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Abstract

The CYP26s are responsible for metabolizing retinoic acid and play an important role in
maintaining homeostatic levels of retinoic acid. Given the ability of CYP2C8 to metabolize
retinoic acid, we evaluated the potential for CYP2C8 inhibitors to also inhibit CYP26. In vitro
assays were used to evaluate the inhibition potencies of CYP2CS8 inhibitors against CYP26A1 and
CYP26B1. Using tazarotenic acid as a substrate for CYP26, 1C50 values for 17 inhibitors of
CYP2C8 were determined for CYP26A1 and CYP26B1, ranging from approximately 20 nM to
100 uM, with a positive correlation observed between IC50s for CYP2C8 and CYP26A1. An
evaluation of IC50’s versus in vivo Cp,ax Values suggests that inhibitors such as clotrimazole or
fluconazole may interact with CYP26 at clinically relevant concentrations and may alter levels of
retinoic acid. The findings provide insight into drug interactions resulting in elevated retinoic acid
concentrations and expand upon the pharmacophore of CYP26 inhibition.
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Introduction

Endogenous retinoic acid concentrations are highly regulated owing to their importance in
cellular development with altered concentrations of retinoic acid known to have
pharmacological and toxicological implications (1-6). In humans, retinoic acid binds to the
retinoic acid and retinoid X receptors and plays a key role in the regulation of genes that
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affect the extent of cellular proliferation and differentiation as well as apoptosis (7-11). The
regulation of circulating retinoic acid concentrations can occur through modulation of its
synthesis, which involves multiple enzymatic steps in the conversion of retinol to all-trans-
retinoic acid (atRA) or through its clearance, which is primarily mediated by cytochrome
P450-catalyzed oxidation to 4-hydroxy-at-retinoic acid (12, 13). Within the cytochrome
P450 superfamily of xenobiotic metabolizing enzymes, the CYP26 subfamily (CYP26A1,
CYP26B1 and CYP26C1) are the primary enzymes involved in retinoic acid metabolism
(14-18). While hepatic CYP26 content is primarily a function of CYP26A1 expression,
CYP26A1 and CYP26B1 mRNA are ubiquitously expressed, with sites of expression
including the skin, lungs, testes and brain (15, 18-24). Less information is available about
the expression patterns and functional relevance of CYP26CL1.

A significant amount of catalytic overlap is observed for CYP26A1 and CYP26B1 in regard
to their metabolism of a~-RA, though the sequence homology between the two isozymes is
only 42% (19, 21, 25). Perhaps owing to their homeostatic role in the regulation of retinoic
acid concentrations and the subsequent pharmacological or toxicological outcomes, the
pursuit of selective chemical inhibitors of CYP26A1 or CYP26B1 has received interest in
both the inflammation and oncology therapeutic areas (26—34). Many of the compounds
designed to inhibit CYP26 activity, also known as retinoic acid metabolism blocking agents
(RAMBAS), share a similar pharmacophore, with an extended hydrophobic region that
bridges a hydrophobic or aromatic ring system on one end of the molecule to a hydrogen
bond accepting group on the opposite end (35, 36). In many cases, the aromatic group
described above is an azole-containing ring system, designed to coordinate to the porphyrin
iron of CYP26A1 or CYP26B1 and thus inhibit the enzyme (19, 29, 30, 37-39). Liarazole
currently represents the most studied example of a RAMBA in clinical use (30, 40).

Approximately 5% to 8% of xenobiotic metabolism has been attributed to CYP2C8, with
highly characterized substrates including amodiaquine, repaglinide, rosiglitazone,
cerivastatin, paclitaxel and montelukast (41-44). CYP2C8 has also been shown to
metabolize atRA, 9-cis-retinoic acid and 13-cis-retinoic acid (45-49). Potent in vitro
inhibitors of CYP2C8-catalyzed metabolism include montelukast, candesartan cilexetil,
zafirlukast, clotrimazole and fluconazole (44, 50, 51). Clinically relevant drug interactions
attributed to CYP2C8 inhibition have been noted for rosiglitazone, repaglinide and
cerivastatin when co-administered with the CYP2C8 inhibitor gemfibrozil (52-55). The
active site properties of CYP2C8 which contribute to its substrate and inhibitor profiles are
fairly well understood, with the crystal structure of CYP2C8 having been solved with
various ligands bound in the active site, including 9-cis-retinoic acid (56). The active site
volume of CYP2CS8 is relatively large (1438 A3) and it has been described as having a
bifurcated Y-shaped geometry (56, 57). Similar to the ligand profile of CYP26, early
pharmacophore models of CYP2C8 ligands suggested the need for a hydrophobic or
aromatic group proximal to the site of oxidation, an extended hydrophobic chain distal to the
site of oxidation and multiple hydrogen binding sites, properties which are often displayed
by various retinoid or retinoid-like compounds (42, 57-59).

Owing to the similar pharmacophore features described for CYP2C8 and CYP26 and as
CYP2C8 has also been shown to catalyze the formation of 4-hydroxyretinoic acid from at
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RA, the potential exists for the inhibitor binding profile of CYP26A1 and CYP26B1 to
overlap with that of CYP2C8. As such, the primary aim of this work was to evaluate the
potential for known inhibitors of CYP2C8 to inhibit CYP26A1 or CYP26B1 activity. In
vitro inhibition assays were used to determine IC50 values for a set of known CYP2C8
inhibitors against CYP26A1 and CYP26B1. In the process, the use of tazarotenic acid,
which has recently been shown to be metabolized by CYP26A1 and CYP26B1, as a probe
substrate for CYP26 inhibition assays was evaluated. The mechanism of active site binding
and inhibition of CYP26A1 and CYP26B1 was then characterized for compounds with azole
moieties as well as those hypothesized to not inhibit the enzymes through type Il binding
interactions. Finally, in vitro inhibition parameters were compared to reported skin or
plasma concentrations following clinically relevant doses of CYP2C8 inhibitors in an
attempt to estimate the magnitude of the potential clinical interaction of known CYP2C8
inhibitors on CYP26 activity in vivo.

Materials and Methods

Materials

CYP26A1 and CYP26B1 were generous gifts from Dr. Nina Isoherranen (University of
Washington). Recombinant CYP2C8 Supersomes® and purified human cytochrome P450
reductase were obtained from Corning Life Sciences (Tewksbury, MA). Tazarotenic acid,
MM11253, liarazole, EC23, AM80 and candesartan were purchased from Tocris Chemicals
(Bristol, United Kingdom). Montelukast, pioglitazone, rosiglitazone and zafirlukast were
from Cayman Chemical (Ann Arbor, MI). Talarazole was purchased from MedChem
Express (Monmouth Junction, NJ). Rapid equilibrium dialysis (RED) device kits were
obtained from ThermoFisher Scientific (Waltham, MA). All other chemicals were from
Sigma-Aldrich (St. Louis, MO) and were of the highest grade available.

Homology Modeling and Computational Docking Simulations

CYP26A1 and CYP26B1 homology models based on the crystal structure of CYP120 (pdb
2VE3) were designed using Prime modeling software (Schrodinger LLC, New York) as
previously described (60). In brief, CYP120 was chosen as a template based on its 33%
sequence identity and 53% positive sequence coverage with CYP26A1 and 34% sequence
identity and 54% positive sequence coverage with CYP26B1. Ligation of a heme prosthetic
group utilized Cys442 (CYP26AL1) or Cys441 (CYP26B1), with the entire protein structure
subsequently subject to energy minimization with the OPLS 2005 force field constraints in
the MacroModel algorithm (Schrodinger LLC, New York). Validation of the models was
accomplished using PSIPred (University College London, UK) and SSPro (Schrodinger),
through visualization of the Ramachandran plots and through docking simulations with all
trans-retinoic acid. The crystal structure of CYP2C8 was obtained from the RCSB Protein
Data Bank (pdb 1PQ2). The CYP26A1 or CYP26B1 homology models were superimposed
on the CYP2C8 crystal structure using the Super script within Pymol (Schrodinger LLC,
New York; http://www.pymolwiki.org/index.php/Super). Structural similarity was
determined by calculating the root mean square deviation (RMSD) between the protein
structures. Amino acid residues 494 — 512 from the CYP26B1 homology model were not
included in the RMSD calculation. Computational docking of clotrimazole (CYP26A1 and
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CYP26B1), zafirlukast (CYP26A1) or candesartan cilexetil (CYP26B1) was accomplished
using an induced fit docking algorithm which incorporated decreased van der Waals radii,
spatial repositioning of non-rigid protein side chains and additional energy minimization
functions post-ligand docking (61, 62). Compounds for docking simulations were chosen
based on inhibition potency as well as their potential (or lack thereof) for type Il azole-heme
interactions. Docking parameters required the center of mass of the inhibitors to be
positioned within a 1728 A3 grid which was designed to be approximately 3 A above the
protoporphyrin ring system using Glide (Schrodinger LLC, New York). The OPLS_2005
force field constraints used by LigPrep (Schrodinger LLC, New York) were used to prepare
the energy minimized structures of clotrimazole (hypothesized to bind through type Il ligand
interactions) and candesartan cilexetil and zafirlukast (two compounds not hypothesized to
interaction through type 1l binding) prior to docking. Binding orientations obtained from the
computational docking experiments were evaluated and scored using GlideScore and
eModel, which incorporates aspects of the GlideScore, ligand score and grid score into the
final assessment of the plausibility of the docking results.

In Vitro Inhibition Assays

CYP2C8 in vitro IC50 values were obtained from previously reported literature sources (44,
50, 51). An initial single point inhibition screen (n = 3) was then used to estimate the
inhibition potency of the set of known CYP2C8 inhibitors against CYP26A1 or CYP26B1.
Inhibitors of CYP26 activity were included in the screening set as positive controls. In vitro
screening conditions consisted of 10 uM inhibitor, 5 nM CYP26A1 or CYP26B1, 25 nM
purified human cytochrome P450 reductase, and 200 nM tazarotenic acid, a compound
which has recently been shown to be a substrate of CYP26 (60). The final volume of the
incubation was 50 pL. Screening incubations were performed in triplicate and were pre-
warmed at 37°C for 3 minutes prior to addition of 1 mM NADPH (final concentration).
Incubations were terminated after 10 minutes with three volumes (v/v) of 100 nM
tolbutamide in acetonitrile and centrifuged for 20 minutes at 1240 x g. A portion of the
resulting supernatant was transferred for liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis. 1C50 values were then determined for compounds exhibiting greater
than 50% inhibition in the screening assay for at least one of the CYP26 isoforms.
Incubations conditions (n = 3) were similar to those used in the screening assay except for
the inhibition concentrations, which ranged from 0 — 100 uM. CYP26A1 and CYP26B1
IC50 values were estimated using a three parameter inhibition model as shown in Equation
1, where Activity 4, represents the observed probe substrate activity with no inhibitor,
Activity,in s the probe substrate activity at the maximum inhibitor concentration and [/] is
the concentration of inhibitor in the incubation. IC50 incubations were performed in
triplicate. The organic content of each incubation was kept to less than 1% of the total
volume and product formation under the conditions described above had previously been
determined to be linear with respect to incubation time and protein content.

Activity, . — Activity, .
1+ lo(log[l] —logIC50)

% Remaining Activity = Activity, . + Equation 1
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Spectral Binding Determination

Spectral binding characterizations (n = 3) were carried out to determine the binding
orientation of the most potent azole-containing compound (clotrimazole) for CYP26A1 and
CYP26B1, as well as zafirlukast (CYP26A1) and candesartan cilexetil (CYP26B1). The
binding of clotrimazole to CYP2C8 was also explored. Ligand concentrations ranged from 0
— 20 uM. A protein concentration of 500 nM was used in spectral binding assays. Following
each addition of ligand, cuvettes (1 cm path length) were inverted multiple times and
allowed to settle for 1 minute prior to measuring the difference spectra from 350 — 550 nm
using a Cary 4000 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA).
Spectral binding constants (Kg) were estimated using nonlinear regression of the absorbance
difference (AAbs) for each enzyme (CYP26A1, A430nm — Aa13nm; CYP26BL, A430nm —
Aa00onm: CYP2C8, A430nm — A39onm) as shown in Equation 2.

[S] * AAbs,,

AAbs = ax
[S]+K

Equation 2

N

Assessment of In Vitro Free Fraction

In order to determine the unbound fraction of clotrimazole in the 1Csq and spectral binding
assays, equilibrium dialysis was conducted under relevant conditions. Experiments were
performed in triplicate using the Rapid Equilibrium Dialysis Device (Thermo Fisher
Scientific, Waltham, MA) which was prepared according to the manufacturer’s
recommendations. In brief, 1 uM of clotrimazole was added to 5 nM or 500 nM CYP26A1
or CYP26BL1 in potassium phosphate buffer (100 uL, pH 7.4) and was dialyzed for 12 hours
at 37 °C against 300 pL of control potassium phosphate buffer. The plate was agitated using
an orbital shaker set to 200 rpm. Upon completion of the incubation period, a 50 uL aliquot
was removed from each side of the equilibrium dialysis membrane and added to 50 pL of
control enzyme or buffer to normalize for potential matrix effects. Protein precipitation was
achieved by adding three volumes of 100 nM tolbutamide in ice cold acetonitrile and
centrifuging the samples for 20 minutes at 1240 x g. A portion of the resulting supernatant
was transferred for liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. The unbound fraction was determined as shown in Equation 3.

_ Concentration in Buf fer Chamber

" Concentration in Sample Chamber Equation 3

fu

In Vitro Stability of Candesartan Cilexetil

Candesartan is the pharmacologically active form of the prodrug candesartan cilexetil, which
is hydrolyzed by intestinal esterases following oral administration (63). In order to
determine whether the observed inhibition potency of candesartan cilexetil was due to the
prodrug or to the hydrolysis product, the in vitro stability of candesartan cilexetil was
determined using CYP26A1, CYP26B1 and CYP2C8. Briefly, 1 uM candesartan cilexetil
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was added to incubations containing 5 nM CYP26A1, CYP26B1 or CYP2C8 and 25 nM
purified human cytochrome P450 reductase in 100 mM potassium phosphate buffer (pH 7.4;
n = 3). Incubations were performed at 37 °C and initiated through addition of 1 mM
NADPH (final concentration) in order to mirror the conditions of the 1C50 assay. Aliquots
were removed at 0, 1, 5 and 10 minutes and immediately placed into ice cold acetonitrile
containing 100 nM tolbutamide as an internal standard. Samples were vortex-mixed and
centrifuged for 20 minutes at 1240 x g. A portion of the supernatant was transferred for LC-
MS/MS analysis of candesartan cilexetil degradation and candesartan formation in the
incubations.

Calculation of Cpyax  / IC50

Previously reported Cpax and unbound fraction values in plasma were obtained for 17
known inhibitors of CYP2C8 (benzbromarone, candesartan, candesartan cilexetil,
clotrimazole, 17a-ethynylestradiol, fluconazole, itraconazole, mometasone furoate,
montelukast, pioglitazone, quercetin, raloxifene, repaglinide, ritonavir, rosiglitazone,
tamoxifen and zafirlukast) at clinically relevant doses (64-73). As no reported plasma
concentrations of clotrimazole after oral administration were available, skin concentrations
following a topical administration were used. The ratio of the unbound Cya Values to the in
vitro IC50 values was calculated using Equation 4.

o

*
max, unbound _ Cmax f u, plasma

ICy, - ICq

Equation 4

Liguid Chromatography — Mass Spectrometry Analysis

Tazarotenic acid sulfoxide, clotrimazole, candesartan and candesartan cilexetil was
monitored using LC-MS/MS. The mass spectrometer incorporated electrospray ionization
coupled to an Applied Biosystems 4000 QTrap (Applied Biosystems, Foster City, CA).
Samples were injected (10 pL) using a LEAP CTC HTS PAL autosampler (CTC Analytics,
Carrboro, NC) and introduced to the mass spectrometer using two LC-20AD binary pumps
with an in-line DGU-20A5 solvent degasser (Shimadzu, Columbia, MD). A rapid gradient
using 0.1% formic acid (v/v) in water (A) and 0.1% formic acid in methanol:acetonitrile
(1:1; B) with a Synergi 2.5 um Hydro RP 100 A (50 x 2.0 mm) column (Phenomenex,
Torrance, CA) was utilized. Gradient conditions were as follows: 2.0% B (0 — 0.2 minutes),
2.0% B - 95% B (from 0.2 — 1.0 minutes), 95% B (from 1.0 — 1.5 minutes) and re-
equilibration at 2.0% B for 0.3 minutes. Tazarotenic acid sulfoxide (positive ion, 340.3 /
280.3) clotrimazole (positive ion, 345.4 / 277.0), candesartan (positive ion, 441.0 / 263.1),
candesartan cilexetil (positive ion, 611.1 / 567.2) and the internal standard tolbutamide
(positive ion, 271.2 / 91.1; negative ion, 268.9 / 169.7) were detected under MRM (multiple
reaction monitoring) conditions. Additional parameters that were used in the analytical
method included the source temperature (500 °C), curtain gas (12 arbitrary units), ion spray
voltage (5000 V), CAD gas (medium), and ion source gas 1 and gas 2 (30 arbitrary units,
each).
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Evaluation of tazarotenic acid sulfoxide formation as a probe substrate of CYP26

Tazarotenic acid (Figure 1) has recently been identified as a xenobiotic substrate of
CYP26A1 and CYP26B1 (60). Prior to utilizing the tazarotenic acid assay to screen new
compounds for inhibition of CYP26A1 and CYP26B1, IC50 values were generated for a test
set of known CYP26 inhibitors (Figure 2) using tazarotenic acid as the probe substrate and
compared to previously published results obtained when 9-cis-retinoic acid was the probe
substrate (Table 1) (39, 74). Inhibitor potency rankings were generally the same and a
statistically significant correlation was observed between the IC50 values obtained using the
two assays. Correlation coefficients (r2) for the 1C50 values obtained using tazarotenic acid
assay and the 9-cis-retinoic acid assay were 0.78 and 0.62 for CYP26A1 and CYP26B1,
respectively, suggesting that formation of tazarotenic acid sulfoxide is an appropriate probe
substrate for determining inhibition of CYP26 activity (Figure 2).

In Vitro Inhibition Screening and IC50 Determination

An initial set of 29 known CYP2C8 inhibitors was screened for inhibition of CYP26A1- or
CYP26B1-catalyzed tazarotenic acid sulfoxide formation using a single inhibitor
concentration (10 uM). Inhibition values ranged from no inhibition to greater than 90%
inhibition (Figure 3). IC50 values were determined for 17 compounds which exhibited
greater than 50% inhibition in the single concentration inhibition screen for either CYP26A1
or CYP26BL1. Clotrimazole was the most potent inhibitor of CYP26 activity with IC50
values of 20 nM and 50 nM for CYP26A1 and CYP26B1, respectively (Table 2; Figure 4).
The most potent inhibitors hypothesized to not inhibit through type 11 azole-heme
interactions were zafirlukast for CYP26A1 (IC50 = 60 nM) and candesartan cilexetil for
CYP26B1 (IC50 = 270 nM) (Figure 4). To determine whether the observed inhibition by
candesartan cilexetil was due to the prodrug or degradation to candesartan, the stability of
the prodrug in the three in vitro enzyme systems was assessed. Minimal degradation of
candesartan cilexetil was observed in incubations with CYP26A1, CYP26B1 or CYP2C8
with only CYP2C8 showing any appreciable formation of the ester-hydrolyzed product (data
not shown). While all of the inhibitors tested exhibited some degree of inhibition of both
CYP26A1 and CYP26B1, benzbromarone (12.0-fold), fluconazole (28.3-fold), quercetin
(39.9-fold) and zafirlukast (11.8-fold) were all identified as relatively selective inhibitors for
CYP26A1 while repaglinide (12.6-fold) showed selectivity towards inhibition of CYP26B1.

IC50 values obtained with the set of 17 compounds for CYP26A1 and CYP26B1 were then
compared to previously reported literature CYP2C8 IC50 values (Table 2; references
therein). A positive and statistically significant correlation was observed for CYP26A1 and
CYP2C8 IC50 values (r2 = 0.849: Figure 5a). Only a weak correlation (r2 = 0.258) was
observed between the 1C50 values obtained for CYP26B1 and CYP2C8 (Figure 5b).

Computational Docking Simulations

Previous reports have implicated CYP2C8 in the metabolism of a-RA, the primary substrate
of CYP26A1 and CYP26BL1 (47, 48, 75). In order to compare the structural similarities
between the active sites of CYP2C8 and either CYP26A1 or CYP26B1, homology models
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of the CYP26 isozymes were superimposed on the crystal structure of CYP2C8 (pdb 1PQ2).
Comparison of the CYP26A1 homology model to CYP2C8 resulted in an RMSD value of
3.013 between the two protein structures. The RMSD value for the CYP26B1 protein
structure and CYP2C8 was 4.624. Visual examination of the active sites of the three
cytochrome P450 isozymes revealed carboxylic acid binding residues located in comparable
regions of the active site of CYP2C8 (Gly98, Asn99, Ser100), CYP26A1 (Arg 86, Arg90)
and CYP26B1 (Tyr372, Arg373) that have been suggested to interact with the carboxylic
acid moiety of 9-cis-retinoic acid, atRA, or tazarotenic acid (57, 60, 76, 77).

In order to rationalize the ligand binding of the known CYP2C8 inhibitors in the active sites
of either CYP26A1 or CYP26B1, a number of computational docking experiments were
performed. Docking simulations were carried out for the most potent azole-containing
compound (clotrimazole for both CYP26A1 and CYP26B1) as well as zafirlukast for
CYP26A1 and candesartan cilexetil for CYP26B1, two compounds hypothesized to not
inhibit the enzymes through azole-heme interactions. As shown in Figures 6a and 6b,
docking clotrimazole in the active sites of the CYP26A1 and CYP26B1 homology model
predicted the sp? nitrogen of the imidazole ring to be oriented toward the iron of the heme
prosthetic group at a distance of 3.104 A for CYP26A1 and 2.655 A for CYP26B1. Docking
scores were similar for both CYP26A1 (-8.602) and CYP26B1 (~7.148). When zafirlukast
was docked in the active site of CYP26A1 (docking score = —11.688), the cyclopentyl
moiety was predicted to be oriented towards the heme iron at an approximate distance of
3.316 A (Figure 6c). Key active site interactions included rc-stacking between the
methylindole ring and F222 and F299, as well as between the tolyl ring and P371. Hydrogen
bonding was predicted to occur between the sulfonyl oxygens of zafirlukast and R90. For
CYP26B1 and candesartan cilexetil, a favorable docking score of —11.200 was achieved
with the benzene ring of the benzimidazole moiety located approximately 3.424 A from the
heme iron (Figure 6d). The amino acid residues predicted to be involved in orienting
candesartan cilexetil in the active site of CYP26B1 included Y372 (re-stacking interaction
with the phenyl ring adjacent to the tetrazole moiety) as well as charged interactions
between E116 and the tetrazole moiety. Computational docking studies designed to
rationalize the binding interactions of other potential type Il interactions (i.e., triazole
containing compounds), suggested that ketoconazole and R115866 would also bind in a type
I1 manner for both CYP26A1 and CYP26B1

Spectral Binding Studies

To further evaluate the results of the computational docking simulations with clotrimazole,
zafirlukast and candesartan cilexetil, spectral binding studies were performed. Clotrimazole
exhibited type Il binding characteristics when incubated with CYP26A1, CYP26B1 and
CYP2C8 as indicated by the observed maxima and minima of the UV-difference spectra
(Figure 7). Spectral binding constants (Kg) were determined by nonlinear regression and
were 533 nM, 4945 nM and 1574 nM for CYP26A1, CYP26B1 and CYP2C8, respectively
(Table 3). No binding spectra could be obtained for zafirlukast or candesartan cilexetil in any
of the systems tested (data not shown).

J Enzyme Inhib Med Chem. Author manuscript; available in PMC 2019 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Foti et al.

Page 9

As the clotrimazole spectral binding constants for CYP26A1 and CYP26B1 were
approximately 22-fold and 99-fold higher than their respective 1C50 values, the protein
binding of clotrimazole under the relevant in vitro conditions was explored. Under the
conditions used in the in vitro CYP26A1, CYP26B1 and CYP2C8 IC50 assays, clotrimazole
had f, values of 0.661, 0.430 and 0.155, respectively. In the spectral binding assay,
clotrimazole f, values were 0.025, 0.005 and 0.048 for CYP26A1, CYP26B1 and CYP2C8,
respectively. When corrected for protein binding, the IC50,, and K; , values for clotrimazole
were within two-fold of each other for each isozyme, suggesting that coordination of the
imidazole nitrogen of clotrimazole to the heme iron is the most likely mechanism of
clotrimazole inhibition for these three enzymes.

Calculation of Cyyax y / IC50

To characterize the potential clinical ramifications of the observed in vitro inhibition of
CYP26A1 and CYP26B1 by known inhibitors of CYP2C8, reported clinical plasma Cpax
values following typical oral or topical doses were obtained from the literature. Cpax values
were corrected for plasma protein binding and compared to the in vitro IC50 values to obtain
a Cpax,u / 1C50 for CYP26A1 and CYP26B1 (Table 4). While total plasma concentrations
following oral or topical administration for a number of the inhibitors exceeded their in vitro
IC50 values, only clotrimazole and fluconazole exhibited maximum unbound concentrations
which would suggest the potential for a meaningful interaction in vivo. Following topical
administration, total skin concentrations of clotrimazole were reported to be 67.3 uM. Using
plasma protein binding as a surrogate for the unbound fraction in the skin, Cyax y / 1C50
values for clotrimazole were 337 for CYP26A1 and 135 for CYP26B1. The predicted
Crax,u / 1C50 values following 200 mg BID oral administration of fluconazole were 44.0
and 1.56 for CYP26A1 and CYP26B1, respectively.

Discussion

Retinoic acid is a highly regulated signaling molecule that is involved in a host of
dermatological, immunological and neurological functions through binding to the retinoic
acid receptors and retinoid X receptors (12, 13, 78-82). As such, the metabolic pathways
that are involved in the regulation of retinoic acid represent potential targets that can be
exploited to alter concentrations of retinoic acid in vivo. Synthesis of retinoic acid begins
with conversion of vitamin A (retinol) to retinal by alcohol dehydrogenases and short-chain
dehydrogenases followed by the conversion of retinal to retinoic acid by retinaldehyde
dehydrogenases (45, 83-85). Degradation of retinoic acid occurs through oxidation to 4-
hydroxy-, 16-hydroxy-, and 18-hydroxyretinoic acid, which is catalyzed primarily by the
CYP26-family (CYP26A1, CYP26B1 and CYP26C1) as well as by CYP2C8, CYP2C9 and
CYP3A (14, 17, 18, 21, 25, 45, 47, 48, 75, 86-89). As such, the ability to modulate these
pathways may prove to have a significant therapeutic benefit.

CYP2C8 was one of the first enzymes identified in the formation of 4-hydroxyretinoic acid
and is the only drug metabolizing enzyme for which a crystal structure with a retinoic acid

isomer bound in the active site exists (48, 57, 88). The enzyme is the major hepatic isoform
involved in 13-cis-retinoic acid metabolism and can be inhibited by retinol and retinoic acid
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(45, 47, 90). Given the propensity for CYP26A1, CYP26B1 and CYP2C8 to both
metabolize and to be inhibited by the same retinoids, the potential exists for the inhibitory
pharmacophores of CYP2C8 and CYP26 to overlap. Indeed, when homology models of
CYP26A1 and CYP26B1 built using CYP120 (pdb 2VE3) as a template were superimposed
on the CYP2C8 crystal structure (pdb 1PQ2), RMSD values of 3.013 and 4.624 were
calculated, respectively. Furthermore, closer inspection of the active sites of CYP26A1,
CYP26B1 and CYP2C8 suggest the presence of carboxylic acid binding residues in similar
spatial proximity to the heme prosthetic group. Previous work to solve the crystal structure
of CYP2C8 with 9-cis-retinoic acid bound in the active site suggests Gly98, Asn99 and
Ser100 are important residues in anchoring the carboxylate moiety of the retinoic acid
molecule which undergoes catalysis (CYP2C8 simultaneously binds two molecules of 9-cis
retinoic acid) while CYP26A1 or CYP26B1 homology models built off of various templates
have indicated that the carboxylate of retinoic acid forms hydrogen bonds with Arg64 (91),
Arg86 (76) or Arg90 (60, 77) for CYP26A1 and Arg95 and Ser369 (77, 92) or Tyr372 and
Arg373 (60) for CYP26B1. The estimated active site volumes of CYP26A1 (918 A3) and
CYP26B1 (977 A3) based on homology modeling are somewhat smaller than the volume of
the active site measured from the crystal structure of CYP2C8 (1438 A3), though it would
appear they are large enough to accommodate larger xenobiotic compounds, similar to other
CYP isoforms (56, 60).

In order to test the hypothesis of whether CYP26A1 and CYP26B1 were capable of binding
xenobiotics with a similar pharmacophore profile as CYP2CS8, a set of known CYP2C8
inhibitors was screened for inhibition activity against CYP26A1 and CYP26B1. Recently,
tazarotenic acid has been identified as a substrate of CYP26A1 and CYP26B1 (60). To
verify the use of tazarotenic acid sulfoxide formation as a probe for CYP26 activity,
inhibition data was generated for known CYP26 inhibitors and compared to 1C50 values
previously obtained using 9-cis-retinoic acid. The observed r? values suggest that tazarotenic
acid is an appropriate probe substrate to assess the inhibition of CYP26A1 and CYP26BL1 in
vitro (Figure 2), though the possibility of substrate-dependent inhibition profiles cannot be
ruled out. While the compounds rank-ordered in a similar fashion between the two assays,
some notable differences were observed. Calculated IC50 values for CYP26A1 using
tazarotenic acid as a probe substrate were lower than those using 9-cis-retinoic acid.
Interestingly, the reverse was generally true for CYP26B1, with 9-cis-retionic acid 1C50
values being lower than those generated using tazarotenic acid.

The inhibition profile of CYP2C8 has received a great deal of attention owing to its role in
clinically relevant drug interactions. Inhibition of CYP2C8 is thought to be partially
responsible for the observed drug interactions between fluvoxamine and rosiglitazone as
well as between gemfibrozil and montelukast, rosiglitazone, pioglitazone, repaglinide,
cerivastatin and loperamide (52-55, 93-96). To further characterize the drug interaction
profile of CYP2CS8, a significant amount of in vitro efforts have been reported, with
compounds such as montelukast, candesartan cilexetil, zafirlukast and clotrimazole having
sub-micromolar 1C50s (44, 51). In the current study, multiple CYP2C8 inhibitors were
identified as potent inhibitors of both CYP26 isoforms. Selective inhibitors of CYP26A1
(versus CYP26B1) included quercetin, fluconazole, benzbromarone, and zafirlukast while
repaglinide was the only compound with a 10-fold or greater selectivity for CYP26B1
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inhibition. The difference in inhibition profiles between the two enzymes suggests
differences in the active site characteristics which lead to inhibitor binding as well as to the
potential to identify novel chemical scaffolds with which to achieve selective inhibition of
CYP26A1 or CYP26B1. When the IC50 values were compared to previously reported
CYP2C8 IC50 values, a statistically significant correlation was observed for CYP26A1 (12 =
0.849), suggesting that compounds which are inhibitors of CYP2C8 may also be inhibitors
of CYP26A1. Perhaps further supporting the possibility for substrate-dependent inhibition
profiles for CYP26 are the IC50 values observed for clotrimazole, fluconazole, quercetin
and tamoxifen, four compounds previously reported to not be inhibitors of CYP26A1-
catalyzed 4-hydroxyretinoic acid formation in vitro (97).

To further characterize the active site binding interactions that lead to inhibition of
CYP26A1 and CYP26B1, the spectral binding characteristics of the most potent azole-
containing compound for each enzyme, clotrimazole, were evaluated. In addition, the
binding of the most potent inhibitor of CYP26AL1 (zafirlukast) and CYP26B1 (candesartan
cilexetil) which was hypothesized to not inhibit each enzyme through heme-azole
interactions was characterized. Computational simulations with homology models of
CYP26A1 or CYP26B1 predicted that clotrimazole would bind in the active site of each
enzyme with the sp? nitrogen of the imidazole ring oriented toward the heme, suggesting
that the active site architecture is such that the imidazole is able to approach the heme iron
(Figure 6a and 6b). Zafirlukast, which does not contain any structural moieties amenable to
heme coordination, docked with its cyclopentyl moiety oriented towards the heme (Figure
6¢). Interestingly, CYP26B1 docking of candesartan cilexetil, which contains a tetrazole
moiety theoretically capable of coordinating to the heme iron, suggested that interactions
with active site residues, rather than heme-azole coordination, were responsible for orienting
candesartan cilexetil in the active site of CYP26B1 with the tetrazole moiety oriented in a
distal fashion from the heme (Figure 6d). Indeed, when spectral studies were conducted,
only clotrimazole exhibited a type Il binding spectra for both CYP26A1 and CYP26B1,
indicating that the imidazole nitrogen of clotrimazole was coordinated to the heme. Other
known type Il inhibitors of CYP26 activity in vitro include ketoconazole, R115866 and
R116010 (39). Indeed, when docked in the active sites of either homology model, both
ketoconazole and R115866 were oriented in such a manner as to support potential type 11
binding interactions.

The comparison of unbound inhibitor concentrations in vivo, [1], to in vitro IC50 or K;
values is a commonly used method to predict clinically relevant drug interactions. For
reversible inhibitors, [1]/K; values of between 0.1 and 1 suggest the possibility of a clinically
relevant drug interaction while an [1]/K; greater than 1 implies the interaction is likely (98—
100). Using 1C50 values as a surrogate for Kj, the ratio of unbound C,x values for
clotrimazole and fluconazole to their respective inhibition potencies suggest the potential for
these two compounds to inhibit CYP26 activity either locally (clotrimazole) or systemically
(fluconazole). The low bioavailability of clotrimazole implies that even with high skin
concentrations of the drug, systemic effects are unlikely (101). The effect of antifungal drugs
such as clotrimazole and fluconazole on retinoic acid concentrations has been previously
reported, though the overall role of CYP26 in these interactions remains to be determined.
For example, the Cax and AUC of orally administered retinoic acid were shown to increase
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6-fold and 4-fold, respectively, in a patient with acute promyelocytic leukemia upon co-
administration of oral fluconazole (102). A second case study on a patient with the same
form of leukemia receiving oral retinoic acid described the onset of pseudotumor cerebri, a
CNS toxicity, upon administration of oral fluconazole, a condition which resolved after
discontinuation of the fluconazole treatment (103). While inhibition of CYP2C8, CYP2C9
and CYP3A4 by fluconazole may also be involved in the reported drug interactions, the
contribution of CYP26A1 or CYP26B1 cannot be ruled out, and may provide an plausible
mechanism for the teratogenicity often associated with fluconazole in humans and animal
models (104-107). In addition to clinical drug interactions, additional evidence exists in
vitro and in pre-clinical species in regard to the effects of antifungal drugs on retinoic acid
metabolism. For example, the combination of clotrimazole and a~RA has been shown to
initiate cellular differentiation in retinoic acid-resistant cell lines and to inhibit retinoic acid
metabolism in embryonic carcinoma cells, while a modest induction of murine CYP26
embryonic mRNA expression is observed after administration of teratogenic doses of
fluconazole, perhaps in response to an increase in af-RA concentration (108-110). Similar to
the clinical drug interactions observed between retinoic acid and fluconazole, while not
definitive, the role of CYP26 in these in vitro interactions warrants further consideration. In
terms of clinical drug interactions, however, additional experiments are necessary to
determine whether the observed in vitro inhibition would translate to a clinical setting.

Conclusions

In conclusion, the results demonstrate that CYP26A1 and CYP26B1 are inhibited by many
known inhibitors of CYP2C8. The overlap in inhibitory pharmacophores between CYP2C8
and CYP26A1 or CYP26B1 may be driven by similarities in the active site binding
characteristics of each enzyme and may open the possibility to expand upon the known
pharmacophores related to inhibition of retinoic acid metabolism. Further, the potential for
inhibition of CYP26 to cause clinically relevant drug interactions suggests care should be
taken when co-administering retinoic acid and potent inhibitors such as fluconazole or
clotrimazole. Ultimately, the results expand upon the contributions of CYP26A1 and
CYP26B1 to drug metabolism and drug interactions and should serve to increase the
understanding of the enzymes as both a drug target and in regard to patient safety.
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Figure 1.

CYP26-catalyzed metabolism of tazarotenic acid to tazarotenic acid sulfoxide.
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Figure 2.
Structures of key compounds used to compare inhibition of tazarotenic acid sulfoxidation to

retinoic acid 4-hydroxylation as noted in Table 1 or in docking simulations.
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Correlation between previously reported CYP26 1Csq values using 9-cis-retinoic acid as a
probe substrate and IC50 values generated using tazarotenic acid as a probe substrate for
CYP26A1 (r2 = 0.78) or CYP26B1 (r2 = 0.62) in vitro activity in recombinant CYP
enzymes. Lines represent unity, 3-fold and10-fold difference.
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Figure 5.
In vitro I1Csq curves for select CYP26A1 or CYP26B1 inhibitors using tazarotenic acid as a

probe substrate. Data points represent the average of incubations conducted in triplicate and
IC50 values were calculated using a three-parameter inhibition model with the Hill slope
fixed to 1.
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Figure 6.
Correlation between previously reported CYP2C8 ICsq values and CYP26A1 (r2 = 0.849) or

CYP26B1 (2 = 0.258) ICsq values generated using tazarotenic acid as a probe substrate.
Lines represent unity, 3-fold and10-fold difference.
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Figure 7.
Computational docking of clotrimazole (A, CYP26A1; B, CYP26B1), zafirlukast (C,

CYP26A1) and candesartan cilexetil (D, CYP26B1) into the active sites of CYP26. The
docking orientation of clotrimazole in the active sites of CYP26A1 and CYP26B1 suggests
the potential for the imidazole moiety to inhibit the enzyme through type Il binding
interactions. Active site residues involved in the binding of zafirlukast in the active site of
CYP26A1 (R90, W112, F222, and F299) and candesartan cilexetil in the active site of
CYP26B1 (W117, F295, F299 and Y372) are similar to the active site residues known to be
involved in retinoic acid binding for each isoform. Portions of the protein structure are not
displayed for added clarity.
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Spectral binding results for clotrimazole with recombinantly expressed CYP26A1,
CYP26B1 or CYP2CS8, suggesting enzyme inhibition occurs through type Il binding
interactions with the heme. Ky affinity constants for CYP26A1 (13.3 nM), CYP26B1
(24.7 nM) and CYP2C8 (75.5 nM) were determined through nonlinear regression analysis
(inset figures) and corrected for nonspecific binding in the in vitro assays.
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Figure 9.
Computational docking of ketoconazole (A, CYP26A1; B, CYP26B1) or R115866 (A,

CYP26A1 or B, CYP26B1) supports the reported type Il binding interactions observed for
CYP26AL1 and suggests a similar binding interaction will occur with CYP26B1. The sp2
hybridized nitrogen was located within 3 A of the heme iron in all cases. Portions of the
protein structure are not displayed for added clarity.
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Table 1.

Inhibition of tazarotenic acid sulfoxide formation in recombinant CYP26 enzymes by known inhibitors of
retinoic acid hydroxylation (39, 74). ICgq values are shown + standard error (calculated or reported; N.R. =

Not Reported).

1Cs0 (M)

CYP26A1 CYP26B1

Inhibitor Tazarotenic Acid  9-cis-Retinoic Acid  Tazarotenic Acid  9-cis-Retinoic Acid

CD437 0.01 +0.01 0.04 (N.R.) 0.14 +0.05 0.03 (N.R.)
MM11253 0.02+0.01 0.06 (N.R.) 1.25+0.44 1.03 (N.R.)
Talarazole 0.02 +0.01 0.005 + 0.0008 0.001 + 0.001 0.0005 + 0.0003

Ketoconazole 0.13+0.10 0.55+13 0.19+0.14 0.14+0.21
SR11237 0.81+0.34 33(N.R) 6.86 + 0.46 14.2 (N.R)
Liarazole 0.84 +0.87 2111 0.01+0.01 0.02 +£0.01

Bexarotene 1.31+0.48 12.3(N.R) 1.60+0.27 4.0 (N.R))
EC23 1.60+0.74 8.3+5.23 3.45+2.80 0.94 +0.63
AMB0 2.89+0.24 12 +3.98 9.21+0.83 6.6 +6.7
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Page 29

ICsq values for tazarotenic acid sulfoxide formation in recombinant CYP26 enzyme preparations by inhibitors
of CYP2CS8. Previously reported CYP2C8 ICsq data with the relevant probe substrate is also shown. ICg
values are shown = standard error (N.R.: not reported).

Inhibitor CYP26A1 ICsy (uM)  CYP26B1 IC5o (UM) CYP2C8 ICsy (UM) Substrate Reference
Benzbromarone 0.63 £ 0.06 7.57 £4.93 0.38 (N.R.) Montelukast (HLM) (44)
Candesartan 25.6+25.8 58.3 + 180 36.2+1.7 Amodiaquine (51)
Candesartan Cilexetil 0.41+0.32 0.27 £ 0.06 0.496 + 0.190 Amodiaquine (51)
Clotrimazole 0.02 £0.01 0.05+0.01 0.725 £ 0.116 Amodiaquine (51)
17a-Ethynylestradiol 224 +1.33 6.73+3.77 6.54 +1.22 Amodiaquine (51)
Fluconazole 0.70+0.19 19.8+3.21 48.9 (N.R.) Amodiaquine (50)
Itraconazole 0.55 +0.09 0.16 £ 0.02 2.16 £0.41 Paclitaxel Unpublished Data
Mometasone 0.90 + 0.08 6.81+1.19 0.813+0.112 Amodiaquine (51)
Montelukast 0.12 +0.02 0.61+0.09 0.009 + 0.001 Amodiaquine (51)
Pioglitazone 0.93+0.26 8.48+£1.19 11.7+4.0 Amodiaquine (51)
Quercetin 1.92 +£0.39 76.2 + 148 3.94 +0.64 Amodiaquine (51)
Raloxifene 1.78 £0.77 3.28+1.15 2.15+0.90 Amodiaquine (51)
Repaglinide 7.73 £2.69 0.61+0.25 11.1(N.R) Montelukast (HLM) (44)
Ritonavir 3.84+2.82 2.56 +0.25 3.03+1.14 Amodiaquine (51)
Rosiglitazone 11.9+1.02 8.47 + 6.64 108+3.1 Amodiaquine (51)
Tamoxifen 21.4+20.3 140+1.11 3.34+£155 Amodiaquine (51)
Zafirlukast 0.06 +0.02 0.71+0.23 0.644 +0.273 Amodiaquine (51)
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Table 3.

Spectral binding properties for clotrimazole in recombinant CYP26A1, CYP26B1 and CYP2C8. Standard
error values are reported for I1Csg, f, and K data.

CYP26A1 CYP26B1 CYP2C8
ICso (NM) 247+81 50.1+12.1 725 +116
f, (/Csp assay) 0.661+0.042 04300031 0.155+0.024
1Cs0.unp (NM) 16.3 215 112
K, ("M) 533+71.8 4954 + 640 1574 + 569

f. (spectral binding assay)  0.025+0.001  0.005 + 0.0006 0.048 + 0.002
Ksunb (NM) 13.3 24.7 75.5

Binding Mechanism Type Il Type 1l Type 1l
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Table 4.

Cmaxu ! 1Cs values for inhibitors of tazarotenic acid sulfoxidation. Cpax and f,, data compiled from literature
references as noted in the Materials and Methods.

Crmax.u/1Cs0
Inhibitor Oral Dose Chax ("M)  fuplasma  Cmax,u (NM)  CYP 26A1  CYP 26B1
Benzbromarone 100 mg 9236 0.010 92.4 0.147 0.012
Candesartan 16 mg QD 270 0.002 0.38 <0.001 <0.001
Clotrimazole 1% Topical 67300~ 0.100 6730 337 135
17a-Ethynylestradiol 30 ug 0.5 0.002 0.00085 <0.001 <0.001
Fluconazole 200 mg BID 34606 0.890 30794 440 1.56
Itraconazole 200 mg QD 919 0.002 1.80 0.003 0.011
Mometasone 50 pug Inhaled 0.05 0.010 0.0005 <0.001 <0.001
Montelukast 10 mg 925 0.010 8.90 0.077 0.015
Pioglitazone 45 mg 4489 0.010 38.0 0.048 0.005
Quercetin 500 mg TID 50.9 0.009 0.45 <0.001 <0.001
Raloxifene 1 mg/kg 1.05 0.050 0.50 <0.001 <0.001
Repaglinide 4mg 104 0.026 2.60 <0.001 0.004
Ritonavir 600 mg BID 15258 0.010 150 0.040 0.060
Rosiglitazone 8mg 1673 0.002 3.40 <0.001 <0.001
Tamoxifen 10 mg BID 323 0.020 6.40 <0.001 <0.001
Zafirlukast 20 mg BID 1125 0.010 3.00 0.188 0.016

*
Represents reported clotrimazole concentration in skin (stratum corneum) following topical administration of a 1% clotrimazole cream
formulation.
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