Cardiovascular Drugs and Therapy (2022) 36:121-129
https://doi.org/10.1007/510557-020-07129-z

ORIGINAL ARTICLE ;.)

Check for
updates

Identifying the Dominant Contribution of Human Cytochrome P450
2J2 to the Metabolism of Rivaroxaban, an Oral Anticoagulant

Tingting Zhao' - Yanwei Chen? . Dalong Wang - Liyan Wang? - Peipei Dong?> - Shan Zhao* - Changyuan Wang '~ .
Qiang Meng " - Huijun Sun '~ - Kexin Liu" - Jingjing Wu'?®

Accepted: 10 December 2020 / Published online: 7 January 2021
© Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

Purpose Rivaroxaban, an oral anticoagulant, undergoes the metabolism mediated by human cytochrome P450 (CYP). The
present study is to quantitatively analyze and compare the contributions of multiple CYPs in the metabolism of rivaroxaban to
provide new information for medication safety.

Methods The metabolic stability of rivaroxaban in the presence of human liver microsomes (HLMs) and recombinant CYPs was
systematically evaluated to estimate the participation of various CYP isoforms. Furthermore, the catalytic efficiency of CYP
isoforms was compared via metabolic kinetic studies of rivaroxaban with recombinant CYP isoenzymes, as well as via CYP-
specific inhibitory studies. Additionally, docking simulations were used to illustrate molecular interactions.

Results Multiple CYP isoforms were involved in the hydroxylation of rivaroxaban, with decreasing catalytic rates as follows:
CYP2J2>3A4>2D6>4F3>1A1>3A5>3A7>2A6>2E1 >2C9>2CI19. Among the CYPs, 2J2, 3A4, 2D6, and 4F3 were
the four major isoforms responsible for rivaroxaban metabolism. Notably, the intrinsic clearance of rivaroxaban catalyzed by
CYP2J2 was nearly 39-, 64-, and 100-fold that catalyzed by CYP3A4, 2D6, and 4F3, respectively. In addition, rivaroxaban
hydroxylation was inhibited by 41.1% in the presence of the CYP2J2-specific inhibitor danazol, which was comparable to the
inhibition rate of 43.3% by the CYP3A-specific inhibitor ketoconazole in mixed HLMs. Furthermore, molecular simulations
showed that rivaroxaban is principally bound to CYP2J2 by 7r-alkyl bonds, carbon-hydrogen bonds, and alkyl interactions.
Conclusion CYP2J2 dominated the hydroxylation of rivaroxaban, which may provide new insight into clinical drug interactions
involving rivaroxaban.
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been reported when rivaroxaban was applied to prevent stroke
and systemic embolism for atrial fibrillation patients, especial-
ly when used in combination with other heart rate control
drugs [5—7]. Additionally, due to its bleeding risk, rivaroxaban
was newly included in classifications of use with caution and
dose adjustment with the kidney function of the 2019
American Geriatric Society’s Beers list [8]. Therefore, bleed-
ing risks related to rivaroxaban should not be underestimated.

Previous studies have investigated the metabolism and
elimination of rivaroxaban, with cytochrome P450 (CYP) en-
zymes, mainly CYP2J2 and CYP3A4, and a few liver hydro-
lytic enzymes playing an important role in the deactivation of
rivaroxaban [9, 10]. The major metabolites and metabolic
pathways were identified by in vitro liver microsome incuba-
tion studies, and morpholinone 2-hydroxylation (M1) was
identified as the structure of the major rivaroxaban metabolite
by H' NMR analysis (Fig. 1) [9]. As previously reported, the
proportion of rivaroxaban metabolized by CYP enzymes rep-
resents approximately two-thirds of a given dose, and the re-
maining one-third is eliminated by secretion mediated by P-
glycoprotein (P-gp) and breast cancer resistance protein
(BCRP) [9, 11, 12]. Pharmacokinetic interactions between
rivaroxaban and drugs for regulating CYP3A4 and P-gp have
been extensively evaluated, with outcomes indicating that
caution is warranted when it is used concomitantly with strong
CYP3A4 and P-gp inhibitors [13—15]. Notably, Mueck et al.
found that rivaroxaban co-administrated with strong or mod-
erate CYP3A4 inhibitors—such as clarithromycin and
fluconazole—did not cause clinically relevant interactions
for rivaroxaban [13, 15, 16]. However, the bleeding risk of
rivaroxaban combined with clarithromycin was controversial.
Kevin Hill et al. reported that compared with azithromycin,
combining with clarithromycin was more dangerous in the
risk of major hemorrhage [17]. While in the evaluation of
the major bleeding risk in nonvalvular atrial fibrillation pa-
tients taking direct oral anticoagulants (DOAC) with concur-
rent medications, the adjusted incidence ratio of major bleed-
ing was significantly lower than taking DOAC alone [18]. In
addition, bleeding events do exist for combining with other
agents in clinical practice, which are not limited to CYP3A4
and P-gp inhibitors [5-7, 19, 20]. Taken together, we hypoth-
esize that CYP3A4 is not the predominant isoform involved in
the metabolism of rivaroxaban and that other CYP isoforms
likely participate to a larger extent in rivaroxaban morpholine
2-hydroxylation [13, 21].

Fig. 1 CYP-dependent oxidation
of rivaroxaban to hydroxylated
rivaroxaban

Rivaroxaban
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In the present study, we systematically evaluated the par-
ticipation and contribution of a series of CYP isoforms in the
metabolism of rivaroxaban by-product formation analysis in
human liver microsomes (HLMs) and recombinant human
CYPs, as well as CYP-specific inhibition studies.

Methods
Chemicals and Instruments

Rivaroxaban (purity >98%) was obtained from Shanghai
Yuanye Bio-Technology Co., Ltd. Danazol was purchased
from Med Chem Express (NJ, USA). All other CYPs inhibi-
tors were purchased from Sigma-Aldrich (MO, USA).
Phosphate buffer saline (PBS) was prepared from dipotassium
bisulfate and potassium dihydrogen sulfate in the appropriate
proportions and stored at 4 °C until use. Analytical reagent
grade and high-performance liquid chromatography (HPLC)
grade solvents were from Tedia, Inc. (OH, USA). Pooled hu-
man liver microsomes were purchased from
BioreclamationIVT (MD, USA). cDNA-expressed recombi-
nant human CYP3A4 and CYP3AS5 were obtained from
Cypex Ltd. (Dundee, UK). cDNA-expressed CYP1AI,
CYP1A2, CYPIBI1, CYP2A6, CYP2B6, CYP2CS8,
CYP2C9, CYP2D6, CYP2EIL, CYP2J2, CYP3A7, CYP4F2,
CYP4F3, and CYP46A1 derived from baculovirus-infected
insect cells were obtained from BD Gentest Corp. (MA,
USA). cDNA-expressed CYP2C19 from Escherichia coli
was purchased from New England Biolabs Ltd. (Beijing,
China). All microsomal samples and recombinant human
P450 isoforms were stored at — 80 °C until use.

HPLC was performed using an Agilent MSD/MS sys-
tem controller, two 1260 series pumps, a 1200 series
autosampler, and a 1200 series variable wavelength de-
tector. Other instrumentation included a constant-
temperature vibrating mixer (Hangzhou ALLSHENG
Instrument Co. Ltd., China), scroll machine, centrifuge,
and elite ODS-BP analysis column (4.6 x 200 mm,
5 um). An API 3200 triple-quadrupole mass spectrom-
eter (Applied Biosystems, Ontario, Canada) was used
for LC-MS analysis. lonization was conducted using
an electron spray interface in the positive ion mode
for detecting metabolites.
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HPLC Analysis Methodology

The mobile phase consisted of 60% methanol (A pump) and
40% pure water with 0.2% formic acid (B pump) with
isocratic elution. Detection conditions were as follows: col-
umn temperature, 30 °C; autosampler injection volume,
20 uL; flow rate, 0.5 mL min '; and, detector wavelength,
240 nm. The major rivaroxaban metabolite (M1), was
quantified from the rivaroxaban standards, for which
the correlation coefficient was >0.999. The standard
curves displayed good linearity which could be used
for the quantitative determination for MI1.

Incubation Conditions

The final incubation conditions with HLM and recombinant
CYPs were optimized, which were within the linear range for
the concentrations of the major metabolite that formed. The
HLM incubation system, with a total volume of 200 puL,
contained potassium phosphate buffer (10 mM, pH 7.4),
tetracyclohexanamine (NADPH, 1 mM), and liver micro-
somes (0.3 mg protein mL™"). The total volume of the incu-
bation system with recombinant CYPs was set at 100 uL. All
rivaroxaban samples in this study were obtained by a series of
dilutions from a stock solution (100 mM in DMSO). The final
organic solvent concentration was no more than 0.5% (v/v).
After 5 min of incubation at 37 °C, the reaction was initiated
by the addition of NADPH and the resulting mixture was
incubated at 37 °C on a vibrating mixer for 60 min. The
reaction was terminated by the addition of cold methanol in
a volume equivalent to that of the reaction system. The reac-
tion mixture was then centrifuged at 2000xg for 15 min.
Aliquots of the supernatants were stored at —20 °C un-
til analysis by HPLC. The reactions that were incubated
without NADPH, substrate, or enzymes were designed
to confirm the formation of the metabolite was depen-
dent on enzymes and NADPH.

Kinetic Analysis

Rivaroxaban (1-100 uM) was incubated with pooled HLM
(0.3 mg protein mL™") for 60 min to evaluate the kinetic pa-
rameters of the HLM. Rivaroxaban (1-200 uM for CYP2J2,
10-200 uM for CYP 2D6, and 20-200 uM for CYP4F3) was
incubated with recombinant CYPs (0.4 mg protein mL ™) for
60 min to determine the kinetic parameters of the recombinant
CYPs. The incubation conditions were as described above.
The apparent K, (substrate affinity constant) and V,,,, (max-
imal velocity) values were calculated from nonlinear regres-
sion analysis of experimental data according to the Michaelis-
Menten equation with GraphPad Prism, version 7. All incu-
bations were carried out in three independent experiments
performed in duplicate.

Assay with Recombinant P450 Isoforms

Seventeen cDNA-expressed human P450 isoforms, including
CYP1A1l, CYPIA2, CYPIBI, CYP2A6, CYP2B6,
CYP2C19, CYP2C8, CYP2C9, CYP2D6, CYP2EI, CYP2J2,
CYP3A4, CYP3AS5, CYP3A7, CYP4F2, CYP4F3, and
CYP46A1, were used. Rivaroxaban (120 uM) was incubated
with recombinant CYPs at 37 °C for 60 min to estimate the
participation of the CYP isoforms. Results were from at least
three experiments carried out in duplicate. The quantitative de-
termination of metabolite concentration was as described above.

Specific Chemical Inhibitor Study

To identify the enzymes involved in metabolism, several CYP-
specific inhibitors were added to the incubation with rivaroxaban
(120 uM). The inhibitor concentrations were as follows: 8-
methoxypsoralen (2.5 uM) for CYP2A6, montelukast (5 pM)
for CYP2CS8, sulfaphenazole (10 uM) for CYP2C9, quinidine
(10 uM) for CYP2D6, danazol (3 uM) for CYP2J2, and keto-
conazole (1 uM) for the CYP3A subfamily [22-24]. The
120-uM rivaroxaban concentration was selected based on the
K, value. The final concentration of organic solvent in the incu-
bation media was no more than 0.5% (v/v). Results were from at
least three experiments carried out in duplicate.

Molecular Docking Simulation

To demonstrate the molecular mechanism between
rivaroxaban and CYP2J2, the molecular docking simulation
was conducted using a CYP2J2 crystal structure homology
model. This model was constructed using the Clustal Omega
webserver (https://www.ebi.ac.uk/Tools/msa/clustalo/), as
previously described [22]. Docking simulation was
performed using SYBYL (X-1.1). The 3D structure of
rivaroxaban was subjected to energy minimization with the
default Tripos force field parameters, and the Gasteiger-
Hiickel charges were calculated for each compound. The
Surflex-Dock mode was used to generate binding conforma-
tions of rivaroxaban with CYP2J2, from which the optimal
conformations were determined by their empirical functions
TotalScore, ChemScore, and CScore. In addition, the PyMOL
Molecular Graphics System, version 16.1.0.15350 (DeLano
Scientific LLC) was used to visualize the docking results.

Results

Separation and Identification of the Major Metabolite
M1

The HPLC conditions to simultaneously detect and separate
the major metabolite M1 were methanol:pure water:formic
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acid = 60:40:0.2 (v/v/v), flow rate 0.5 mL min~!, and column
temperature 30 °C. As shown in Fig. 2a, when rivaroxaban
was incubated with HLM without NADPH, the HPLC peak
appeared at 12.839 min. When rivaroxaban was incubated
with HLM and NADPH, a new single peak (M1) appeared
with a retention time of 10.831 min. The M1 peak was abso-
lutely separate from rivaroxaban and did not interfere with the
quantitative analysis, which indicated that the method could
be used to simultaneously detect and conduct quantitative
analysis of M1 and rivaroxaban.

LC-MS analysis of the major metabolite that was separated
and collected from the HPLC was conducted in positive ion
mode. Results showed the major metabolite with m/z 452.9
was the most abundant component with an intensity of > 7 x
107 cps (Fig. 2b). This molecular weight was consistent with
results reported in the prior literature; thus, we can confirm
that the major metabolite of rivaroxaban was morpholinone 2-
hydroxylation (M1) (Fig. 1) [9].

CYP Screening

Screening experiments with the 17 recombinant enzymes re-
vealed CYP2D6, CYP2J2, CYP3A4, and CYP4F3 to be the
four major CYPs for rivaroxaban hydroxylation, as shown by
M1 peak area (24.1, 391.6, 25.0, and 14.9), respectively;
(Fig. 3). CYP1A1, CYP3AS, and CYP3A7 also participated
in rivaroxaban hydroxylation, but to a lesser extent; however,
CYPs 1A2, 1B1, 2A6, 2B6, 2C9, 2C19, 2D6, 2E1, 4F2, and
46A1 were essentially inactive. The catalytic activity of the
various CYPs was in the following order: 2 J2 > 3A4 >2D6 >
4F3>1A1>3A5>3A7>2A6>2E1>2C9>2C19.
Notably, CYP2J2 showed the strongest catalytic activity in
rivaroxaban hydroxylation of the 17 CYPs, which was ap-
proximately 16.2-, 15.7-, and 26.3-fold higher than that of
CYP2D6, CYP3A4, and CYP4F3, respectively.

Kinetic Study

Given the obvious metabolic activity displayed by CYP2D6,
CYP2J2, CYP3A4, and CYP4F3 for rivaroxaban, kinetic
studies were conducted to estimate the catalytic capability of
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Fig. 3 M1 formation catalyzed by various recombinant human CYPs.
Rivaroxaban (120 uM) was incubated with human CYPs
(0.4 mg mL™!) at 37 °C for 60 min. Results are shown as the mean +
S.D. of at least three determinations performed in duplicate. N.D., not
detectable; M1, the major metabolite of rivaroxaban; morpholinone 2-
hydroxylation

HLM (Fig. 4a) and these four recombinant CYPs (Fig. 4b) in
rivaroxaban hydroxylation. All of these reactions obeyed
Michaelis-Menten kinetics, as depicted by their respective lin-
ear Eadie-Hofstee plots. As shown in Fig. 4b, there was a wide
range in M1 formation rates with the four recombinant CYPs,
from 29.42 to 753.9 pmol min ! mg proteinfl. The V.« value
of CYP2J2 was 753.9 pmol min ' mg protein ', which was
12.6-25.6-fold higher than that of the other CYPs (Table 1).
Additionally, the apparent K, value of CYP2J2 was the low-
est among these four recombinant CYPs, which further gave
rise to the highest intrinsic clearance value of CYP2J2 (Viax/
Kpn=38.92 uL min"' mg protein ). The intrinsic clearance
values indicated that CYP2J2 dominated in the metabolism of
rivaroxaban, being approximately 39- to 100-fold higher for
CYP2J2 than for the other CYPs. Detailed kinetic parameters
are shown in Table 1.

CYP-Specific Inhibitory Study

To further estimate the contributions of the P450 isoforms in
rivaroxaban hydroxylation, six specific inhibitors were used.
As shown in Fig. 5, significant inhibition was observed in the
groups with CYP3A inhibitor ketoconazole and CYP2J2
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Fig. 2 a HPLC profile of rivaroxaban and metabolite M1 in the presence or absence of NADPH. b Total ion chromatograms of metabolite M1
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transformation

inhibitor danazol, reducing enzyme activity to 56.6% and 58.9%
of control activity, respectively. In addition, CYP2C9-specific
inhibitor sulfaphenazole slightly inhibited the formation of M1,
remaining about 74.6% of control. However, inhibition by other
inhibitors including quinidine, montelukast, and 8-
methoxypsoralen was not significant, with the resulting activity
remaining at > 90% than that of the control.

Molecular Docking Simulation

Molecular docking simulation was used to elucidate the binding
conformations of the interaction between rivaroxaban and
CYP2J2. The distance between the O atom of rivaroxaban and
the haem iron atom of CYP22 was 3.9 A (Fig. 6a). The optimal
orientation of rivaroxaban in CYP2J2 and the corresponding 2D
ligand interaction diagram are shown in Fig. 6. As shown in Fig.
6b, the benzene and thiophene rings of rivaroxaban interacted
with ALA311 and PHE310, respectively, via 7t-alkyl bonds. In
addition, alkyl interactions between the methyl group of
rivaroxaban and ILE487, VAL380, and ILE376 were apparent.
The TotalScore, ChemScore, and CScore for rivaroxaban
docking to CYP2J2 were 5.35, —27.398, and 4, respectively.
Taken together, these results showed a marked binding affinity
of rivaroxaban for CYP2J2.

Discussion

There have been many reports verifying the involvement of
CYP3A4 and CYP2J2 in the metabolism of rivaroxaban;
however, the respective metabolic contributions of CYP iso-
forms were unknown. In this study, the contributions of
CYP3A4 and CYP2J2 were systematically evaluated and
compared. Firstly, CYP-dependent M1 formation analysis in-
dicated that CYP2J2 showed the strongest catalytic activity.
Moreover, in CYP3A subfamily, except for CYP3A4, CYPs
3AS5 and 3A7 also participated in the rivaroxaban hydroxyl-
ation (M1 area, CYP3A4: CYP3AS5: CYP3A7 =25:8.6: 6.3).
Secondly, kinetic studies further verified the highest catalytic
efficiency of CYP2J2, approximately 39-fold to that of
CYP3A4. Finally, CYP-specific inhibition experiments were
used to access the contributions of CYPs. Ketoconazole
(CYP3A-specific inhibitor) and danazol (CYP2J2-specific
inhibitor) inhibited 43.3% and 41.1% rivaroxaban metabolism
in HLM. Based on the ratio of M1 area by CYP3A subfamily
in CYP screen (M1 area, CYP3A4: CYP3AS5: CYP3A7 =25:
8.6: 6.3), the contributions of CYPs 3A4, 3AS5, and 3A7 were
27.3%, 9.4%, and 6.9% respectively. Therefore, our studies
identified the predominated role of CYP2J2 in the rivaroxaban
hydroxylation with a contribution of 41.1%, which was much
higher than the contribution of 27.3% by CYP3A4.

Table 1 Kinetic parameters of

rivaroxaban by HLM and selected Enzyme source K Vinax CLint CLiy fold
CYPs (CYP212/CYPs)
HLM 22.81+£2.370 91.28£3.233 4.002
CYP2J2 19.37+1.932 753.9+£19.97 38.92
CYP3A4 46.98 £4.800 47.24+1.843 1.006 38.68
CYP2D6 98.78 +8.839 59.94+2.597 0.607 64.11
CYP4F3 75.19+£5.312 29.42+0.898 0.391 99.54

K, was recorded as uM; V. was recorded as pmol min”! mg protein71 3 CLine (Vinax/Ki) was recorded as
pL min" mg protein . The data is reported as mean + S.D. of at least three incubations performed in duplicate
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trol group; ns, not significant (P> 0.05 vs the control group)

Even though the inhibitory effect of CYP2J2-specific in-
hibitor danazol and CYP3A-specific inhibitor ketoconazole
were comparable, being 41.1% and 43.3% respectively, there
were dramatic differences in the content of each isoenzyme in
the HLM. CYP3A subfamily is responsible for the metabo-
lism of approximately 30.2% of clinical drugs, and CYP3A4
as the major isoform of the CYP3A subfamily represents
about 14-24% of the microsomal P450 pool, on average
[23-26]. In contrast, CYP2J2 is the least abundant P450 iso-
form of those involved in clinical drug metabolism [26].
CYP3A was the most abundantly expressed subfamily in the
liver, at ~28.8% of the total hepatic CYPs, whereas CYP2J2
abundance was less than 1% [26, 27]. Moreover, proteomic
analysis demonstrated the protein concentration of CYP3A4

Fig. 6 a Conformation of
rivaroxaban with the iron in
porphyrin ring of CYP2J2 and b
corresponding 2D molecular
interaction diagram

a
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to be about 50-fold that of CYP2J2 in HLM [28]. Therefore,
we inferred that the results of inhibitory experiments in HLM,
CYP2J2, and CYP3A4-specific inhibitors produced compara-
ble inhibition ratio were most likely caused by the dramatic
differences in content for two isoforms in HLM. With such a
low content in HLM, CYP2J2 produced a comparable contri-
bution with that by CYP3A, the most abundant subfamily in
the liver, suggesting the higher catalytic efficiency of CYP2J2
than that of CYP3A4 in rivaroxaban hydroxylation.

In the inhibition study, the total inhibitory activity in HLMs
was over 100% at 130.27%, which may have been due to the
poor selectivity of the high-concentration inhibitors.
Additionally, the concentration of specific inhibitors had a
considerable impact on their inhibition selectivity. For exam-
ple, although ketoconazole is known as a specific inhibitor of
the CYP3A subfamily, it has also shown inhibitory activity in
the CYP1Al-mediated metabolism of 7-ethoxycoumarin,
with a half-maximal inhibitory concentration (ICsq) value of
0.33 +£0.03 uM [29]. In the present study, the concentration of
ketoconazole used for inhibiting CYP3A was set as
1 uM—which was about 10 x K;,—to ensure absolute inhibi-
tion. At this concentration, ketoconazole may also inhibit
CYPI1A1, which was also found to be involved in the metab-
olism of rivaroxaban (Fig. 3); this could explain why high
concentrations of ketoconazole affected high total inhibition
activity. A similar outcome was observed with quinidine,
which was used to specifically inhibit the activity of
CYP2D6. Quinidine displayed significant inhibition of
CYP1Al-mediated 7-ethoxyresorufin O-deethylation, with
an ICs value of 1.1 uM [30]. However, the concentration of
quinidine in the present study was set at 10 uM, which prob-
ably also inhibited the CYP1Al-mediated metabolism of
rivaroxaban and led to a much higher total inhibition activity.
Hence, poorly selective inhibitory effects of high-
concentration inhibitors resulted in a more than 100% inhibi-
tion ratio in the present study.

In addition to poor selectivity of some inhibitors, the higher
expression level of CYP2C9 in the liver may also partly

b
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account for its high inhibition. In the CYP-specific inhibition
study, the inhibition ratio of CYP2C9 was the third highest
after CYP2J2 and CYP3A4, while the M1 peak area produced
by CYP2C9 in the CYP screen was less than 10, and approx-
imately 0.38% of that produced by CYP2J2. The abundant
content of CYP2C9 in the liver played an important role in
this difference between the two results. First, CYP2C9 is one
of the most highly expressed members of all P450 isoforms,
with a similar or lower protein level to CYP3A4 [25, 31].
More importantly, the CYP2C9 protein level was higher than
that of CYP3A4 in HLM and much higher than that of
CYP2J2 [28]. Based on this rationale, the inhibition ratio
achieved with CYP2C9-specific sulfaphenazole was much
higher than its actual efficacy.

The difference in the protein contents of CYP2J2 and
CYP3A4 in the liver resulted in their different status in clinical
drug-drug interaction research. The drug-drug interactions of
rivaroxaban have been extensively assessed in combination with
many drugs, including CYP3A4 or P-gp substrates, inhibitors,
and inducers. However, results have demonstrated that the com-
bination of rivaroxaban with agents that are strong inhibitors of
both CYP3A4 and P-gp can increase rivaroxaban plasma con-
centrations in vivo, prompting caution regarding its co-
administration [16]. In contrast, owing to its low expression
levels in liver microsomes, CYP2J2 is usually not considered
in routine drug-drug interactions; thus, the potential for
CYP2J2 regulators to change rivaroxaban clearance has not been
widely evaluated to date. However, it is expressed at an extreme-
ly high level in the cardiovascular system: an evaluation of the
mRNA levels of P450 isoforms in the heart showed CYP2J2
mRNA levels largely exceeded those of other detected isozymes
by 3 million to 62 times [32, 33]. And in the aorta and coronary
artery, the expression of CYP2J2 ranks second only to CYP2C9
[34]. These distribution characteristics of CYP2J2 are consistent
with the function of transforming arachidonic acid into
epoxyeicosatrienoic acids, which plays a vital role in cardiovas-
cular homeostasis and regulating vascular tone [35, 36].
Therefore, the possibility of the interaction between rivaroxaban
and other drugs, especially with drugs to treat cardiovascular
diseases, can be more exactly evaluated if the heart is set as the
target organ and the content of CYP2J2 is considered.

In vitro drug-drug interaction (DDI) studies have been one of
the major methods for evaluating the efficiency and safety of
drugs. For rivaroxaban, the evaluations targeting CYP3A4 and
P-gp are the main DDI research direction, which was due to the
rich content of CYP3A4 in the liver and the key role of P-gp in
transporter-mediated DDIs. Our results, showing the dominant
role of CYP2J2 in the metabolism of rivaroxaban, fill a gap in the
basic metabolism studies of rivaroxaban, and also give a new
insight into DDI studies involving rivaroxaban. So far, little at-
tention has been paid to CYP2J2 when exploring the medication
safety of rivaroxaban. Although Nakagawa et al. reported that
CYP2J2*7 polymorphism did not significantly influence the

dose-adjusted plasma trough concentration ratio of rivaroxaban,
it is noteworthy that CYP2J2 activity was affected by various
polymorphisms (such as CYP2J2*2, *3, *4, *6, *§, *]() and
other factors (such as smoking) [37, 38]. Hence, only
CYP2J2*7 polymorphism would not necessarily lead to a de-
crease in CYP2J2 activity [37, 39, 40]. The medication safety
of rivaroxaban targeting CYP2J2 should still be evaluated by
comprehensive and systematic research, which is also the focus
of our future studies. Our present study demonstrated the domi-
nant role of CYP2J2 in rivaroxaban metabolism, which sug-
gested that CYP2J2 may be closely related to the medication
safety of rivaroxaban. However, whether the CYP2J2-related
DDIs involving rivaroxaban is of clinical significance would be
needed to be explored in the future. Because the complicated
factors are involved in vivo, such as the intersubject variability
of CYP2J2 activity and high expression of CYP2J2 in tumor
tissues [41, 42], the individual physiologically based pharmaco-
kinetic model would be encouraged to be used in the prediction
of pharmacokinetic behaviors of rivaroxaban.

In summary, multiple CYP isoforms were found to be in-
volved in the hydroxylation of rivaroxaban, with CYP2J2
identified as the predominant isoenzyme involved. These
findings may provide new insight into clinical drug interac-
tions involving rivaroxaban.
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