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ABSTRACT

Cytochrome P450 (CYP) 2J2 is one of the human CYPs involved in
phase | xenobiotics metabolism. It is mainly expressed in extra-
hepatic tissues, including intestine and cardiovascular systems.
The general role of CYP2J2 in drug metabolism is not yet fully
understood, and the recent discovery that CYP2J2 can metabolize
a wide range of structurally diverse drugs and its primary distri-
bution in the intestine suggest its potentially indispensable role in
first-pass intestinal metabolism and involvement in drug-drug
interaction. To fully characterize its role in drug metabolism,
selective and potent inhibitors of CYP2J2 are necessary tools. In
the current study, 69 known drugs were screened for the
inhibition of CYP2J2, and we discovered a number of marketed
drugs as potent and selective CYP2J2 inhibitors. In particular,

telmisartan and flunarizine have CYP2J2 inhibition IC5, values
of 0.42 uM and 0.94 uM, respectively, which are at least 10-fold
more selective against all other major metabolizing CYPs;
moreover, they are not substrates of CYP2J2 and show no time-
dependent inhibition toward this CYP. The results of enzyme
kinetics studies, supported by molecular modeling, have also
elucidated that telmisartan is a mixed-type inhibitor, and
flunarizine competitively inhibits CYP2J2. The K; for telmisartan
is 0.19 uM, with an « value, an indicator of the type of inhibition
mechanism, of 2.80, and flunarizine has a K; value of 0.13 uM.
These newly discovered CYP2J2 inhibitors can be potentially used
as a tool to study CYP2J2 in drug metabolism and interaction in
a clinical setting.

Introduction

Cytochrome P450 (CYP) 2J2 is one of the human CYPs involved in
metabolic transformation of xenobiotics. It is mainly expressed in
intestine and cardiovascular systems, including endothelium and
myocardiocytes, with, however, low expression level in the liver
(Node et al., 1999; Wu et al., 1996; Delozier et al., 2007; Xu et al.,
2011). Endogenously, CYP2J2 is the epoxygenase that oxidizes
arachidonic acid (AA) to regioisomeric cis-epoxyeicosatrienoic acids
(EETs), an important class of bioactive eicosanoids (Oliw, 1994;
Capdevila et al., 2000; Brash, 2001; Guengerich and Rendic, 2010)
that exhibits a wide range of cardiovascular protective effects (Baron
et al., 1997; Imig et al., 1999; Fleming, 2004; Seubert et al., 2004;
Larsen et al., 2006; Xiao et al., 2010). In recent years, CYP2J2 and its
EET metabolites have also been implicated in the pathologic
development of human cancers for both solid tumors and hematologic
malignancies (Jiang et al., 2005; Freedman et al., 2007; Jiang et al.,
2007; Chen et al., 2009; Chen et al., 2011).
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On the other hand, the role that CYP2J2 plays in drug metabolism is
not yet fully understood. Previous studies have identified a number
of drugs from different disease areas that can be metabolized by
CYP2J2, including astemizole, ebastine, terfenadine, and vorapaxar
(Matsumoto and Yamazoe, 2001; Matsumoto et al., 2002; Liu et al.,
2006; Lee et al., 2012). Of more importance, it is indicated that
CYP2]2 plays a dominant role in the first-pass intestinal metabolism
of ebastine to its pharmacologically active metabolite carebastine
(Hashizume et al., 2002; Matsumoto et al., 2002; Lee et al., 2010). In
a recent publication, a number of structurally diverse substrates of
CYP2J2 were identified, ranging from albendazole with a molecular
weight of only 265 to complex molecules, such as cyclosporine, with
a molecular weight of 1201 (Lee et al., 2012). With its rather broad
substrate spectrum and unique tissue distribution pattern, it is possible
that CYP2J2 can influence drug metabolism in the extrahepatic
tissues, particularly the intestine, which may therefore dominate first-
pass metabolism for certain drugs and cause drug-drug interaction
(DDI) in the gastrointestinal tract. Indeed, the latest guidance for
industry on drug interaction studies from the US Food and Drug
Administration (FDA) suggests that CYP2J2 should be considered if
a new drug candidate is found to be not metabolized by the major
CYPs, indicating the increasingly more recognized role of CYP2J2 in
drug metabolism (US Department of Health and Human Services,
2012).

ABBREVIATIONS: AST, astemizole; CNS, central nervous system; CYP, cytochrome P450; CYP2J2, cytochrome P450 2J2; DDI, drug-drug
interaction; DES-AST, O-desmethyl astemizole; DMSO, dimethyl sulfoxide; FDA, Food and Drug Administration; GB, generalized Born; HLM, human
liver microsome; HPLC, high-performance liquid chromatography; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MD, molecular
dynamics; MM-GBSA, molecular mechanics generalized Born surface area; TDI, time-dependent inhibition.
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To fully characterize CYP2J2 in drug metabolism both in vitro and
in vivo, the specific metabolic reactions mediated by CYP2J2 and the
potent and selective inhibitors against this CYP isoform are
indispensible tools. With use of recombinant CYP2J2 enzyme,
screening of substrate and inhibitor of this CYP isoform can be
performed, because specific substrate can be useful for profiling
CYP2J2 inhibition of drug candidates in vitro in liver microsome with
use of cocktail method, and specific potent CYP2J2 inhibitor can also
facilitate the evaluation of the role that CYP2J2 plays in liver
microsomal metabolism and DDI in vivo. Several metabolic reactions
have been reported to date to be primarily mediated by CYP2J2; these
include astemizole O-demethylation, ebastine hydroxylation, and
recently identified amiodarone 4-hydroxylation (Matsumoto et al.,
2002; Liu et al., 2006; Lee et al., 2012). These specific reactions can
be useful tools to determine CYP2J2 activity and its roles in drug
metabolism. Moreover, the specific tool inhibitor preferably should
not be the substrate of CYP2J2, because it would otherwise add
unnecessary complexity in both experimental design and data analysis.
Unfortunately, only very few marketed drugs are found to be non-
CYP2J2 substrate, but exhibit potent and selective CYP2J2 inhibition.
In one study, Lafite et al. reported a tool compound derived from
terfenadine as potent CYP2J2 inhibitor without knowing its selectivity
against several major CYPs, including CYP2D6 and CYP1A2 (Lafite
et al., 2007). Very recently, Lee et al. screened a library of 138
marketed drugs and showed that 42 of them had CYP2J2 inhibitory
activity greater than 50% at a single compound concentration of 30
uM (Lee et al., 2012). Among them, danazol was shown to be a potent
CYP2J2 inhibitor, with a K; value of 20 nM, although it also inhibits
other key CYPs, such as CYP2C9 and CYP2D6, with ICs, values at
single-digit micromole range. Of note, all of them are CYP2J2
substrates and are mechanistically characterized as competitive CYP2J2
inhibitors (Lafite et al., 2007; Lee et al., 2012). Because of the
increasingly important role that CYP2J2 plays in drug metabolism and
first-pass intestinal metabolism in particular, it is essential to expand our
repertoire of tool drugs with potent and selective CYP2J2 inhibition,
preferably a nonsubstrate compound, to facilitate the study for CYP2J2-
mediated drug metabolism and clinically relevant DDI potential.

In the current study, we selected 69 known drugs and tested their
inhibitory activity against astemizole O-demethylation, a well-known
reaction catalyzed by CYP2J2. Among them, 12 compounds were
showed to have an ICsy value less than 10 uM. Specifically,
telmisartan, flunarizine, norfloxacin, and metoprolol were found to be
selective inhibitors against CYP2J2 in the submicromolar range. Both
telmisartan and flunarizine were also demonstrated to be nonsubstrate
inhibitors of CYP2J2. Telmisartan also exhibits a mixed-type inhibition
mechanism, and flunarizine shows a competitive inhibition, consistent
with the computer modeling studies at a molecular and thermodynamic
level. In conclusion, a number of currently marketed drugs have been
discovered as CYP2J2 inhibitors that can be potentially used as new
tools to study the role of CYP2J2 in drug metabolism and its potential
involvement in drug-drug interaction in a clinical setting.

Materials and Methods

Materials. CYP substrates, inhibitors, metabolite standards, and all other
materials were obtained from the following sources: all compounds from
Table 1, except olmesartan, that were used as inhibitors for the CYP2J2 and
human liver microsome (HLM) inhibition studies, astemizole (AST),
phenacetin, tolbutamide, bufuralol, omeprazole, 4’-hydroxytolbutamide, 1’-
hydroxybufuralol, 68-hydroxytestosterone, acetaminophen, dextrorphan, and
nicotinamide adenine dinucleotide phosphate (NADPH) were purchased from
Sigma-Aldrich (St. Louis, MO); testosterone was purchased from Acros
Organics (Morris Plains, NJ); 5’-hydroxyomeprazole was purchased from

Toronto Research Chemicals Inc. (North York, ON, Canada); olmesartan and
O-desmethyl astemizole (DES-AST) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA); potassium phosphate (monobasic and

TABLE 1

Compounds investigated in the recombinant CYP2J2 inhibition assay

Compound Name

Therapeutic Use

Acetaminophen CNS

Acyclovir Anti-infective
Alprenolol Cardiovascular
Amodiaquine Anti-infective
Amoxicillin Anti-infective
Antipyrin Anti-inflammatory
Benzbromarone Anti-inflammatory
Benzydamine Anti-inflammatory
Bepridil Cardiovascular
Bufuralol Cardiovascular
Carbamazepine CNS

Ceftriaxone Anti-infective
Chlorpromazine CNS
Chlorzoxazone CNS

Cimetidine Gastrointestinal
Clozapine CNS

Desipramine CNS
Dexamethasone Anti-inflammatory
Dextromethorphan CNS

Diclofenac Anti-inflammatory
Diltiazem Cardiovascular
Diphenhydramine CNS

Eletriptan CNS
Erythromycin Anti-infective
Fexofenadine Anti-allergic
Flecainide Cardiovascular
Flunarizine Cardiovascular
Fluoxetine CNS

Furosemide Cardiovascular
Haloperidol CNS
Hydrochlorothiazide Cardiovascular
Hydrocortisone Anti-inflammatory
Ibuprofen Anti-inflammatory
Imipramine CNS

Ketoprofen Anti-inflammatory
Lansoprazole Gastrointestinal
Mefenamic acid Anti-inflammatory
Mephenytoin CNS

Metoprolol Cardiovascular
Mexiletine Cardiovascular
Mibefradil Cardiovascular
Minocycline Anti-infective
Naloxone CNS

Naproxen Anti-inflammatory
Nicardipine Cardiovascular
Nifedipine Cardiovascular
Nimodipine Cardiovascular
Norfloxacin Anti-infective
Olmesartan Cardiovascular
Omeprazole Gastrointestinal
Perphenazine CNS

Phenacetin CNS

Piroxicam Anti-inflammatory
Prednisolone Anti-inflammatory
Probucol Lipid Regulating
Propafenone Cardiovascular
Propranolol Cardiovascular
Ranitidine Gastrointestinal
Sertraline CNS
Sulfaphenazole Anti-infective
Sulfasalazine Anti-infective
Sulpiride CNS

Telmisartan Cardiovascular
Tenoxicam Anti-inflammatory
Ticlopidine Cardiovascular
Triamcinolone Anti-inflammatory
Trimethoprim Anti-infective
Troleandomycin Anti-infective
Verapamil Cardiovascular
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dibasic) and magnesium chloride hexahydrate (MgCl,) were purchased from
Merck (Darmstadt, Germany); pooled HLMs and recombinant CYP enzyme
were purchased from BD Gentest (Woburn, MA); and high-performance liquid
chromatography (HPLC) grade dimethyl sulfoxide (DMSO), methanol, and
formic acid used for liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis were purchased from Fisher Scientific Co. (Pittsburgh, PA).

CYP2J2 Activity Study. Astemizole O-demethylation, a well-known
reaction catalyzed by CYP2J2, was measured and characterized in all studies
to evaluate CYP2J2 activity, and hereafter, it will be the functional assay used
for CYP2J2 activity. The substrate astemizole was diluted sequentially by
DMSO to yield the final required concentration. The reaction mixtures
contained a final concentration of 0.05 M sodium potassium phosphate buffer
(pH, 7.4), 5 pmol/ml CYP2J2, 1 mM NADPH, and substrate concentrations
ranging from 0.1 to 20 uM, in a total volume of 200 ul. The DMSO
concentration was 0.25% v/v. The reaction was initiated by the addition of
NADPH after 5 minutes of preincubation at 37°C and was terminated 10
minutes after incubation by adding 150 ul of ice-cold methanol containing 100
ng/ml of tolbutamide (internal standard) into 50 ul of the reaction mixtures.
The standard solution of DES-AST was prepared and treated in the exact same
way as the parent compound except without having the NADPH to yield final
concentrations of 0.2-10 nM. After being vortexed for 1 minute and
centrifuged at 4000 RPM under 4°C for 10 minutes, the clear supernatant
was then used directly for LC-MS/MS analysis.

CYP2J2 Inhibition Study. Compounds used in the CYP2J2 inhibition
study were dissolved and diluted sequentially in DMSO to ensure that the final
DMSO concentration was 0.1% v/v in each sample. All samples were incubated
in duplicate. The incubation mixture consisted of 0.1 M sodium potassium
phosphate buffer (pH, 7.4), 1 pmol/ml recombinant CYP, 0.15 uM AST, and
0.5 mM NADPH in a final volume of 200 ul, with various inhibitor
concentration of 0.023-50 uM. The reaction was initiated by addition of
NADPH after 10 minutes of prewarming at 37°C and was terminated 10
minutes after incubation by adding 100 ul of ice-cold methanol containing 100
ng/ml of tolbutamide (internal standard) into the mixtures. After being vortexed
for 1 minute and centrifuged at 4000 RPM at 4°C for 10 minutes, the clear
supernatant was used directly for LC-MS/MS analysis.

Human Liver Microsome Inhibition Study. Compound selectivity was
assessed by its inhibitory potential against five major CYPs, namely CYP3A4,
CYP2D6, CYP2C9, CYP2C19, and CYP1A2. A cocktail method that enables
simultaneous incubation and measurement of compound inhibitory activity
against each CYP isoform was developed with modification of a previously
reported method (Testino and Patonay, 2003; Weaver et al., 2003; Walsky and
Obach, 2004). Each incubated mixture contained 0.125 mg/ml HLM (protein
content), 5 mM MgCl,, 100 mM potassium phosphate buffer (pH, 7.4),
substrate cocktail, various concentrations of test compound, and 2 mM NADPH
in a total volume of 200 ul. The final DMSO concentration was 0.25% v/v. The
final concentrations of each CYP substrate were at the reported literature K,
values (Testino and Patonay, 2003; Weaver et al., 2003; Walsky and Obach,
2004) (Table 2). Before addition of NADPH to initiate the reaction, mixtures
were prewarmed at 37°C for 10 minutes. Reaction was terminated after 15
minutes by adding 100 ul of ice-cold methanol containing 3 uM dextrorphan
as an internal standard. Samples were then centrifuged at 4000 RPM for 10
minutes at 4°C. The supernatant was then analyzed using LC-MS/MS.

Telmisartan and Flunarizine CYP2J2 Metabolic Stability. To evaluate
whether telmisartan and flunarizine are substrates of CYP2J2, the CYP2J2
metabolic stability of the two compounds were measured. Astemizole was used
as positive control. Each incubated mixture contained 70 pmol/ml human
recombinant CYP2J2, 100 mM potassium phosphate buffer (pH, 7.4), 1 mM
NADPH, and 1 uM of test compound in a total volume of 400 wl. After
prewarming at 37°C for 10 minutes, NADPH was added to initiate the reaction.
Reaction was terminated after 0, 3, 6, 9, 15, and 30 minutes by adding 150 ul
of 100 ng/ml of tolbutamide (internal standard) in ice-cold methanol into 300
wl of incubation mixtures. The incubation was performed in duplicate. Samples
were then centrifuged at 4000 RPM for 10 minutes at 4°C. The supernatant was
then analyzed by LC-MS/MS. The metabolic stability of telmisartan and
flunarizine in HLM was also evaluated by incubating the compound (1 uM) in
a mixture containing 0.5 mg/ml human liver microsome, 100 mM potassium
phosphate buffer (pH, 7.4), and 10 mM NADPH for 30 minutes. The
quenching procedure was the same as in CYP2J2 Inhibition Study. Samples
were then centrifuged at 4000 RPM for 10 minutes at 4°C, and supernatant was
analyzed using LC-MS/MS.

Time-Dependent Inhibition Study. The time-dependent inhibition (TDI)
of CYP2J2 by telmisartan and flunarizine was measured on the basis of
a traditional ICs, shift method. Test compounds were preincubated at eight
different concentrations (0.023-50 uM) with recombinant CYP2J2 protein
(1 pmol/ml) in the presence and absence of NADPH (1 mM) for 30 minutes.
The reaction was initiated by adding 0.15 uM astemizole and incubated for 10
minutes. The quenching procedure was the same as in CYP2J2 Inhibition
Study. Samples were then centrifuged at 4000 RPM for 10 minutes at 4°C,
and supernatant was analyzed using LC-MS/MS.

Analytical Method. All samples were analyzed on an Applied Biosystems
API 4000 triple quadrupole mass spectrometer coupled with an Agilent 1200
HPLC system. For AST and DES-AST detection, the chromatographic separation
was performed on a Phenomenex Synergy Hydro-RP column (50 x 3.0 mm,
4 pm particles), with the gradient of 30%—-100%—-100%-30%-30% B applied
at 0—-0.3—1.8—1.9-3.0 minute marks, respectively, in which the mobile phases
A and B were water and methanol (both containing 0.1% formic acid),
respectively, at a flow rate of 0.6 ml/min and injection volume of 5 ul. The
mass spectrometer was operated under the positive ion detection mode using
the transitions m/z 459—218 for AST, m/z 445—204 for DES-AST, and m/z
271—172 for tolbutamide. The collision energy was 35, 30, and 18 eV for
AST, DES-AST, and IS, respectively. The calibration curves were fitted by
the least-square regression of the peak area ratio of DES-AST to tolbutamide
(y) versus DES-AST concentration (x), using 1/x* as the weighting factor.
For telmisartan and flunarizine metabolic stability test, the same HPLC
method was used. The mass reactions used for measuring telmisartan and
flunarizine were m/z 515276 and m/z 405—203, respectively, under the
positive ion detection mode. The collision energy was 52 and 14 eV for
telmisartan and flunarizine, respectively. For samples from the HLM inhibition
studies, similar analytical method was applied with the adjusted gradient elution
program as follows: 10%-10%-40%-65% B was applied at 0-0.5-0.8-1.1
minute marks, respectively, followed by 2.4-minute isocratic elution with 65% B
and column equilibration, resulting in a total time of 5 minutes per injection. The
multiple reaction monitoring parameters of the LC-MS/MS for each metabolite
and IS were summarized in Table 2.

TABLE 2

Probe substrates, final concentrations, metabolites, and LC-MS/MS parameters for the five metabolites and
internal standard

P450 Substrate Concentration Metabolite MRM CE
uM ev

CYP1A2 Phenacetin 50 Acetaminophen 152.2 > 110.1 20
CYP2C9 Tolbutamide 150 4’-hydroxytolbutamide 287.0 > 188.0 20
CYP2C19 Omeprazole 10 5-hydroxyomeprazole 361.9 > 214.0 18
CYP2D6 Bufuralol 10 1’-hydroxybufuralol 278.0 > 186.0 17
CYP3A4 Testosterone 50 63-hydroxytestosterone 305.2 > 269.1 20
IS Dextrorphan 3 258.0 > 201.0 20

CE, collision energy; MRM, multiple reaction monitoring.
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Enzyme Kinetics Study. The mechanism of inhibition of telmisartan and
flunarizine was characterized by enzyme kinetics. The substrate (AST) at
various concentrations ranging from 0.05 to 0.45 uM was coincubated with the
inhibitor in a concentration range of 0.2-2 uM for telmisartan and 0.2-5 uM
for flunarizine, respectively, to determine their K; values (n = 4). The reaction
conditions, sample preparation, standard curve preparation, and sample analysis
were the same as described above in CYP2J2 Activity Study and Analytical
Method.

Data Analysis and Statistics. The XLfit 4.2.1 software (ID Business
Solutions Ltd., Guildford, UK) was used to compute the enzyme kinetics
parameters, including K, Vinax, and ICsg. The models 253 (Michaelis—Menten
steady-state model) and 205 (four-parameter logistic model) were used for
activity and inhibition calculations, respectively. A combination of both
graphical and statistical approaches was used to determine the most suitable
inhibition model (i.e., competitive, noncompetitive, mixed, or uncompetitive).
Specifically, the Dixon plots were used as the graphical method, and more
importantly, the nonlinear regression analysis played a dominant role in
determining the type of inhibition. The statistical parameters from the nonlinear
regression analysis were obtained using GraphPad Prism 5.01 (GraphPad
Software, Inc., La Jolla, CA), which include R? value, S.D. of the residuals
(Sy.x), and a sum-of-squares F test. Specifically, for simple models, it was
determined by the best R? and the smallest Sy.x values, and for the complex
model, the F test was used to test whether a complex model (with added
parameters) would be a better fit. When a P value less than 0.05 was observed,
the complex model was accepted; otherwise, the simple model was accepted.
The estimated K; was then determined on the basis of the selected inhibition
model. The following equations were used to determine the K; value for each
model:

Competitive:
V= Vinax X [SV{[Kim x (1 + [I/Kp] + [S]}

Noncompetitive:
V= Vinax X [SV[Km x (1 + [IVKy + [S] x (1+ [IV/Kp]

Linear mixed:
V= Viax X [SV[Km X (1+ [IVK)) + [S] x (1 + [I)/ aK}))]

Uncompetitive:
V= Viax X [SV[Kin + [S] % (1+ [1}/K))]

where v is the reaction rate, V,.x (pmol/min/nmol protein) is the maximum
reaction rate, K, (uM) is the Michaelis—Menten constant, K; (uM) is the in-
hibition constant, [I] (wM) is the inhibitor concentration, [S] (uM) is the substrate
concentration, and « is a factor by which the K; changes in the presence of
substrate.

Molecular Modeling and Dynamics Simulation. A previously published
CYP2J2 homology model (Li et al., 2008) was used for the docking study. The
protein was prepared by the Protein Preparation Wizard module in the
Schrodinger suite of programs, and the ligands were prepared using the LigPrep
module. All docking studies were performed using the Glide module (Friesner
et al., 2004; Halgren et al., 2004), and both the Glide docking score and visual
inspection were applied to select the most suitable poses for subsequent
dynamics simulation.

With regard to the initial structure, the entire system contains three parts: the
protein, heme, and ligand. The parameters for the protein were from the force
field 99SB in the AMBERI11 package (Case et al., 2005). D. Giammnona
provided the heme parameter (Giammona, 1984) in the AMBER11 package.
With regard to the ligand, we used the following standard procedure to prepare
the parameters. First, we minimized the ligands with Gaussian 09 at the HF/6-
31G* level (Frisch et al., 2009). The minimized structure was then used to
calculate the single-point electrostatic potential at HG/6-31G* level. Using the
resultant electrostatic potential, we applied the RESP (Bayly et al., 1993)
model in AMBERI1 to fit the partial charges of the ligand. The generalized
AMBER force field parameters (Wang et al., 2004) were then applied for the
ligand. The whole system was solvated in a periodic box of TIP3P waters
(Jorgensen et al., 1983), and the minimum distance from the surface atom to
the edge of the box was set to 12 A. Counterions were also added to neutralize
the entire system.

The molecular dynamics (MD) simulations were performed using the
AMBERI11 package. The cutoff for the long-range interaction was set at 10 A,
and the particle mesh Ewald method (Darden et al., 1993) was applied to treat
the long-range electrostatic interaction. The SHAKE algorithm (Miyamoto and
Kollman, 1992) was applied to restrain all bonds involving the hydrogen atoms.
The simulations followed the same protocol. First, all the water molecules,
counterions, and hydrogen atoms were minimized for 20,000 steps by the
steepest descent approach, followed by 30,000 steps of conjugate gradient
minimization with rest of the system fixed. The whole system was further
minimized using conjugate gradient to convergence with a criterium of 10™*
kcal/mol/A of the root-mean-square of the Cartesian elements of the gradient.
The system was then gradually heated from 0 to 300 K for 100 ps, with a 10.0
kcal/mol/A? restraining force applied on the protein-ligand complex. The
Langevin dynamics temperature coupling scheme was applied (Pastor et al.,
1998), and the collision frequency was set at 2.0 ps~'. Finally, we completely
relaxed the whole system and ran the production simulation for 2 nanoseconds
using the NPT ensemble with a time step of 2 fs.

Binding Free Energy Calculation. A total of 100 snapshots were extracted
at a 2-ps interval from the last 200 ps simulation for the binding free energy
calculation. The protein together with the heme was defined as the receptor.
The molecular mechanics generalized Born surface area (MM-GBSA) method
(Qiu et al., 1997) was applied to compute the binding free energy between the
ligand and the receptor. The total binding energy can be expressed as:

AGbind = Gcomplex - Greceplor - Gligand
= AH - TAS
= AEelec + AEvdW + AGGB + AGncnpolar - TAS

where AE,. is the electrostatic contribution to the binding free energy and
AE,qw is the van der Waals interaction contribution. Both electrostatic and van
der Waals interaction energies were calculated using the SANDER module
from the AMBERI1 package. We applied the modified generalized Born (GB)
model developed by Onufriev et al. (Onufriev et al., 2000) (referred as GBYEC)
to calculate the electrostatic and van der Waals interaction energies without any
cutoff. AGgg and AGponpolar Tepresent the electrostatic and nonpolar
contributions to the solvation free energy, respectively. The GB method in
AMBERI1 was used to compute the electrostatic part, AGgg, where the
exterior dielectric constant was 80 and the interior dielectric constant was 1.
The ionic strength for the GB solvent is 0, so the electrostatic screening effects
of salt was not considered here. The Bondi radii (Bondi, 1964) were used for all
atoms. Of note, we set the F atom radius to 1.47 A (Batsanov, 2001), which is
not included in the standard AMBERI11 package. The nonpolar contribution
(AGponpolar) is calculated using the LCPO method (Weiser et al., 1999) and can
be expressed as:

AGponpolar = SURFTEN x SASA + SURFOFF

The SASA is the solvent-accessible surface area obtained from the MOLSURF
program (Connolly, 1983), and the SURFTEN and SURFOFF parameters were
0.0072 and 0, respectively. The radius of probe sphere was set 1.4 A. The
entropic contribution (TAS) to the binding free energy was not considered in
our calculation.

Results

CYP2J2 Enzymatic Activity Was Determined by Astemizole
O-Demethylation Reaction. The astemizole O-demethylation re-
action was used to characterize the metabolic/enzymatic activity of
CYP2J2, because this biotransformation is well known to be catalyzed
primarily by CYP2J2 in human (Matsumoto et al., 2002; Lee et al.,
2012). The metabolizing activity of CYP2J2 for astemizole O-
demethylation was measured to ensure that substrate concentration
used in the follow-up inhibition studies was suitably around the K,
value. Under our experimental conditions, the apparent kinetic
parameters of astemizole O-demethylation using recombinant human
CYP2J2 were determined as the following: K;;, = 0.09 = 0.01 uM and
Vinax = 339 £ 13.0 pmol/min/nmol protein (n = 2).
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Telmisartan and Flunarizine Show Significant and Selective
Inhibition Against CYP2J2. A total of 69 marketed drugs were
screened by using this in vitro astemizole O-demethylation system to
characterize their inhibitory effect on CYP2J2 activity. The results are
shown in Table 3. Of the 69 compounds, 20 inhibit the CYP2J2
metabolizing activity with an ICsy value less than 50 uM, and 12
compounds even show ICs( values less than 10 wM. The three most
potent compounds, namely telmisartan, flunarizine, and amodiaquine,
exhibit submicromolar potency against CYP2J2, with ICs, values of
0.42, 0.94, and 0.99 uM, respectively. The concentration-dependent
inhibition curves for telmisartan and flunarizine are shown in Fig. 1.

To evaluate the selectivity of CYP2J2 inhibition and because of its
predominant expression in the extrahepatic tissues, such as intestine,
we examined the inhibitory effect of these 20 compounds against five
major human CYP isoforms, including CYP3A4, CYP2C9, CYP2C19,
and CYP2D6, which are also the most abundantly expressed CYP
isoforms in the human intestine (Ding and Kaminsky, 2003; Paine et al.,
2006), and CYP1A2. As shown in Table 3, in addition to inhibition of
CYP2J2, telmisartan inhibits CYP2C9 (ICso = 4.8 uM), nearly 10-fold
less potent, compared with that of CYP2J2. On the other hand,
telmisartan does not exhibit any inhibition against the other four
major CYPs, including CYP3A4 and CYP2D6. Similarly, flunarizine
only inhibits CYP2D6, with an ICsq of 7.8 uM, which is also about
10-fold less potent than that of CYP2J2, and shows minimum in-
hibition for the other four key CYPs (ICso >50 wM). Moreover,
amodiaquine is a potent inhibitor for both CYP2J2 (ICsy = 0.99 uM)
and CYP2D6 (ICso = 0.64 uM). In addition, of note, both norfloxacin
and metoprolol display excellent selectivity for CYP2J2, with ICs,
values of 2.6 and 4.9 uM, respectively, and are not active against all
five major CYPs (ICso >50 uM; Table 3).

Telmisartan and Flunarizine Are Nonsubstrate CYP2J2 Inhib-
itors. Many CYP inhibitors are also substrates of the isoform they
inhibit, especially for those competitive inhibitors that exert their
inhibitory power by competing for the same catalytic binding site of
the substrate. In this study, the metabolic activity of CYP2J2 toward
telmisartan and flunarizine was evaluated. The metabolic clearance of

astemizole by CYP2J2 was also measured to define the enzyme
activity. After incubating for 30 minutes, astemizole was metabolized
by CYP2J2 with an intrinsic clearance (CL;,,) of 3.05 = 0.07 uL/min/
pmol protein (n = 2; Fig. 2A). This correlates well with the intrinsic
clearance calculated from V., and K, (CL;; = Viya/Km = 3.77 £
0.05 wL/min/pmol protein), indicating excellent consistency of the
CYP2J2 activity between these two studies based on percentage
remaining of the substrate astemizole and enzyme kinetics. Of
importance, the amount of telmisartan and flunarizine remains almost
unchanged after incubation for 30 minutes (CL;,; = 0.0 wL/min/pmol
protein, n = 2; Fig. 2, B and C). This result clearly shows that both
telmisartan and flunarizine are not substrate of CYP2J2. Of note, after
incubation of telmisartan and flunarizine in HLM for 30 minutes, the
percentage remaining of telmisartan and flunarizine was 97.7% and
83.8%, respectively.

Telmisartan and Flunarizine Show No Time-Dependent In-
hibition toward CYP2J2. The time-dependent inhibition toward
CYP2J2 of the most potent inhibitors, telmisartan and flunarizine, was
also investigated. After preincubation of the inhibitor with CYP2J2
protein for 30 minutes in the presence and absence of NADPH, the
ICs, values of CYP2J2 inhibition were then measured in both cases.
The ICs shift was calculated as ICs in the absence of NADPH over
1Cs¢ in the presence of NADPH. As shown in Fig. 3, telmisartan and
flunarizine displayed marginal ICsq shift of 1.0 and 1.3, respectively,
both of which are smaller than the TDI ICsq shift threshold of 1.5
(Berry and Zhao, 2008), indicating that none of them is a time-
dependent inhibitor of CYP2J2.

Telmisartan and Flunarizine Exhibit Distinctive CYP2J2 In-
hibition Kinetics. Detailed inhibition kinetics studies were performed
for both telmisartan and flunarizine, and the results are shown in Fig.
4. The nonlinear regression curves of velocity versus substrate
concentration and the Dixon plots of the reciprocal of velocity (1/v)
versus inhibitor concentration were drawn for the substrate astemizole
at 0.05, 0.1, 0.15, 0.3, and 0.45 uM, for telmisartan at 0, 0.2, 0.5, and
2 uM, and for flunarizine at 0, 0.2, 1, and 5 uM, respectively. Visual
inspection of the Dixon plots (Fig. 4, C and D and insets) suggests that

TABLE 3

Inhibitory activities of tested drugs toward CYP2J2, CYP3A4, CYP2D6, CYP2C9, CYP2C19, and CYP1A2 using recombinant CYP2J2 protein and human liver microsome
together with CYP isoform selective substrates

1C50
No. Drug Name 212 3A4 2D6 2C9 2C19 1A2
wM

1 Telmisartan 042 * 0.10 >50 >50 4.78 = 1.70 >50 >50

2 Flunarizine 0.94 * 0.01 >50 7.89 * 0.83 >50 >50 >50

3 Amodiaquine 0.99 * 0.05 >50 0.64 = 0.03 >50 >50 41.0 = 445
4 Nicardipine 1.69 = 0.35 0.38 *+ 0.01 1.78 + 0.06 0.66 + 0.05 0.56 * 0.23 13.3 £ 10.5
5 Mibefradil 2.14 = 0.15 0.47 = 0.001 0.84 = 0.10 28.4 = 3.38 1.32 £ 0.62 >50

6 Norfloxacin 2.56 * 0.64 >50 >50 >50 >50 >50

7 Nifedipine 3.06 = 0.51 5.62 =+ 1.87 >50 4.08 £ 1.32 542 = 1.58 2.30 + 0.04
8 Nimodipine 3.38 +0.52 1.78 £ 0.77 183 +2.77 1.69 = 0.30 2.17 + 1.51 7.20 £ 2.76
9 Benzbromarone 426 = 0.11 29.2 = 2.18 >50 >50 18.2 = 5.05 33.1 = 3.25
10 Haloperidol 4.69 = 047 33.1 = 3.88 3.64 = 1.75 >50 >50 >50

11 Metoprolol 4.87 = 0.10 >50 >50 >50 >50 >50

12 Triamcinolone 9.47 + 1.32 49.1 £ 4.24 >50 >50 >50 >50

13 Perphenazine 10.6 = 1.22 13.9 = 0.28 0.12 = 0.01 21.3 £ 382 18.5 = 0.71 449 * 0.16
14 Bepridil 11.5 £ 0.21 23.6 = 4.52 >50 431 = 1.21 322 + 535 >50

15 Clozapine 14.1 £ 297 46.3 = 1.81 18.0 * 6.68 21.2 £ 6.79 453 + 4.81 >50

16 Sertraline 18.5 = 1.06 13.6 £ 2.76 2.88 = 0.03 >50 225 *2.12 29.7 * 3.46
17 Ticlopidine 21.8 = 1.70 32.7 £ 0.71 4.80 = 0.833 31.1 £9.62 28.4 * 3.61 8.59 = 0.08
18 Verapamil 22.0 = 0.28 12.0 = 1.20 433 + 1.64 >50 21.8 = 1.06 >50

19 Chlorpromazine 24.4 + 0.26 233 * 191 1.49 = 0.28 >50 34.1 + 4.31 4.14 * 1.11
20 Ceftriaxone 274 * 102 >50 >50 >50 >50 >50

CYP2J2 ICs values for all other drugs in Table 1 are above 50 uM.
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Fig. 1. Representative ICs plots for telmisartan (A) and flunarizine (B) inhibition of
astemizole O-demethylation using recombinant CYP2J2 with astemizole concen-
trations of 0.1-20 uM.

both telmisartan and flunarizine could be a competitive or mixed-type
inhibitor for CYP2J2 with a similar K; value of about 0.1 uM.
Furthermore, as shown in the slope of Dixon plot versus reciprocal of
substrate concentration (1/[S]) plots (Fig. 4, E and F), telmisartan is
indicated to be a mixed-type inhibitor (i.e., the plot does not go
through the origin), and flunarizine is a competitive inhibitor (i.e., the
plot goes through the origin). We then applied the nonlinear regression
analysis to further confirm the inhibition type of both drugs. When
simple models were used, flunarizine inhibition kinetics was best fitted
to a competitive model. Subsequently, when we tried to use a more
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Fig. 2. Disappearance of astemizole (A), telmisartan (B), and flunarizine (C),

measured from incubation with recombinant CYP2J2 in the presence of NADPH at
different time points (n = 2).
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Fig. 3. ICsy determination of inhibition of CYP2J2-mediated astemizole O-
demethylation by telmisartan (A) and flunarizine (B) in the presence and absence
of NADPH. The inhibitors were preincubated with CYP2J2 for 30 minutes. The ICs
shift was calculated as ICs, in the absence of NADPH over ICs in the presence of
NADPH, to evaluate time-dependent inhibition.

complex mixed model to fit the data, we obtained a P value of 0.78,
much greater than the threshold 0.05, indicating that flunarizine is
indeed a competitive inhibitor of CYP2J2, with a K; value of 0.13 *
0.02 uM. The data of telmisartan inhibition kinetics could be fitted by
a noncompetitive model. However, those data could be even better
fitted by a more complex mixed model, and the P value was 0.039. On
the basis of these model-fitting results, it was suggested that the
inhibition mechanism of telmisartan could be described by a linear
mixed-type inhibition model. The corresponding K; of telmisartan is
0.19 = 0.05 uM, with an « value of 2.80 = 1.39. Overall, these data
indicate that flunarizine likely inhibits CYP2J2 enzymatic activity by
directly competing with the substrate (in this case astemizole),
whereas telmisartan might inhibit the enzyme in an allosteric fashion.

Computer Modeling Studies of the CYP2J2 Inhibition Mech-
anism by Telmisartan and Flunarizine. To further delineate the
distinctive inhibition mechanisms of telmisartan and flunarizine, as
indicated by the inhibition kinetics studies, we sought to apply
computational modeling approaches to study the interactions between
the inhibitor and CYP2J2 on a molecular level. The CYP2J2 model
was previously described by Li et al. (Li et al., 2008) and was used as
the starting structure in the study. The docking models of the
telmisartan—CYP2J2 and flunarizine—CYP2J2 complexes are shown in
Fig. 5, A and B, respectively. Of interest, telmisartan and flunarizine
seem to occupy different regions of the CYP2J2 ligand binding pocket.
We further subjected the two complex systems to all-atom molecular
dynamics simulation. The CYP2J2 protein displays limited overall
conformational change in both systems, and the inhibitor telmisartan
exhibits greater conformational flexibility than does flunarizine in the
CYP2J2 binding pockets (Fig. 5, C and D).

As shown in Fig. 6, telmisartan binds to a pocket that is remote to
the catalytically important heme with a minimum distance between
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Fig. 4. Inhibition assay against the enzymatic activity of recombinant CYP2J2. Nonlinear regression of the initial velocity at various substrate concentrations in the presence
of telmisartan (A) and flunarizine (B) as the inhibitor with concentrations of 0.1-2 uM and 0.2-5 uM, respectively. Dixon plots with amplified insets for the enzyme kinetic
study of CYP2J2-mediated astemizole O-demethylation in the presence of different concentrations of telmisartan (C) and flunarizine (D) as the inhibitor. Astemizole
concentrations used were 0.05 (@), 0.1 ((J), 0.15 (&), 0.3 (<), and 0.45 uM (V) (n = 4). The replots of the slope of Dixon plot versus reciprocal of substrate concentration

for telmisartan (E) and flunarizine (F).

telmisartan and heme of about 8 A. The pocket is largely comprised of
residues of hydrophobic nature, mainly from N-terminal loop and
helix A, sheet B1 and associated loops, helix K’, sheet 84 and
associated loop, K/B1-4 segment, B/C segment, helix F, and F/G
segment (Fig. 6, A and C). On the other hand, flunarizine binds
directly within the active site of CYP2J2 with the F atom right on top
of the heme Fe ion, presumably blocking substrate binding. The
binding pocket is also formed primarily by hydrophobic residues,
largely from N-terminal loop and helix A, sheet 84 and associated
loop, K/B1-4 segment, B/C segment, helix F, and helix I and the heme
porphyrin ring (Fig. 6, B and D).

To further study how telmisartan and flunarizine interact with
CYP2J2 from a thermodynamics point of view, we performed MM-
GBSA calculation to estimate the inhibitor binding free energy to

CYP2J2 (Table 4). The binding free energy (without considering the
entropy) between telmisartan and CYP2J2 protein is —55.5 kcal/mol,
slightly lower than that for flunarizine (-52.8 kcal/mol). This is
consistent with the similar inhibition ICsq values of the two drugs,
where telmisartan (0.42 uM) is marginally more potent than
flunarizine (0.94 uM). The binding energies observed here are
generally in line with structural observation. Specifically, because of
the predominantly lipophilic nature of the CYP2J2 binding pocket and
a larger estimated hydrophobic surface for telmisartan (432.86 A%
than in the case of flunarizine (380.83 Az), it is conceivable that the
van der Waals interaction contributes more significantly to the binding
of telmisartan than to that of flunarizine (Table 4). Moreover, although
both telmisartan and flunarizine make one hydrogen bond to the
protein, namely Arg484 side chain and Ile487 backbone, respectively,
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Fig. 5. Initial docking model of the CYP2J2 complex with (A) telmisartan and (B) flunarizine. The CYP2J2 protein is in cartoon representation and colored in rainbow
spectrum; the heme and the inhibitor are in stick and colored in orange and yellow, respectively. The root-mean-square deviations (RMSDs) for CYP2J2—telmisartan (C) and
CYP2J2—flunarizine (D) complexes over the 2 ns MD simulation. The RMSDs were computed relative to the respective starting structures. The top panel is for the entire
complex, the middle panel is for the heme alone, and the bottom panel is for the inhibitor. The minimum fluctuation in the RMSD value indicates the CYP2J2 protein

displays limited overall conformational change in both systems.

the polar and/or electrostatic interaction between both ligands and the
protein is minimal. This is reflected in the unfavorable electrostatic
binding free energy in both cases (Table 4), where telmisartan likely
has to pay more desolvation penalty than does flunarizine, in line with
a larger polar surface area in the case of telmisartan (56.19 A?) than
that of flunarizine (8.04 A%).

Discussion

Potent and Selective CYP2J2 Inhibitors Have Been Identified as
Useful Tools for Studying CYP2J2-Related Drug Metabolism.
Because of the increasingly more important role that CYP2J2 may
play in drug metabolism and intestinal DDI, it is necessary to expand
the collection of limited number of CYP2J2 inhibitors either as useful
tools to study CYP2J2-related DDI in vivo and/or as drugs for which
potential DDI should be considered when they are simultaneously
used with other compounds metabolized mainly by CYP2J2. In this
study, we sought to screen a small library of 69 marketed drugs from
a range of therapeutic areas, including cardiovascular, central nervous
system (CNS), anti-infective, and anti-inflammatory. Among these 69

screened drugs, 8 have been previously studied for their inhibitory
activity against CYP2J2 (Lee et al., 2012). By plotting our ICs, data
for those 8 compounds against the literature data (measured by the
activity remaining at a single concentration of 30 uM), it was found
that those data correlate very well R?=0.97) (Fig. 7). Furthermore,
telmisartan and flunarizine were identified as the most potent CYP2J2
inhibitors, with K; values of 0.19 and 0.13 uM, respectively, with over
10-fold selectivity against all five major CYP metabolic enzymes.
Norfloxacin (ICsg = 2.56 uM) and metoprolol (ICsy = 4.87 uM) are
highly selective CYP2J2 inhibitors with greater than 50 uM ICsgs
against all five major CYPs, although with moderate inhibition
activity against CYP2J2. Moreover, both telmisartan and flunarizine
show no time-dependent inhibition toward CYP2J2 (Fig. 3). In
general, this newly discovered group of potent and selective CYP2J2
inhibitors can be useful tools for studying CYP2J2-mediated drug
metabolism and CYP2J2 biologic functions.

Anti-Hypertension Drugs Telmisartan and Flunarizine Can Be
Used to Study CYP2J2-Related DDI in a Clinical Setting. DDI can
be caused by inhibition by one drug on a particular CYP isoform that
is responsible for metabolism of another molecule at both the hepatic
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Fig. 6. CYP2J2 inhibitor binding pocket at the end of the 2 ns MD simulation for telmisartan (A) and flunarizine (B). The pocket for telmisartan (A, C) is largely composed
of residues of hydrophobic nature, mainly from N-terminal loop and helix A (Val59, Phe61, Ser64, His65, and Val68), sheet 81 and associated loops (Leu83, Ile86, and
Met400), helix K (Asn404 and Thr406), sheet 84 and associated loop (Argd84, Gly486, and 11e487), K/B1-4 segment (Ile376, Pro377, Leu378, Val380, and Pro381), B/C
segment (Vall13, Thr114, Met116, and Argl17), helix F (Glu222), and F/G segment (GIn228, Asn231, and Val232). The binding pocket for flunarizine (B, D) is formed
primarily by hydrophobic residues, largely from N-terminal loop and helix A (GIn63, Ser64, and His65), sheet 84 and associated loop (Arg484 and I1e487), K/B1-4 segment
(Tle376, Pro377, Leu378, Asn379, Val380, and Pro381), B/C segment (Pro112, Vall13, Thr114, Argl17, and Ile127), helix F (Glu222), and helix I (Phe310, Ala311, and
Thr315) and the heme porphyrin ring. The CYP2J2 protein is in cartoon representation and colored in rainbow spectrum; the heme is in stick and colored in orange; the
protein residues that are within 4 A of the inhibitor are shown in stick and colored in rainbow spectrum; inhibitors are in stick and colored in yellow (telmisartan) and
magenta (flunarizine), respectively. The 2D representation of the inhibitor binding pocket for telmisartan (C) and flunarizine (D). The inhibitor physicochemical properties
are also shown.

and the intestinal levels. This may cause significantly changed phar-
macokinetics of the second drug, which might lead to unwanted ad-
verse effects. Therefore, knowledge on potent inhibitors of specific
CYP isoforms, especially those involved in xenobiotics metabolism, is
critical for the clinical use of those medicines and is important for the
discovery and development of drugs metabolized by those specific

CYP isoforms. In addition to at a systematic level where liver is the
major organ responsible for metabolic DDI, the gastrointestinal tract is
also where DDI commonly takes place, mainly because of the
existence of high-level metabolic enzymes and high free concentration
of drugs when administered orally. Although no DDIs involving
CYP2J2 have been reported in the clinic thus far, it is possible that

€102 ‘vT Arenuer uo 1SNMH 1e Bio'sjeuinofladse’pwip woiy papeojumod


http://dmd.aspetjournals.org/

DMD

Aspet®P DRUG METABOLISM o DISPOSITION

Discovery of Novel, Potent, and Selective CYP2J2 Inhibitors 69

TABLE 4

Binding free energy analysis of telmisartan and flunarizine to CYP2J2

Energy Telmisartan Flunarizine A
AEeiec —7.0 (7.4) —76.0 (5.1) 69.0
AE,qw —69.4 (2.4) —56.0 (2.4) -13.4
AGgp 30.1 (6.6) 86.8 (5.0) —56.7
AGonpolar —9.4 (0.1) —17.6 (0.1) -1.8
AGgoivation = AGgp + AGronpolar 20.9 (6.6) 79.2 (4.9) —58.3
AGeiec = AGgp + AEciec 23.3 (2.4) 10.8 (2.0) 12.5
AGina —55.5 (3.0) —52.8 (2.4) -27

All energies are in kcal/mol. Values in parentheses are standard deviations. A is defined as
telmisartan — flunarizine. Telmisartan has a much stronger van der Waals contribution to the
binding free energy (—69.4 kcal/mol) than flunarizine (—56.0 kcal/mol), while this is largely
compensated by the unfavorable electrostatic contribution between the drug and CYP2J2, namely,
23.3 kcal/mol for telmisartan and 10.8 kcal/mol for flunarizine. In addition, the nonpolar
contribution of the solvation free energy between the two cases is quite similar, that is, —9.4 kcal/
mol for telmisartan and —7.6 kcal/mol for flunarizine.

CYP2J2 could be an important CYP isoform for DDI in the future,
especially at the gastrointestinal level, because of its predominant
expression in the small intestine and its rather broad and increasing
substrate spectrum.

In this study, two marketed drugs, telmisartan and flunarizine, were
shown to be the most potent CYP2J2 inhibitors with low uM Ki
values. Both telmisartan and flunarizine are commonly prescribed
anti-hypertension drugs for long-term use with good tolerability and
safety profiles, as reported in several human studies, in which
telmisartan and flunarizine were given at dosages as high as 160 mg
and 10 mg, respectively, once daily (Van Hecken et al., 1992; Stangier
et al., 2000). In the case of telmisartan, at steady state, the plasma
maximum concentration can be as high as 3 uM (1500 ng/ml), 15-fold
higher than its K; value, 0.19 uM (Young et al., 2000). Of note, in the
gastrointestinal tract, the concentration could be even much higher.
Therefore, it is conceivable that telmisartan may have CYP2J2
inhibitory effects at both intestinal and systemic levels. In the case of
flunarizine, although relatively low plasma concentration of 0.1-0.3
uM given 10 mg daily dose, its intestinal concentration could still be
as high as several micromoles (Bialer, 1993), compared with its 0.13
uM K; value against CYP2J2. Furthermore, the absorption of
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Fig. 7. Comparison of measured compound CYP2J2 inhibitory activities (ICsc)
with those reported in the literature (percentage activity remaining). Astemizole O-
demethylation was used for evaluating the metabolic activity of CYP2J2;
compounds with a measured ICs value higher than 50 uM in our laboratory were
treated as ICso of 50 uM in the comparison; percentage activity remaining was
obtained at single inhibitor concentration of 30 uM as reported in the literature, and
only compounds with activity remaining less than 100% were included. Compounds
included were amodiaquine, nicardipine, haloperidol, clozapine, lansoprazole,
verapamil, fluoxetine, and omeprazole.

flunarizine is relatively slow, with T, of 4 hours in humans (Bialer,
1993), indicating that the high concentration of flunarizine in the
gastrointestinal tract could be maintained to have a lasting inhibitory
effect of CYP2J2.

Of interest, it has been shown that telmisartan can increase the
exposure of nisoldipine, a dihydropyridine calcium channel blocker,
in patients with essential hypertension (Deppe et al., 2010). The mech-
anism for this observed DDI remains unclear, because nisoldipine is
primarily metabolized by CYP3A4 and telmisartan has no significant
inhibitory effects to this CYP. Indeed, previously, telmisartan was not
expected to be involved in any CYP-mediated DDIs. However, in this
case, the increased exposure of nisoldipine by coadministrated
telmisartan could be related to CYP2J2 inhibition. Of note, however,
interaction between telmisartan and the ATP-binding cassette trans-
porters could also contribute to the observed DDI (Weiss et al., 2010).
The most recent FDA guidance for industry on DDI studies also
suggests inclusion of CYP2J2 when a new drug candidate is found to be
not metabolized by the major CYPs (US Department of Health and
Human Services, 2012). Under these circumstances, attention should be
paid on the DDI potentials for both telmisartan and flunarizine with
future coadministered compounds when the metabolism and elimination
of these compounds are mainly mediated by CYP2J2. In addition, both
telmisartan and flunarizine can be used as tool drugs to assess clinically
relevant metabolic DDI related to CYP2J2.

Telmisartan and Flunarizine Are the First Discovered Non-
substrate Inhibitor for CYP2J2. Ideally, the inhibitor that is used as
a tool to study a CYP isoform should not be the substrate of that
specific CYP enzyme; otherwise, to the least, it would add complexity
in experimental design. For example, one has to be very careful during
the course of the experiment to ensure that the reaction time is short
enough so that the degradation of such inhibitor due to metabolism is
less than 20%. On the other hand, this often limits the formation of the
metabolite to the extent that it is difficult to be detected by routine LC/
MS equipment and, therefore, restricts the application of such
inhibitors. In the case of CYP2J2, all the previously known potent
inhibitors are also CYP2J2 substrates (Lafite et al., 2007; Lee et al.,
2012). Inspired by the structural model that telmisartan binds to
a pocket that is distant to the CYP2J2 catalytic center and may inhibit
CYP2J2 by blocking substrate entrance and/or product egress (Fig.
8A), we hypothesized that telmisartan might not be a substrate to
CYP2J2. This was subsequently confirmed by the experimental data
that telmisartan is not metabolized after being incubated with the
recombinant CYP2J2 for 30 minutes (Fig. 2B). Similarly, we subjected
flunarizine to the same experimental procedure and determined that
it is also not a substrate of CYP2J2 (Fig. 2C). It is therefore for the
first time that the newly discovered potent and selective CYP2J2
inhibitors are not a substrate of the enzyme. In addition, as shown
above in HLM, telmisartan is nearly completely not metabolized and
flunarizine is only marginally metabolized; these findings are in line
with the literature (Bialer, 1993; Deppe et al., 2010). Therefore, with
use of these nonsubstrate CYP2J2 inhibitors that are also metabolically
stable in human liver microsome, both telmisartan and flunarizine can
be invaluable tools for studying CYP2J2 in drug metabolism and
disposition in different experimental settings.

To evaluate the participation of CYP2J2 in drug metabolism in
human liver microsome with use of telmisartan and/or flunarizine, it is
important to identify a suitable concentration for both compounds that
is able to achieve sufficient CYP2J2 inhibition while generating
limited inhibition toward other major metabolizing CYPs. Given their
K; values, namely 0.19 uM for telmisartan and 0.13 uM for
flunarizine, and their selectivity profiles (Table 3), it is therefore
suggested that a concentration range of 1-2 uM for telmisartan and
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Fig. 8. Overlay of substrate (astemizole) and the inhibitor within the binding pocket of CYP2J2 for telmisartan (A) and flunarizine (B), respectively. The CYP2J2 protein is
in cartoon representation and colored in rainbow spectrum; the heme is in stick and colored in orange; telmisartan, flunarizine, and astemizole are in stick and colored in

yellow, magenta, and green, respectively.

0.5-2 uM for flunarizine—at least 4 times the respective K; values
(Suzuki et al., 2002)—may be suitable for assessing metabolism by
CYP2J2 in human liver microsome system.

Telmisartan and Flunarizine Show Different CYP2J2 Inhibition
Mechanisms. As discussed above, on the basis of CYP2J2 enzyme
kinetics studies, telmisartan and flunarizine exhibit two distinctive
inhibition mechanisms; specifically, flunarizine inhibits the enzyme by
directly competing with the substrate, and telmisartan is an allosteric
CYP2J2 inhibitor. In the structural models, as shown in Fig. 8B,
flunarizine occupies the same catalytic binding site of CYP2J2 as the
substrate astemizole, where it makes interactions with both the heme
moiety and residues on the long helix I that are close to the catalytic
center. Furthermore, the F atom on flunarizine is very close to the
heme catalytic Fe atom (the distance is 3.3 A) and in the same location
as the astemizole methoxy group, which is known to undergo
demethylation metabolism catalyzed by CYP2J2. This structural
model is consistent with the fact that flunarizine is not a substrate of
CYP2J2, because the F atom that is close to the heme is generally
metabolically inert. In fact, introducing F atoms into a small molecule
is a well-known strategy in lead optimization to improve metabolic
stability. Therefore, it is plausible that flunarizine competes the
substrate not only at the binding site with astemizole but also at the
catalytic center for reaction.

On the other hand, telmisartan binds to CYP2J2 in a grossly
different fashion, compared with flunarizine. Although both drugs
have interactions with a limited number of overlapping CYP2J2
residues, primarily those from N-terminal loop and helix A, sheet 84
and associated loop, and K/B1-4 segment, there are significant
differences. Specifically, telmisartan has extensive interactions with
the F/G segment, particularly helix F, but is nowhere near the catalytic
heme and helix I; on the contrary, as discussed above, flunarizine is in
close contact with both heme and helix I but has no interactions with
the F/G segment (Fig. 8A). It has been widely suggested that the F/G
segment and the B/C segment in mammalian cytochrome P450s are
the most flexible parts and likely constitute the gates for the substrate

entrance and/or product egress paths that are necessary to gain access
to the active site heme (Otyepka et al., 2007). Given that and the
binding mode of telmisartan, we suggest that telmisartan might inhibit
CYP2J2 activity by restraining the flexible F/G segment and, thereby,
blocking substrate entrance and/or product egress rather than directly
competing with the substrate. Limited overlaps between the telmisartan
and the substrate astemizole binding regions within the CYP2J2 protein
are also observed (Fig. 8). Those structural observations corroborate
well with the kinetics data that telmisartan is an allosteric inhibitor of
CYP2J2 enzyme.

In conclusion, in the present study, we found, for the first time to
our knowledge, a number of marketed drugs, including telmisartan
and flunarizine, as potent, selective, and nonsubstrate CYP2J2 in-
hibitors. Our enzyme kinetics and computer modeling studies have
also elucidated their inhibition mechanisms on a molecular level;
telmisartan is an allosteric CYP2J2 inhibitor, and flunarizine is a direct
substrate competitor. Because of our increasing understanding of the
role of CYP2J2 in drug metabolism, these newly discovered inhibitors
can be potentially used as tools to study CYP2J2 in drug metabolism,
particularly involving DDI, and its biologic functions.
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