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ABSTRACT

Context: Rivaroxaban and ticagrelor are two common drugs for the treatment of atrial fibrillation and
acute coronary syndrome. However, the drug-drug interaction between them is still unknown.

Objective: To investigate the effects of ticagrelor on the pharmacokinetics of rivaroxaban in rats both
in vivo and in vitro.

Materials and methods: A sensitive and reliable UPLC-MS/MS method was developed for the determin-
ation of rivaroxaban in rat plasma. Ten Sprague-Dawley rats were randomly divided into ticagrelor pre-
treated group (10 mg/kg/day for 14 days) and control group. The pharmacokinetics of orally administered
rivaroxaban (10 mg/kg, single dose) with or without ticagrelor pre-treatment was investigated with devel-
oped UPLC-MS/MS method. Additionally, Sprague-Dawley rat liver microsomes were also used to investi-
gate the drug-drug interaction between these two drugs in vitro.

Results: The Cp.x (221.34+£53.33 vs. 691.18+238.31ng/mL) and the AUCq. (1060.97 +291.21 vs.
3483.03 +753.83 pug-h/L) of rivaroxaban increased significantly (p < 0.05) with ticagrelor pre-treatment. The
MRTo_o) Of rivaroxaban increased from 4.41+0.79 to 5.97+1.11 h, while the intrinsic clearance decreased
from 9.93 +2.55 to 2.89+0.63 L/h/kg (both p < 0.05) after pre-treated with ticagrelor. Enzyme kinetic study
indicated that ticagrelor decreased rivaroxaban metabolic clearance with the 1Cs, value of 14.04 umol/L.
Conclusions: Our in vivo and in vitro results demonstrated that there is a drug—drug interaction between
ticagrelor and rivaroxaban in rats. Further studies need to be carried out to verify whether similar interac-
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tions truly apply in humans and whether these interactions have clinical significance.

Introduction

For decades, anticoagulation with vitamin K antagonists (VKAs)
has been the only choice in the treatment of atrial fibrillation
(AF) and other thromboembolic diseases. Recently, direct oral
anticoagulants (DOACs), including dabigatran, rivaroxaban,
apixaban and edoxaban, have emerged as alternatives to VKAs,
due to their more predictable pharmacokinetic and pharmacody-
namic profiles and less food and drug interactions (Heidbuchel
et al. 2015; Steffel et al. 2018). Rivaroxaban, as a direct Factor Xa
inhibitor, has been shown to be effective and well tolerated in
the long-term treatment of non-valvular atrial fibrillation
(NVAF) (Patel et al. 2011). In phase I trials, rivaroxaban was
rapidly absorbed with the time to peak plasma concentration
(Tmax) of 1.5-4h, the area under the concentration (AUC) and
the maximum concentration (C,.,) were dose dependent for sin-
gle daily doses and at steady state after multiple daily dosing
(Abrams and Emerson 2009). About one-third of the dose is
removed in the unchanged form in the urine (mostly through
active renal secretion by P-glycoprotein). About two-thirds is
degraded by means of oxidative degradation and hydrolysis.
Rivaroxaban is metabolized by cytochrome P450 enzymes
(CYP3A4/5, CYP2J2) and CYP-independent ways. CYP3A4 is
involved in about 18% and CYP2]J2 in about 14% of total rivar-
oxaban elimination. Rivaroxaban is metabolized to M2 by

CYP3A4, and M2 is transformed to more stable M1. The main
metabolites of rivaroxaban are M1 and M4 (Kvasnicka et al.
2017). Potential drug-drug interactions may occur between rivar-
oxaban and drugs metabolized by CYP3A4. It has been reported
that CYP3A4 and P-glycoprotein (P-gp) inhibitors ketoconazole,
itraconazole, ritonavir, clarithromycin can increase the systemic
exposure of rivaroxaban (Walenga and Adiguzel 2010), while
some CYP3A4 and P-gp inducers, such as rifampicin and carba-
mazepine, can accelerate the intrinsic clearance value of rivaroxa-
ban (Wessler et al. 2013). In one study, co-administration of
ketoconazole caused a 2.6-fold increase in the mean AUC value
of rivaroxaban, a 1.7-fold increase in C,,, value, and accom-
plished with increased bleeding risk (Mueck et al. 2013).
Similarly, increased rivaroxaban plasma concentrations were also
reported when co-administrated it with verapamil and diltiazem
(Kim et al. 2019). Ritonavir, a strong dual inhibitor of CYP3A4
and P-gp, was reported to increase the rivaroxaban concentration
to a clinically relevant degree (Rathbun and Liedtke 2011). On
the other hand, one CYP3A4 inducer rifampicin could cause
a 50% reduction in the systemic exposure of rivaroxaban
(Eriksson et al. 2009; Altena et al. 2014). It is suggested that
co-administration of rivaroxaban with strong CYP3A4 or P-gp
inhibitors, such as ketoconazole or ritonavir, should be avoided.
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P2Y12 receptor antagonists represent the cornerstone drug
for acute coronary syndrome (ACS) treatment. Unlike clopidog-
rel and prasugrel, the new generation P2Y12 inhibitor ticagrelor
is reversible and directly acting, which does not require meta-
bolic activation and has more predictable efficiency (Hulot et al.
2006; Giezen et al. 2009; Sorich et al. 2014; Tresukosol et al.
2014). Compared with clopidogrel, ticagrelor significantly
reduced the incidence of the composite end point of cardiovas-
cular death, MI or stroke in patients with ACS in PLATO study
(Wallentin et al. 2009). Current guidelines recommend that tica-
grelor is more favourable than clopidogrel in patients with ACS
who receive medical therapy or coronary intervention
(Windecker et al. 2014; Levine et al. 2016).

Ticagrelor is mostly metabolized by CYP3A4. It is not only a
substrate but also an inhibitor of CYP3A4 (Teng et al. 2010). It
has been shown that ticagrelor could significantly increase the
systemic exposure of simvastatin and atorvastatin (Teng et al.
2013; Kido et al. 2015; Banakh et al. 2017). Similarly, ticagrelor
is also a substrate and inhibitor of P-gp. Concomitant use of
ticagrelor and digoxin increased digoxin Cp,, and AUC values
by 75% and 28%, respectively (Teng and Butler 2013).

Approximately 1 in 5 persons with atrial fibrillation will
undergo percutaneous coronary intervention or have an acute
coronary syndrome, thus there is a high possibility of adminis-
tration of rivaroxaban with ticagrelor together. Careful consider-
ation of antithrombotic therapy and balancing bleeding risk is
crucial. However, no reports have been concerned with the
potential drug-drug interactions between ticagrelor and rivaroxa-
ban. In this study, we developed an UPLC-MS/MS method for
the quantification of rivaroxaban and use it for the evaluation of
drug-drug interaction between ticagrelor and rivaroxaban in rats
both in vivo and in vitro.

Materials and methods

Chemicals and reagents

Rivaroxaban (purity >99%) and diazepam (purity >98%)
were both purchased from J&K Scientific Ltd. (Beijing, China)
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(Figure 1). Rivaroxaban metabolite M2 (Lot No. 3530-047A1)
was purchased from TLC Pharmaceutical Standards Ltd.
(Newmarket, Ontario). Ticagrelor (purity > 98%) was purchased
from Aladdin (Aladdin, Shanghai, China). Reduced nicotinamide
adenine dinucleotide phosphate (NADPH) was obtained from
Roche Pharmaceuticals Ltd. (Basel, Switzerland). Acetonitrile and
methanol were obtained from Fisher Scientific Co. (Fair Lawn,
NJ, USA). Formic acid was got from Sigma-Aldrich (St. Louis,
MO, USA). Ultrapure water was obtained from a Milli-Q water
purification system (Millipore, Billerica, MA, USA). All other
chemicals were of analytical grade or better.

Instruments and conditions

Chromatographic separation was performed using the Acquity
UPLC system (Waters Corp., Milford, MA, USA) and ACQUITY
UPLC HSS T3 column (2.1 x 100 mm, 1.8 pum) at 40°C. The
mobile phase comprising acetonitrile (A) and 0.1% formic acid
water (B) was set with a flow rate of 0.40 mL/min. The gradient
programme was applied as follows: 0-0.5 min, 30% A; 0.5-1 min,
30-95% A; 1-2min, 95% A; 2-2.6min, 95% A; 2.5-2.6min,
95-30% A; 2.6-3min, 30% A. The total time required for ana-
lysis was 3 min. The sample manager underwent a strong wash
(methanol water, 50/50, V/V) and a weak wash (methanol water,
10/90, V/V) after each injection.

XEVO TQD triple quadrupole mass spectrometer was
equipped with electrospray ionization (ESI), and multiple-
reaction monitoring (MRM) mode was selected for quantiza-
tion. The precursor ion and product ion were m/z
435.93—144.81 for rivaroxaban and m/z 285.1—193.1 for
diazepam (internal standard, IS), respectively. The optimal MS
parameters were defined as follows: the cone voltages were set
at 35V and 50V for rivaroxaban and IS; the collision energies
were set at 30V and 25V for rivaroxaban and IS. Masslynx 4.1
software (Waters Corp., Milford, MA, USA) was used for data
acquisition, and the UPLC-MS/MS chromatogram of blank
plasma that was spiked with rivaroxaban and IS was shown
below (Figure 2).

A o 0 Lo
—~ A N O

Rivaroxaban

Rivaroxaban M2

Diazepam(IS)

Figure 1. The chemical structures of rivaroxaban and its metabolite M2 (A) and IS. (B).
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Figure 2. The MRM chromatograms of rivaroxaban and IS. (1) Blank plasma sample, (2) blank plasma sample with rivaroxaban (LLOQ) and IS., and (3) plasma sample

after 1 hour of oral administration of rivaroxaban.

In vivo pharmacokinetic experiment

Ten specific pathogen-free (SPF) grade Sprague-Dawley rats
(male, 220 £20g) were provided by Wenzhou Medical University
Laboratory Animal Research Centre. All experimental procedures
and protocols were reviewed and approved by the Animal Care
and Use Committee of Wenzhou Medical University and were in
accordance with the Guide for the Care and Use of Laboratory
Animals (ID Number: wydw2019-650). Ten rats were randomly
divided into two groups: the ticagrelor group (n=5) and the
control group (n=5). Rats were bred at 25°C with 60+5%
humidity and a 12h dark/light cycle. Enough tap water and nor-
mal chow were provided ad libitum. The rats were placed under
the above conditions for one week before initiating
the experiment.

The ticagrelor group was pre-treated with ticagrelor by oral
gavage at a dose of 10 mg/kg/day (dissolved in CMC-Na solu-
tion) for two weeks before the administration of rivaroxaban.
The control group also received equal amounts of the vehicle
(CMC-Na solution). Rivaroxaban was dissolved in dimethyl sulf-
oxide (DMSO) and was then diluted with polyethylene glycol
200 so that DMSO accounted for 5% of the total volume. Each
group of rats was given an oral gavage of rivaroxaban at a dose
of 10 mg/kg, and then blood was collected via the rat’s tail vein
for analysis at 0.083, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12 and 24h.
Samples were collected into 1.5mL centrifuge tubes and were
immediately centrifuged at 4000 rpm for 10 min.

Plasma sample preparation

Every 100 pL of rat plasma was added with 200 pL of acetonitrile
in 0.5pug/mL of IS, followed by vortex mixing for 1 min. After
centrifugation at 13000 rpm for 15min, 5uL of supernatant was
prepared for UPLC-MS/MS system to analyse.

Preparation of rat liver microsomes

The pooled rat liver microsomes (RLMs) were obtained from 8
rats, which were weighed and homogenized with cold 0.01 mM
phosphate-buffered saline (PBS) containing 0.25mM sucrose.
After centrifuging at 11000rpm for 15min, the supernatants
were separated and transferred into new tubes for another
15 min centrifugation at 11000 rpm. Then ultracentrifugation was

performed at 10000 rpm at 4°C for 1h, and the microsomal pel-
lets were resuspended with cold 0.01mM PBS and stored at
—80°C. The protein concentration of RLMs was determined
using the Bradford Protein Assay Kit (Thermo Scientific,
Waltham, MA, USA).

Incubation conditions and sample preparation

The incubation system was composed of RLMs with a concentra-
tion of 0.5mg/mL, 100mM potassium phosphate buffer (pH
7.4), and a series concentrations of rivaroxaban (1, 2.5, 5, 10, 25,
50 and 100 uM). The incubation time was 30 min. Incubations
were initiated following a 5min pre-incubation in a shaking
water bath at 37°C. 1mM NADPH was added to initiate the
reaction in a final volume of 200 pL. The reaction was stopped
immediately by cooling to —80°C. After that, 20 uL IS working
solution and 200 pL acetonitrile were added. Centrifugation was
performed at 13000 rpm for 5min after vortexing for 1 min, and
the supernatant was collected. Each incubation sample study was
performed in separate EP tubes, performed in triplicate and ana-
lysed by UPLC-MS/MS.

In vitro interaction studies in RLMs

Ticagrelor was applied as the inhibitor to determine the half-
maximal inhibitory concentration (ICsp). The incubation mixture
in a total volume of 200pL contained 0.5mg/mL of RLMs,
100 mM potassium phosphate buffer (pH 7.4), rivaroxaban
(20 uM), ticagrelor (1, 2.5, 5, 10, 25, 50 and 100 pM) and 1 mM
NADPH. After preincubation in a shaking water bath at 37°C
for 5min, NADPH was added to initiate the reaction in a final
volume of 200 pL. The reaction was performed for 30 min and
then stopped by cooling to —80°C immediately. After that,
20pL of IS working solution and 200 pL of acetonitrile were
added. Centrifugation was performed at 13000 rpm for 5min
after vortexing for 1min. The supernatant mixture (2uL) was
injected into the UPLC-MS/MS system for analysis.

Statistical analysis

The GraphPad (version 8.0; GraphPad Software Inc., San Diego,
CA, USA) was applied to calculate ICs, and plot plasma



concentration-time curves. The pharmacokinetic parameters
using non-compartmental analysis were calculated by DAS (ver-
sion 3.2.8; Wenzhou Medical University, China). Statistical com-
parisons within groups were conducted by SPSS (version 25.0;
SPSS Inc., Chicago, IL, USA), using Student’s t-test. Values of

p < 0.05 were considered statistically significant.

Results

Effects of ticagrelor on the metabolism of
rivaroxaban in vivo

As shown in Table 1, when pre-treated with ticagrelor, the Cy,y
value of rivaroxaban was significantly increased from 221.34+
53.33 to 691.18 £238.31 ng/mL (p <0.05). The AUC,_y value of
rivaroxaban increased from 1060.97+291.21 to 3483.03+
753.83 ug-h/L, and the AUC(_. value also increased from
1065.90 +£299.44 to 3583.33 +736.02 pg - h/L. All these differences
were both significant (p <0.05). Moreover, the MRT_ ) of
rivaroxaban increased from 4.41+0.79 to 5.97 £ 1.11h, while the
intrinsic clearance decreased from 9.93 +2.55 to 2.89+0.63 L/h/
kg (both p < 0.05) after pre-treated with ticagrelor. There was no
statistical significance of MRT_ and Ty.x between the
two groups.

Table 1. The main pharmacokinetic parameters of rivaroxaban in the two
groups (n=>5 for each group, Mean £ SD).

Pharmacokinetic

parameters unit Rivaroxaban Ticagrelor + rivaroxaban
AUC(o_y ng/mL-h 1060.97 £291.21 3483.03 +753.83*
AUC (o_~) ng/mL-h 1065.90 £ 299.44 3583.33 +736.02*
MRTo_y h 4.32+0.66 5.18+0.91

MRT (0-~0) h 441+0.79 597 +1.11%*

t12 h 2.64+0.72 5.12+1.65*%

Trnax h 2.00+0.71 2.00+0.71

Vz L/kg 36.23+5.48 21.89+9.00*

CcL L/h/kg 9.93+2.55 2.89+0.63*

Cinax ng/mL 221.34+5333 691.14+£238.31*

*p < 0.05 indicates significant difference between the two groups.
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The mean plasma concentration-time curves after oral admin-
istration of rivaroxaban or oral administration of rivaroxaban with
the pre-treatment of ticagrelor are presented in Figure 3.

Effects of ticagrelor on the metabolism of
rivaroxaban in vitro

We selected 2 uL of RLMs with a concentration of 0.5mg/mL in
PBS for 30 minutes as the condition for enzyme kinetic studies.
Within this condition, we determined the kinetic parameters of
rivaroxaban by adding 1, 2.5, 5, 10, 25, 50 and 100 uM of tica-
grelor to the incubation system in a final volume of 200 pL. The
Vimax and K,,, values for rivaroxaban were 3.37 pmol/min/mg and
19.12 pM, respectively (R squared 0.979). Following by adding
ticagrelor, the metabolism of rivaroxaban was inhibited to vari-
ous degrees in a dose dependent manner (Figure 4). The ICsq in
RLMs was 14.04 uM. The results illustrated that ticagrelor can
inhibit the metabolism of rivaroxaban in RLMs.

Discussion

Our data indicated that oral administration of ticagrelor 10 mg/
kg/day for 14 days could increase the AUC value of rivaroxaban
by 3.3-fold and C,,, value by 3.1-fold, and significantly decrease
the metabolic clearance rate of rivaroxaban in vivo. Similarly, the
in vitro enzyme kinetic study showed that the metabolism of
rivaroxaban was inhibited by ticagrelor in a dose dependent
manner with the ICs, value of 14.04 uM in RLMs, inferring that
ticagrelor might decrease rivaroxaban metabolic clearance value
by inhibiting the activity of cytochrome P450. To our knowledge,
this study is the first report to investigate the effects of ticagrelor
on the pharmacokinetics of rivaroxaban in rats.

Ticagrelor has been reported as a substrate and an inhibitor
of CYP3A4 enzyme (Teng et al. 2010). Previous studies have
shown that the ticagrelor could affect the pharmacokinetic pro-
files of some CYP3A4 substrates. An in vitro study demonstrated
that ticagrelor could inhibit the 4-hydroxylation of midazolam
with an ICs, value of 82uM (Zhou et al. 2011). Oral

-e- Ticagrelor+Rivaxoban
-= Rivaroxaban

20 30

time(h)

Figure 3. The mean plasma concentration—time curves of rivaroxaban in the experimental and control groups (n =5 for each group).
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administration of ticagrelor increased AUC; ;, Ciin and Ciax
values of ethinyloestradiol by 20%, 20%, and 31%, respectively,
in healthy volunteers (Butler and Teng 2011). Concomitant
administration of ticagrelor with atorvastatin could increase the
Ciax and AUC values of atorvastatin by 23% and 36%, respect-
ively. Co-administration of ticagrelor with simvastatin lead to the
increment of C,,x and AUC values of simvastatin by 81% and
56%, respectively. In some individuals, as high as 2- to 3-fold
increase in AUC value of simvastatin could be observed (Teng
et al. 2013). Creatine kinase elevation and rhabdomyolysis have
also been reported in clinical settings (Kido et al. 2015; Beavers
2019). Since rivaroxaban is a substrate of CYP3A4, the increased
systemic exposure of rivaroxaban in our study could be
explained by the inhibition effect of ticagrelor on CYP3A4.
Anticoagulation in AF patients with ACS or undergoing per-
cutaneous coronary intervention (PCI) is challenging.
Conventional combination of VKAs with dual antiplatelet ther-
apy (DATP) is associated with increased risk of serious bleeding
(Hansen et al. 2010; Lamberts et al. 2012). Modified antithrom-
botic strategies that balancing bleeding risk and the incidence of
coronary or embolic events are needed. In the PIONEER AF-PCI
trial, low-dose rivaroxaban (15mg once daily) plus a P2Y12
inhibitor or very-low-dose rivaroxaban (2.5mg twice daily) plus
dual antiplatelet therapy (DAPT) was associated with a lower
risk of the first and total bleeding events as compared with
standard triple therapy using dose-adjusted warfarin plus DAPT
(Gibson et al. 2016; Chi et al. 2018). However, when co-adminis-
tered with DAPT, even low-dose rivaroxaban (2.5mg or 5mg
twice daily) increased the risk of major bleeding (2.1% vs. 0.6%,
p<0.001) and intracranial hemorrhage (0.6% vs. 0.2%,
p=0.009) (Mega et al. 2012). Besides, more intense antiplatelet
therapy also increases bleeding risk. In PLATO study, ticagrelor
was associated with increased non-CABG and non-procedure-
related major bleeding (4.5% vs. 3.8%, and 3.1% vs. 2.3%,
respectively) compared with clopidogrel, although fatal bleeding
was low and did not differ between groups (Becker et al. 2011).
Combination of rivaroxaban with ticagrelor may cause potent
antithrombotic effects. Rivaroxaban potently inhibits prothrombi-
nase complex-bound factor Xa on the surface of activated plate-
lets, thus inhibits thrombin generation and thrombin-induced
platelet aggregation. Ticagrelor potently inhibits platelet activa-
tion, which may provide a catalytic surface for initiating and sus-
taining coagulation. Recently, it has been reported that
rivaroxaban powerfully inhibited tissue factor-induced platelet
aggregation in a concentration dependent manner and had a

synergistic effect with ticagrelor (Perzborn et al. 2015). These
findings may explain that very-low-dose rivaroxaban could
reduce cardiovascular events in ACS patients. Our study revealed
that the pharmacokinetic effects of ticagrelor on the metabolism
of rivaroxaban raised rivaroxaban plasma concentration signifi-
cantly in rats. The results demonstrated in our study and the
pharmacodynamic interactions between rivaroxaban and ticagre-
lor suggest that caution should be paid when these two agents
are co-administered in clinical practice, and rivaroxaban dose
may need to be adjusted to minimize bleeding risk.

Our study has several limitations. First, the pharmacokinetic
effects of ticagrelor on rivaroxaban we found in rats may not
necessarily exist in human beings. Further studies need to be car-
ried out to verify whether similar interactions truly apply in
humans and, if so, whether these interactions have clinical sig-
nificance. Second, as an explorative and preliminary study, there
is no further information about what sort of drug-drug inter-
action between ticagrelor and rivaroxaban in the current study.
More work needs to be done regarding the inhibition type and
the precise mechanisms of ticagrelor on the metabolism of rivar-
oxaban in the future.

Conclusions

A sensitive and reliable UPLC-MS/MS method was developed
and applied for the determination of rivaroxaban concentration
in rat plasma. The results shown in our study indicated that tica-
grelor could significantly decrease the metabolic clearance rate of
rivaroxaban in rats both in vivo and in vitro. Further studies
need to be carried out to verify whether similar interactions truly
apply in humans, and co-administration of these two drugs
should be prescribed with caution in clinical practice.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by Natural Science Foundation of China
[Grants No. 81570307].



References

Abrams PJ, Emerson CR. 2009. Rivaroxaban: a novel, oral, direct factor Xa
inhibitor. Pharmacotherapy. 29:167-181.

Altena R, Roon EV, Folkeringa R, Wit HD, Hoogendoorn M. 2014. Clinical
challenges related to novel oral anticoagulants: drug-drug interactions and
monitoring. Haematologica. 99:e26-27.

Banakh I, Haji K, Kung R, Gupta S, Tiruvoipati R. 2017. Severe rhabdo-
myolysis due to presumed drug interactions between atorvastatin with
amlodipine and ticagrelor. Case Rep Crit Care. 2017:3801819.

Beavers JC. 2019. Elevated creatine kinase due to potential drug interaction
with ticagrelor and atorvastatin. ] Pharm Pract. 32:106-108.

Becker RC, Bassand JP, Budaj A, Wojdyla DM, James SK, Cornel JH, French
J, Held C, Horrow ], Husted S, et al. 2011. Bleeding complications with
the P2Y12 receptor antagonists clopidogrel and ticagrelor in the PLATelet
inhibition and patient Outcomes (PLATO) trial. Eur Heart J. 32:
2933-2944.

Butler K, Teng R. 2011. Effect of ticagrelor on the pharmacokinetics of
ethinyl oestradiol and levonorgestrel in healthy volunteers. Curr Med Res
Opin. 27:1585-1593.

Chi G, Yee MK, Kalayci A, Kerneis M, AlKhalfan F, Mehran R, Bode C,
Halperin JL, Verheugt FWA, Wildgoose P, et al. 2018. Total bleeding with
rivaroxaban versus warfarin in patients with atrial fibrillation receiving
antiplatelet therapy after percutaneous coronary intervention. ] Thromb
Thrombolysis. 46:346-350.

Eriksson BI, Quinlan DJ, Weitz JI. 2009. Comparative pharmacodynamics
and pharmacokinetics of oral direct thrombin and factor Xa inhibitors in
development. Clin Pharmacokinet. 48:1-22.

Gibson CM, Mehran R, Bode C, Halperin J, Verheugt FW, Wildgoose P,
Birmingham M, Ianus J, Burton P, van Eickels M, et al. 2016. Prevention
of bleeding in patients with atrial fibrillation undergoing PCI. N Engl J
Med. 375:2423-2434.

Giezen JA, Nilsson L, Berntsson P, Wissing BM, Giordanetto F, Tomlinson
W, Greasley PJ. 2009. Ticagrelor binds to human P2Y(12) independently
from ADP but antagonizes ADP-induced receptor signaling and platelet
aggregation. ] Thromb Haemost. 7:1556-1565.

Hansen ML, Serensen R, Clausen MT, Fog-Petersen ML, Raunse J, Gadsbell
N, Gislason GH, Folke F, Andersen SS, Schramm TK, et al. 2010. Risk of
bleeding with single, dual, or triple therapy with warfarin, aspirin, and
clopidogrel in patients with atrial fibrillation. Arch Intern Med. 170:
1433-1441.

Heidbuchel H, Verhamme P, Alings M, Antz M, Diener HC, Hacke W,
Oldgren J, Sinnaeve P, Camm A]J, Kirchhof P. 2015. Updated European
Heart Rhythm Association Practical Guide on the use of non-vitamin K
antagonist anticoagulants in patients with non-valvular atrial fibrillation.
Europace. 17:1467-1507.

Hulot JS, Bura A, Villard E, Azizi M, Remones V, Goyenvalle C, Aiach M,
Lechat P, Gaussem P. 2006. Cytochrome P450 2C19 loss-of-function poly-
morphism is a major determinant of clopidogrel responsiveness in healthy
subjects. Blood. 108:2244-2247.

Kido K, Wheeler MB, Seratnahaei A, Bailey A, Bain JA. 2015.
Rhabdomyolysis precipitated by possible interaction of ticagrelor with
high-dose atorvastatin. ] Am Pharm Assoc (2003). 55:320-323.

Kim M, Son H, Noh K, Kim E, Shin B, Kang W. 2019. Effects of verapamil
and diltiazem on the pharmacokinetics and pharmacodynamics of rivarox-
aban. Pharmaceutics. 11:133-142.

Kvasnicka T, Malikova I, Zenahlikova Z, Kettnerova K, Brzezkova R, Zima T,
Ulrych J, Briza ], Netuka I, Kvasnicka J. 2017. Rivaroxaban - metabolism,
pharmacologic properties and drug interactions. Curr Drug Metab. 18:
636-642.

Lamberts M, Olesen JB, Ruwald MH, Hansen CM, Karasoy D, Kristensen SL,
Kober L, Torp-Pedersen C, Gislason GH, Hansen ML. 2012. Bleeding after
initiation of multiple antithrombotic drugs, including triple therapy, in
atrial fibrillation patients following myocardial infarction and coronary
intervention: a nationwide cohort study. Circulation. 126:1185-1193.

PHARMACEUTICAL BIOLOGY 635

Levine GN, Bates ER, Bittl JA, Brindis RG, Fihn SD, Fleisher LA, Granger
CB, Lange RA, Mack MJ, Mauri L, et al. 2016. 2016 ACC/AHA guideline
focused update on duration of dual antiplatelet therapy in patients with
coronary artery disease: a report of the American College of Cardiology/
American Heart Association Task Force on Clinical Practice Guidelines. |
Am Coll Cardiol. 68:1082-1115.

Mega JL, Braunwald E, Wiviott SD, Bassand J-P, Bhatt DL, Bode C, Burton
P, Cohen M, Cook-Bruns N, Fox KAA, et al. 2012. Rivaroxaban in
patients with a recent acute coronary syndrome. N Engl ] Med. 366:9-19.

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

Patel MR, Mahaffey KW, Garg J, Pan G, Singer DE, Hacke W, Breithardt G,
Halperin JL, Hankey GJ, Piccini JP, et al; the ROCKET AF Steering
Committee. 2011. Rivaroxaban versus warfarin in nonvalvular atrial fibril-
lation. N Engl ] Med. 365:883-891.

Perzborn E, Heitmeier S, Laux V. 2015. Effects of rivaroxaban on platelet
activation and platelet-coagulation pathway interaction: in vitro and
in vivo studies. ] Cardiovasc Pharmacol Ther. 20:554-562.

Rathbun RC, Liedtke MD. 2011. Antiretroviral drug interactions: overview of
interactions involving new and investigational agents and the role of
therapeutic drug monitoring for management. Pharmaceutics. 3:745-781.

Sorich MJ, Rowland A, McKinnon RA, Wiese MD. 2014. CYP2C19 genotype
has a greater effect on adverse cardiovascular outcomes following percu-
taneous coronary intervention and in Asian populations treated with clo-
pidogrel. Circ Cardiovasc Genet. 7:895-902.

Steffel J, Verhamme P, Potpara TS, Albaladejo P, Antz M, Desteghe L,
Haeusler KG, Oldgren J, Reinecke H, Roldan-Schilling V, et al; ESC
Scientific Document Group. 2018. 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 J]. 39:
1330-1393.

Teng R, Butler K. 2013. A pharmacokinetic interaction study of ticagrelor
and digoxin in healthy volunteers. Eur J Clin Pharmacol. 69:1801-1808.
Teng R, Mitchell PD, Butler KA. 2013. Pharmacokinetic interaction studies
of co-administration of ticagrelor and atorvastatin or simvastatin in

healthy volunteers. Eur J Clin Pharmacol. 69:477-487.

Teng R, Oliver S, Hayes MA, Butler K. 2010. Absorption, distribution,
metabolism, and excretion of ticagrelor in healthy subjects. Drug Metab
Dispos. 38:1514-1521.

Tresukosol D, Suktitipat B, Hunnangkul S, Kamkaew R, Poldee S,
Tassaneetrithep B, Likidlilid A. 2014. Effects of cytochrome P450 2C19
and paraoxonase 1 polymorphisms on antiplatelet response to clopidogrel
therapy in patients with coronary artery disease. PLoS One. 9:e110188.

Walenga JM, Adiguzel C. 2010. Drug and dietary interactions of the new and
emerging oral anticoagulants. Int J Clin Pract. 64:956-967.

Wallentin L, Becker RC, Budaj A, Cannon CP, Emanuelsson H, Held C,
Horrow J, Husted S, James S, Katus H, et al. 2009. Ticagrelor versus clopi-
dogrel in patients with acute coronary syndromes. N Engl ] Med. 361:
1045-1057.

Wessler JD, Grip LT, Mendell J, Giugliano RP. 2013. The P-glycoprotein
transport system and cardiovascular drugs. ] Am Coll Cardiol. 61:
2495-2502.

Windecker S, Kolh P, Alfonso F, Collet JP, Cremer J, Falk V, Filippatos G,
Hamm C, Head §J, Juni P, et al. 2014. 2014 ESC/EACTS Guidelines on
myocardial  revascularization: The Task Force on Myocardial
Revascularization of the European Society of Cardiology (ESC) and the
European Association for Cardio-Thoracic Surgery (EACTS)Developed
with the special contribution of the European Association of Percutaneous
Cardiovascular Interventions (EAPCI). Eur Heart J. 35:2541-2619.

Zhou D, Andersson TB, Grimm SW. 2011. In vitro evaluation of potential
drug-drug interactions with ticagrelor: cytochrome P450 reaction pheno-
typing, inhibition, induction, and differential kinetics. Drug Metab Dispos.
39:703-710.



	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Instruments and conditions
	In vivo pharmacokinetic experiment
	Plasma sample preparation
	Preparation of rat liver microsomes
	Incubation conditions and sample preparation
	In vitro interaction studies in RLMs
	Statistical analysis

	Results
	Effects of ticagrelor on the metabolism of rivaroxaban in vivo
	Effects of ticagrelor on the metabolism of rivaroxaban in vitro

	Discussion
	Conclusions
	Disclosure statement
	Funding
	References


