali, Y. Intestinal permeability and P-glycoprotein-mediated
efflux transport of ticagrelor in Caco-2 monolayer cells. Fundam. Clin. Pharmacol. 2016, 30, 577-584. [CrossRef]

Xu, H.; Ruff, C.T,; Giugliano, R.P.; Murphy, S.A.; Nordio, F; Patel, I.; Shi, M.; Mercuri, M.; Antman, E.M.; Braunwald, E.
Concomitant Use of Single Antiplatelet Therapy With Edoxaban or Warfarin in Patients with Atrial Fibrillation: Analysis From
the ENGAGE AF-TIMI48 Trial. |. Am. Heart Assoc. 2016, 5, €002587. [CrossRef]


http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM292362.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM292362.pdf
http://doi.org/10.1002/cpdd.53
http://www.ncbi.nlm.nih.gov/pubmed/27121940
http://doi.org/10.1093/eurheartj/ehv201
http://www.ncbi.nlm.nih.gov/pubmed/25971288
http://doi.org/10.1093/europace/eun369
http://doi.org/10.1001/jamanetworkopen.2020.0107
http://www.ncbi.nlm.nih.gov/pubmed/32101311
http://doi.org/10.1016/j.amjcard.2009.06.027
http://doi.org/10.1056/NEJMoa1112277
http://doi.org/10.1093/eurheartj/ehaa575
http://doi.org/10.1093/eurheartj/ehy136
http://doi.org/10.1056/NEJMoa1817083
http://doi.org/10.1001/jamaneurol.2019.2984
http://doi.org/10.1016/S0140-6736(19)31872-0
http://doi.org/10.1056/NEJMoa1611594
http://www.ncbi.nlm.nih.gov/pubmed/27959713
http://doi.org/10.1056/NEJMoa1708454
http://www.ncbi.nlm.nih.gov/pubmed/28844193
http://doi.org/10.1097/FJC.0b013e3182970991
http://doi.org/10.1177/0091270006292127
http://doi.org/10.1001/jamainternmed.2014.946
http://doi.org/10.1016/j.jacc.2013.02.058
http://doi.org/10.1038/clpt.2014.49
http://doi.org/10.1111/fcp.12219
http://doi.org/10.1161/JAHA.115.002587

Pharmaceutics 2022, 14, 1120 24 of 27

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Hartter, S.; Sennewald, R.; Schepers, C.; Baumann, S.; Fritsch, H.; Friedman, ]. Pharmacokinetic and pharmacodynamic effects
of comedication of clopidogrel and dabigatran etexilate in healthy male volunteers. Eur. J. Clin. Pharmacol. 2013, 69, 327-339.
[CrossRef]

Pradaxa 150 mg Hard Capsules. Summary of Product Characteristics (SPC)d(eMC). Last Updated on eMC 30 January 2015.
Available online: http://www.medicines.org.uk/emc/medicine /24839 (accessed on 18 May 2015).

Dalgaard, F.; Mulder, H.; Wojdyla, D.M.; Lopes, R.D.; Held, C.; Alexander, J.H.; De Caterina, R.; Washam, J.B.; Hylek, EM,;
Garcia, D.A.; et al. Patients with Atrial Fibrillation Taking Nonsteroidal Anti-Inflammatory Drugs and Oral Anticoagulants in the
ARISTOTLE Trial. Circulation 2020, 141, 10-20. [CrossRef]

Kent, A.P.,; Brueckmann, M.; Fraessdorf, M.; Connolly, S.J.; Yusuf, S.; Eikelboom, J.W.; Oldgren, J.; Reilly, P.A.; Wallentin, L.;
Ezekowitz, M.D. Concomitant Oral Anticoagulant and Nonsteroidal Anti-Inflammatory Drug Therapy in Patients With Atrial
Fibrillation. . Am. Coll. Cardiol. 2018, 72, 255-267. [CrossRef]

Frost, C.; Shenker, A.; Gandhi, M.D.; Pursley, ].; Barrett, Y.C.; Wang, J.; Zhang, D.; Byon, W.; Boyd, R.A.; LaCreta, F. Evaluation of
the effect of naproxen on the pharmacokinetics and pharmacodynamics of apixaban. Br. J. Clin. Pharmacol. 2014, 78, 877-885.
[CrossRef]

El Husseini, N.; Goldstein, L.B.; Peterson, E.D.; Zhao, X.; Pan, W.; Olson, D.M.; Zimmer, L.O.; Williams, J.W.; Bushnell, C.;
Laskowitz, D.T. Depression and Antidepressant Use After Stroke and Transient Ischemic Attack. Stroke 2012, 43, 1609-1616.
[CrossRef]

Chang, K.-H.; Chen, C.-M.; Wang, C.-L.; Tu, H.-T.; Huang, Y.-T.; Wu, H.-C.; Chang, C.-H.; Chang, S.-H. Major Bleeding Risk in
Patients with Non-valvular Atrial Fibrillation Concurrently Taking Direct Oral Anticoagulants and Antidepressants. Front. Aging
Neurosci. 2022, 14, 791285. [CrossRef]

Di, YM,; Li, C.G.; Xue, C.C.; Zhou, S.F. Clinical drugs that interact with St. John’s wort and implication in drug development.
Curr. Pharm. Des. 2008, 14, 1723-1742. [CrossRef]

Ruschitzka, F.; Meier, PJ.; Turina, M.; Liischer, T.F,; Noll, G. Acute heart transplant rejection due to Saint John’s wort. Lancet 2000,
355, 548-549. [CrossRef]

Di Minno, A ; Frigerio, B.; Spadarella, G.; Ravani, A.; Sansaro, D.; Amato, M.; Kitzmiller, ].P; Pepi, M.; Tremoli, E.; Baldassarre, D.
Old and new oral anticoagulants: Food, herbal medicines and drug interactions. Blood Rev. 2017, 31, 193-203. [CrossRef]
Oswald, S.; Haenisch, S.; Fricke, C.; Sudhop, T.; Remmler, C.; Giessmann, T.; Jedlitschky, G.; Adam, U.; Dazert, E.; Warzok, R.
Intestinal expression of P-glycoprotein (ABCB1), multidrug resistance associated protein 2 (ABCC2), and uridine diphosphate—
glucuronosyltransferase 1A1 predicts the disposition and modulates the effects of the cholesterol absorption inhibitor ezetimibe
in humans. Clin. Pharmacol. Ther. 2006, 79, 206-217. [CrossRef]

Scholz, I.; Liakoni, E.; Hammann, F; Grafinger, K.E.; Duthaler, U.; Nagler, M.; Krahenbiihl, S.; Haschke, M. Effects of Hypericum
perforatum (St John’s wort) on the pharmacokinetics and pharmacodynamics of rivaroxaban in humans. Br. |. Clin. Pharmacol.
2020, 87, 1466-1474. [CrossRef]

Bellosta, S.; Paoletti, R.; Corsini, A. Safety of Statins: Focus on clinical pharmacokinetics and drug interactions. Circulation 2004,
109, IMI50-11157. [CrossRef]

Antoniou, T.; Macdonald, E.M.; Yao, Z.; Hollands, S.; Gomes, T.; Tadrous, M.; Mamdani, M.M.; Juurlink, D.N. Association
between statin use and ischemic stroke or major hemorrhage in patients taking dabigatran for atrial fibrillation. Can. Med. Assoc.
J. 2017, 189, E4-E10. [CrossRef]

Stangier, J.; Rathgen, K.; Stahle, H.; Reseski, K.; Kornicke, T.; Roth, W. Coadministration of dabigatran etexilate and atorvastatin:
Assessment of potential impact on pharmacokinetics and pharmacodynamics. Am. J. Cardiovasc. Drugs Drugs Devices Other Interv.
2009, 9, 59-68. [CrossRef]

Bolek, T.; Samog, M.; Standiakova, L.; Skortiova, L; Grilusova, K.; Galajda, P; Stasko, J.; Kubisz, P.; Mokar, M. The impact of
atorvastatin on dabigatran plasma levels in patients with atrial fibrillation. Blood Coagul. Fibrinolysis 2020, 32, 69-71. [CrossRef]
Yamazaki, M.; Li, B.; Louie, SW.,; Pudvah, N.T.; Stocco, R; Wong, W.; Abramovitz, M.; Demartis, A.; Laufer, R,;
Hochman, ].H.; et al. Effects of fibrates on human organic anion-transporting polypeptide 1B1-, multidrug resistance protein 2-
and P-glycoprotein-mediated transport. Xenobiotica 2005, 35, 737-753. [CrossRef]

Ferri, N.; Bellosta, S.; Baldessin, L.; Boccia, D.; Racagni, G.; Corsini, A. Pharmacokinetics interactions of monoclonal antibodies.
Pharmacol. Res. 2016, 111, 592-599. [CrossRef]

Steffel, J.; Verhamme, P.; Potpara, T.S.; Albaladejo, P.; Antz, M.; Desteghe, L.; Haeusler, K.G.; Oldgren, J.; Reinecke, H.;
Rol-dan-Schilling, V.; et al. The 2018 European Heart Rhythm Association Practical Guide on the use of non-vitamin K antagonist
oral anticoagulants in patients with atrial fibrillation: Executive summary. EP Eur. 2018, 20, 1231-1242. [CrossRef]

Mueck, W.; Kubitza, D.; Becka, M. Co-administration of rivaroxaban with drugs that share its elimination pathways: Pharmacoki-
netic effects in healthy subjects. Br. . Clin. Pharmacol. 2013, 76, 455-466. [CrossRef]

Parasrampuria, D.A.; Mendell, ].; Shi, M.; Matsushima, N.; Zahir, H.; Truitt, K. Edoxaban drug—drug interactions with ketocona-
zole, erythromycin, and cyclosporine. Br. . Clin. Pharmacol. 2016, 82, 1591-1600. [CrossRef]

Brings, A.; Lehmann, M.; Foerster, K.I.; Burhenne, ].; Weiss, J.; Haefeli, W.E.; Czock, D. Perpetrator effects of ciclosporin (P-
glycoprotein inhibitor) and its combination with fluconazole (CYP3A inhibitor) on the pharmacokinetics of rivaroxaban in healthy
volunteers. Br. ]. Clin. Pharmacol. 2019, 85, 1528-1537. [CrossRef]


http://doi.org/10.1007/s00228-012-1304-8
http://www.medicines.org.uk/emc/medicine/24839
http://doi.org/10.1161/CIRCULATIONAHA.119.041296
http://doi.org/10.1016/j.jacc.2018.04.063
http://doi.org/10.1111/bcp.12393
http://doi.org/10.1161/STROKEAHA.111.643130
http://doi.org/10.3389/fnagi.2022.791285
http://doi.org/10.2174/138161208784746798
http://doi.org/10.1016/S0140-6736(99)05467-7
http://doi.org/10.1016/j.blre.2017.02.001
http://doi.org/10.1016/j.clpt.2005.11.004
http://doi.org/10.1111/bcp.14553
http://doi.org/10.1161/01.CIR.0000131519.15067.1f
http://doi.org/10.1503/cmaj.160303
http://doi.org/10.1007/BF03256595
http://doi.org/10.1097/MBC.0000000000000979
http://doi.org/10.1080/00498250500136676
http://doi.org/10.1016/j.phrs.2016.07.015
http://doi.org/10.1093/europace/euy054
http://doi.org/10.1111/bcp.12075
http://doi.org/10.1111/bcp.13092
http://doi.org/10.1111/bcp.13934

Pharmaceutics 2022, 14, 1120 25 of 27

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Holt, A.; Strange, ] .E.; Rasmussen, P.V.; Blanche, P.; Nouhravesh, N.; Jensen, M.H.; Schjerning, A.-M.; Schou, M.; Torp-Pedersen, C.;
Gislason, G.H.; et al. Bleeding Risk Following Systemic Fluconazole or Topical Azoles in Patients with Atrial Fibrillation on
Apixaban, Rivaroxaban, or Dabigatran. Am. J. Med. 2021, 135, 595-602.e5. [CrossRef]

Frost, C.E.; Byon, W.; Song, Y.; Wang, J.; Schuster, A.E.; Boyd, R.A.; Zhang, D.; Yu, Z.; Dias, C.; Shenker, A.; et al. Effect of
ketoconazole and diltiazem on the pharmacokinetics of apixaban, an oral direct factor Xa inhibitor. Br. J. Clin. Pharmacol. 2015, 79,
838-846. [CrossRef]

Mendell, J.; Chen, S.; He, L.; Desai, M.; Parasramupria, D.A. The Effect of Rifampin on the Pharmacokinetics of Edoxaban in
Healthy Adults. Clin. Drug Investig. 2015, 35, 447-453. [CrossRef]

Vavricka, S.R.; Van Montfoort, J.; Ha, H.R.; Meier, P]J.; Fattinger, K. Interactions of rifamycin SV and rifampicin with organic
anion uptake systems of human liver. Hepatology 2002, 36, 164-172. [CrossRef]

El-Serag, H.B.; Sweet, S.; Winchester, C.; Dent, J. Update on the epidemiology of gastro-oesophageal reflux disease: A systematic
review. Gut 2014, 63, 871-880. [CrossRef]

U.S. Food and Drug Administration. Prescribing Information for Savaysa (Edoxaban). 2015. Available online: http://www.
accessdata.fda.gov/drugsatfda_docs/label /2015/206316Ibl.pdf (accessed on 4 July 2018).

Parasrampuria, D.A.; Kanamaru, T.; Connor, A.; Wilding, I.; Ogata, K.; Shimoto, Y.; Kunitada, S. Evaluation of regional
gastrointestinal absorption of edoxaban using the enterion capsule. J. Clin. Pharmacol. 2015, 55, 1286-1292. [CrossRef]

Bolek, T.; Samos, M.; Standiakov3, L.; Ivankova, J.; Skortiova, L; Stasko, J.; Galajda, P.; Kubisz, P.; Mokén, M. The Impact of Proton
Pump Inhibition on Dabigatran Levels in Patients with Atrial Fibrillation. Am. J. Ther. 2019, 26, e€308-e313. [CrossRef]
Kuwayama, T.; Osanai, H.; Ajioka, M.; Tokuda, K.; Ohashi, H.; Tobe, A.; Yoshida, T.; Masutomi, T.; Kambara, T.; Inoue, Y.; et al.
Influence of proton pump inhibitors on blood dabigatran concentrations in Japanese patients with non-valvular atrial fibrillation.
J. Arrhythmia 2017, 33, 619-623. [CrossRef]

Bolek, T.; Samos, M.; Skorfiova, 1; Schnierer, M.; Liptak, P; Banov¢in, P,; Urban, L.; Stasko, J.; Kubisz, P.; Galajda, P.; et al.
Dabigatran levels in omeprazole versus pantoprazole-treated patients with atrial fibrillation: Is there a difference? Eur. J. Clin.
Pharmacol. 2019, 75, 875-877. [CrossRef]

Stangier, J.; Eriksson, B.I.; Dahl, O.E.; Ahnfelt, L.; Nehmiz, G.; Stahle, H.; Rathgen, K.; Svédrd, R. Pharmacokinetic Profile of the
Oral Direct Thrombin Inhibitor Dabigatran Etexilate in Healthy Volunteers and Patients Undergoing Total Hip Replacement.
J. Clin. Pharmacol. 2005, 45, 555-565. [CrossRef] [PubMed]

Schnierer, M.; Samos, M.; Bolek, T.; Skorfiova, 1.; Nosdkova, L.; Banovéin, P; Galajda, P.; Stasko, J.; Kubisz, P.; Hyrdel, R.; et al.
The Effect of Proton Pump Inhibitor Withdrawal on Dabigatran Etexilate Plasma Levels in Patients With Atrial Fibrillation.
J. Cardiovasc. Pharmacol. 2020, 75, 333-335. [CrossRef] [PubMed]

Ray, W.A.; Chung, C.P; Murray, K.T.; Smalley, W.E.; Daugherty, ].R.; Dupont, W.D.; Stein, C.M. Association of Oral Anticoagulants
and Proton Pump Inhibitor Cotherapy with Hospitalization for Upper Gastrointestinal Tract Bleeding: A Washout Study. JAMA
2018, 320, 2221-2230. [CrossRef] [PubMed]

Abrignani, M.G.; Gatta, L.; Gabrielli, D.; Milazzo, G.; De Francesco, V.; De Luca, L.; Francese, M.; Imazio, M.; Riccio, E.;
Rossini, R.; et al. Gastroprotection in patients on antiplatelet and/or anticoagulant therapy: A position paper of National
Association of Hospital Cardiologists (ANMCO) and the Italian Association of Hospital Gastroenterologists and Endoscopists
(AIGO). Eur. J. Intern. Med. 2021, 85, 1-13. [CrossRef]

Parasrampuria, D.A.; Truitt, K E. Pharmacokinetics and Pharmacodynamics of Edoxaban, a Non-Vitamin K Antagonist Oral
Anticoagulant that Inhibits Clotting Factor Xa. Clin. Pharmacokinet. 2016, 55, 641-655. [CrossRef]

Pauli-Magnus, C.; Rekersbrink, S.; Klotz, U.; Fromm, M.F. Interaction of omeprazole, lansoprazole and pantoprazole with
P-glycoprotein. Naunyn-Schmiedebergs Arch. Exp. Pathol. Pharmakol. 2001, 364, 551-557. [CrossRef]

Moore, K.T.; Plotnikov, A.N.; Thyssen, A.; Vaccaro, N.; Ariyawansa, J.; Burton, P.B. Effect of Multiple Doses of Omeprazole on the
Pharmacokinetics, Pharmacodynamics, and Safety of a Single Dose of Rivaroxaban. J. Cardiovasc. Pharmacol. 2011, 58, 581-588.
[CrossRef]

Raskob, G.E.; Van Es, N.; Verhamme, P.; Carrier, M.; Di Nisio, M.; Garcia, D.; Grosso, M.A.; Kakkar, A.K.; Kovacs, M.].;
Mercuri, M.F,; et al. Edoxaban for the Treatment of Cancer-Associated Venous Thromboembolism. N. Engl. |. Med. 2018, 378,
615-624. [CrossRef]

Agnelli, G.; Becattini, C.; Bauersachs, R.; Brenner, B.; Campanini, M.; Cohen, A.; Connors, ].M.; Fontanella, A.; Gussoni, G.;
Huisman, M.V,; et al. Apixaban versus Dalteparin for the Treatment of Acute Venous Thromboembolism in Patients with Cancer:
The Caravaggio Study. Thromb. Haemost. 2018, 118, 1668-1678. [CrossRef]

Khalid, S.; Yasar, S.; Khalid, A.; Spiro, T.; Haddad, A.; Daw, H. Management of Atrial Fibrillation in Patients on Ibrutinib:
A Cleveland Clinic Experience. Cureus 2018, 10, e2701. [CrossRef]

Verso, M.; Munoz, A.; Bauersachs, R.; Huisman, M.V.; Mandala, M.; Vescovo, G.; Becattini, C.; Agnelli, G. Effects of concomitant
administration of anticancer agents and apixaban or dalteparin on recurrence and bleeding in patients with cancer-associated
venous thromboembolism. Eur. |. Cancer 2021, 148, 371-381. [CrossRef] [PubMed]

Gibbons, J.A.; de Vries, M.; Krauwinkel, W.; Ohtsu, Y.; Noukens, J.; van der Walt, ]J.-S.; Mol, R.; Mordenti, J.; Ouatas, T.
Pharmacokinetic Drug Interaction Studies with Enzalutamide. Clin. Pharmacokinet. 2015, 54, 1057-1069. [CrossRef] [PubMed]
Gibbons, J.A.; Ouatas, T.; Krauwinkel, W.; Otsu, Y.; Van Der Walt, ].-S.; Beddo, V.; De Vries, M.; Mordenti, J. Clinical Pharmacoki-
netic Studies of Enzalutamide. Clin. Pharmacokinet. 2015, 54, 1043-1055. [CrossRef] [PubMed]


http://doi.org/10.1016/j.amjmed.2021.11.008
http://doi.org/10.1111/bcp.12541
http://doi.org/10.1007/s40261-015-0298-2
http://doi.org/10.1053/jhep.2002.34133
http://doi.org/10.1136/gutjnl-2012-304269
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/206316lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/206316lbl.pdf
http://doi.org/10.1002/jcph.540
http://doi.org/10.1097/MJT.0000000000000599
http://doi.org/10.1016/j.joa.2017.07.013
http://doi.org/10.1007/s00228-019-02647-8
http://doi.org/10.1177/0091270005274550
http://www.ncbi.nlm.nih.gov/pubmed/15831779
http://doi.org/10.1097/FJC.0000000000000791
http://www.ncbi.nlm.nih.gov/pubmed/31895873
http://doi.org/10.1001/jama.2018.17242
http://www.ncbi.nlm.nih.gov/pubmed/30512099
http://doi.org/10.1016/j.ejim.2020.11.014
http://doi.org/10.1007/s40262-015-0342-7
http://doi.org/10.1007/s00210-001-0489-7
http://doi.org/10.1097/FJC.0b013e31822f6c2b
http://doi.org/10.1056/NEJMoa1711948
http://doi.org/10.1055/s-0038-1668523
http://doi.org/10.7759/cureus.2701
http://doi.org/10.1016/j.ejca.2021.02.026
http://www.ncbi.nlm.nih.gov/pubmed/33780665
http://doi.org/10.1007/s40262-015-0283-1
http://www.ncbi.nlm.nih.gov/pubmed/25929560
http://doi.org/10.1007/s40262-015-0271-5
http://www.ncbi.nlm.nih.gov/pubmed/25917876

Pharmaceutics 2022, 14, 1120 26 of 27

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Khorana, A. The wacky hypercoagulable state of malignancy. Blood 2015, 126, 430—-431. [CrossRef]

Pacholczak-Madej, R.; Bazan-Socha, S.; Zareba, L.; Undas, A.; Dropinski, J. Direct oral anticoagulants in the prevention of stroke
in breast cancer patients with atrial fibrillation during adjuvant endocrine therapy: A cohort study. Int. J. Cardiol. 2021, 324, 78-83.
[CrossRef]

Lemahieu, W.P.D.; Maes, B.D.; Verbeke, K.; Vanrenterghem, Y. CYP3A4 and P-Glycoprotein Activity in Healthy Controls and
Transplant Patients on Cyclosporin vs. Tacrolimus vs. Sirolimus. Am. |. Transplant. 2004, 4, 1514-1522. [CrossRef]

Bashir, B.; Stickle, D.F.; Chervoneva, I.; Kraft, WK. Drug-Drug Interaction Study of Apixaban with Cyclosporine and Tacrolimus
in Healthy Volunteers. Clin. Transl. Sci. 2018, 11, 590-596. [CrossRef]

Bixby, A.L.; Shaikh, S.A.; Naik, A.S.; Cotiguala, L.; McMurry, K.; Samaniego-Picota, M.D.; Marshall, V.D.; Park, ].M. Safety and
efficacy of direct-acting oral anticoagulants versus warfarin in kidney transplant recipients: A retrospective single-center cohort
study. Transpl. Int. 2020, 33, 740-751. [CrossRef]

Smythe, M.A,; Burns, C.; Liu, Q.; Garwood, C.L. Potential Dexamethasone-Direct Oral Anticoagulant Drug Interaction: Is This a
Concern in COVID? Ann. Pharmacother. 2022, 56, 319-329. [CrossRef]

Holt, A.; Blanche, P.; Zareini, B.; Rasmussen, P.V.; Strange, J.E.; Rajan, D.; Jensen, M.H.; El-Sheikh, M.; Schjerning, A.-M.;
Schou, M.; et al. Gastrointestinal bleeding risk following concomitant treatment with oral glucocorticoids in patients on non-
vitamin K oral anticoagulants. Heart 2021, 108, 626—-632. [CrossRef]

Gilad, R. Management of Seizures following a Stroke: What are the options? Drugs Aging 2012, 29, 533-538. [CrossRef] [PubMed]
Stollberger, C.; Finsterer, J. Interactions between non-vitamin K oral anticoagulants and antiepileptic drugs. Epilepsy Res. 2016,
126, 98-101. [CrossRef] [PubMed]

Lutz, ].D.; Kirby, B.].; Wang, L.; Song, Q.; Ling, J.; Massetto, B.; Worth, A.; Kearney, B.P.; Mathias, A. Cytochrome P450 3A Induction
Predicts P-glycoprotein Induction; Part 2: Prediction of Decreased Substrate Exposure After Rifabutin or Carbamazepine. Clin.
Pharmacol. Ther. 2018, 104, 1191-1198. [CrossRef] [PubMed]

Gosselin, R.C.; Adcock, D.M.; Bates, S.M.; Douxfils, J.; Favaloro, E.J.; Gouin-Thibault, I.; Guillermo, C.; Kawai, Y.; Lindhoff-Last, E.;
Kitchen, S. International Council for Standardization in Haematology (ICSH) Recommendations for Laboratory Measurement of
Direct Oral Anticoagulants. Thromb. Haemost. 2018, 118, 437-450. [CrossRef]

Mathy, F.-X.; Dohin, E.; Bonfitto, F.; Pelgrims, B. Drug-drug interaction between levetiracetam and non-vitamin K antagonist
anticoagulants. Eur. Heart J. 2019, 40, 1571. [CrossRef]

Levy, R.; Ragueneau-Majlessi, I.; Baltes, E. Repeated administration of the novel antiepileptic agent levetiracetam does not alter
digoxin pharmacokinetics and pharmacodynamics in healthy volunteers. Epilepsy Res. 2001, 46, 93-99. [CrossRef]
Koudriakova, T.; Iatsimirskaia, E.; Utkin, I.; Gangl, E.; Vouros, P.; Storozhuk, E.; Orza, D.; Marinina, J.; Gerber, N. Metabolism of
the human immunodeficiency virus protease inhibitors indinavir and ritonavir by human intestinal microsomes and expressed
cytochrome P4503A4/3A5: Mechanism-based inactivation of cytochrome P4503A by ritonavir. Drug Metab. Dispos. 1998, 26,
552-561.

Mathias, A.A.; German, P; Murray, B.P; Wei, L.; Jain, A.; West, S.; Warren, D.; Hui, J.; Kearney, B.P. Pharmacokinetics and
Pharmacodynamics of G5-9350: A Novel Pharmacokinetic Enhancer Without Anti-HIV Activity. Clin. Pharmacol. Ther. 2010, 87,
322-329. [CrossRef]

Yang, Y.; Chiang, H.; Yip, H.; Chen, K.; Chiang, ].Y.; Lee, M.S.; Sung, P. Risk of New-Onset Atrial Fibrillation Among Asian
Chronic Hepatitis C Virus Carriers: A Nationwide Population-Based Cohort Study. J. Am. Heart Assoc. 2019, 8, €012914. [CrossRef]
Raschi, E.; Poluzzi, E.; Koci, A.; Salvo, F.; Pariente, A.; Biselli, M.; Moretti, U.; Moore, N.; De Ponti, F. Liver injury with novel oral
anticoagulants: Assessing post-marketing reports in the US Food and Drug Administration adverse event reporting system. Br.
J. Clin. Pharmacol. 2015, 80, 285-293. [CrossRef]

Kosloski, M.P; Bow, D.A.; Kikuchi, R.; Wang, H.; Kim, E.J.; Marsh, K.; Mensa, E; Kort, J.; Liu, W. Translation of In Vitro Transport
Inhibition Studies to Clinical Drug-Drug Interactions for Glecaprevir and Pibrentasvir. J. Pharmacol. Exp. Ther. 2019, 370, 278-287.
[CrossRef] [PubMed]

Garrison, K.; Kirby, B.; Stamm, L.; Ma, G.; Vu, A ; Ling, J.; Mathias, A. Drug-drug interaction profile of sofosbuvir/velpatasvir/
voxilaprevir fixed-dose combination. J. Hepatol. 2017, 66, S492-5493. [CrossRef]

Kiang, T.K.L. Clinical Pharmacokinetics and Drug-Drug Interactions of Elbasvir/Grazoprevir. Eur. J. Drug Metab. Pharmacokinet.
2018, 43, 509-531. [CrossRef] [PubMed]

Kirby, B.J.; Symonds, W.T.; Kearney, B.P.; Mathias, A.A. Pharmacokinetic, Pharmacodynamic, and Drug-Interaction Profile of the
Hepatitis C Virus NS5B Polymerase Inhibitor Sofosbuvir. Clin. Pharmacokinet. 2015, 54, 677-690. [CrossRef]

German, P; Mathias, A.; Brainard, D.M.; Kearney, B.P. Drug-Drug Interaction Profile of the Fixed-Dose Combination Tablet
Regimen Ledipasvir/Sofosbuvir. Clin. Pharmacokinet. 2018, 57, 1369-1383. [CrossRef]

Clarivet, B.; Robin, P.; Pers, Y.M.; Ferreira, R.; Lebrun, J.; Jorgensen, C.; Hillaire-Buys, D.; Brés, V.; Faillie, ].L. Tocilizumab and
mesenteric arterial thrombosis: Drug-drug interaction with anticoagulants metabolized by CYP 450 and/or by P-glycoprotein.
Eur. ]. Clin. Pharmacol. 2016, 72, 1413-1414. [CrossRef]

Davis, ].D.; Bansal, A.; Hassman, D.; Akinlade, B.; Li, M.; Li, Z.; Swanson, B.; Hamilton, J.D.; DiCioccio, A.T. Evaluation of
Potential Disease-Mediated Drug-Drug Interaction in Patients With Moderate-to-Severe Atopic Dermatitis Receiving Dupilumab.
Clin. Pharmacol. Ther. 2018, 104, 1146-1154. [CrossRef]


http://doi.org/10.1182/blood-2015-06-646638
http://doi.org/10.1016/j.ijcard.2020.09.037
http://doi.org/10.1111/j.1600-6143.2004.00539.x
http://doi.org/10.1111/cts.12580
http://doi.org/10.1111/tri.13599
http://doi.org/10.1177/10600280211025042
http://doi.org/10.1136/heartjnl-2021-319503
http://doi.org/10.2165/11631540-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22540349
http://doi.org/10.1016/j.eplepsyres.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27450623
http://doi.org/10.1002/cpt.1072
http://www.ncbi.nlm.nih.gov/pubmed/29569712
http://doi.org/10.1055/s-0038-1627480
http://doi.org/10.1093/eurheartj/ehy780
http://doi.org/10.1016/S0920-1211(01)00253-4
http://doi.org/10.1038/clpt.2009.228
http://doi.org/10.1161/JAHA.119.012914
http://doi.org/10.1111/bcp.12611
http://doi.org/10.1124/jpet.119.256966
http://www.ncbi.nlm.nih.gov/pubmed/31167814
http://doi.org/10.1016/S0168-8278(17)31381-8
http://doi.org/10.1007/s13318-018-0471-0
http://www.ncbi.nlm.nih.gov/pubmed/29557529
http://doi.org/10.1007/s40262-015-0261-7
http://doi.org/10.1007/s40262-018-0654-5
http://doi.org/10.1007/s00228-016-2107-0
http://doi.org/10.1002/cpt.1058

Pharmaceutics 2022, 14, 1120 27 of 27

132. Zoni-Berisso, M.; Lercari, F.; Carazza, T.; Domenicucci, S. Epidemiology of atrial fibrillation: European perspective. Clin. Epidemiol.
2014, 6, 213-220. [CrossRef]

133. Raymond, J.; Imbert, L.; Cousin, T.; Duflot, T.; Varin, R.; Wils, J.; Lamoureux, F. Pharmacogenetics of Direct Oral Anticoagulants:
A Systematic Review. J. Pers. Med. 2021, 11, 37. [CrossRef]


http://doi.org/10.2147/CLEP.S47385
http://doi.org/10.3390/jpm11010037

	Introduction 
	Pharmacokinetic and Pharmacodynamic Properties of DOACs 
	Potential Drug–Drug Interaction with Antiarrhythmic Drugs 
	Potential Drug–Drug Interaction with Antiplatelet and Antithrombotic Drugs 
	Potential Drug–Drug Interaction with Nonsteroidal Anti-Inflammatory Drugs 
	Potential Drug–Drug Interaction with Antidepressant Drugs 
	Potential Drug–Drug Interaction with Statins and Lipid-Modified Agents 
	Potential Drug–Drug Interaction with Antibiotics and Antifungal Drugs 
	Potential Drug–Drug Interaction with Antiacid Drugs 
	Potential Drug–Drug Interaction with Antineoplastic and Immune-Modulating Agents 
	Potential Drug–Drug Interaction with Antiepileptic Agents 
	Potential Drug–Drug Interaction with Antiviral Agents for Human Immunodeficiency and Hepatitis C Viruses 
	Potential Drug–Drug Interaction with Anti-COVID-19 Agents 
	Potential Drug–Drug Interaction with Monoclonal Antibodies Anti Interleukin 6 
	Expert Opinion 
	Conclusions 
	References

