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Abstract

Cytochrome P450 (CYP) 3A4 is one of the major drug-metabolizing enzymes. Genetic variants of
CYP3A4 with altered activity are one of the factors responsible for interindividual differences in
drug metabolism. Azole antifungals competitively inhibit CYP3A4 to cause clinically significant
drug-drug interactions. In the present quantitative study, we investigated the inhibitory effects of
three azole antifungals (ketoconazole, voriconazole, and fluconazole) on testosterone metabolism
by recombinant CYP3A4 genetic variants (CYP3A4.1 (WT), CYP3A4.2, CYP3A4.7,
CYP3A4.16, and CYP3A4.18) and compared them with those previously reported for
itraconazole. The inhibition constants (K;) of ketoconazole, voriconazole, and fluconazole for
rCYP3A4.1 were 3.6 nM, 3.2 pM, and 18.3 pM, respectively. The K; values of these azoles for
rCYP3A4.16 were 13.9-, 13.6-, and 6.1-fold higher than those for rCYP3A4.1, respectively,
whereas the K; value of itraconazole for rCYP3A4.16 was 0.54-fold of that for rCYP3A4.1. The
other genetic variants had similar effects on the Kj values of the three azoles, whereas a very
different pattern was seen for itraconazole. In conclusion, itraconazole has unique characteristics
that are distinct from those shared by the other azole anti-fungal drugs ketoconazole, voriconazole,
and fluconazole with regard to the influence of genetic variations on the inhibition of CYP3A4.
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Introduction

Cytochrome P450 (CYP) 3A4 is a clinically significant oxidative enzyme that is involved in
the metabolism of >50% of drugs used in the clinical setting, as well as certain endogenous
substances (e.g., steroids) [1]. More than thirty non-synonymous genetic variants of
CYP3A4 have been identified to date [2]. /n vitroand /n vivo studies have shown that the
metabolic activity of these genetic variants differs, and such variation is one of the factors
responsible for interindividual variability in CYP3A4-mediated drug metabolism [3, 4].

On the other hand, the inhibition of CYP3A4 is one of the major causes of drug-drug
interactions (DDI). For example, a variety of important azole antifungals are known to be
potent competitive inhibitors of CYP3A4 [5]. Using recombinant human CYP3A4 variants
(rCYP3A4.1 (WT), rCYP3A4.2, rCYP3A4.7, rCYP3A4.16, and rCYP3A4.18) expressed in
Escherichia coli, we previously found that the inhibitory kinetics of two typical CYP3A4
inhibitors, itraconazole (ITCZ, Figure 1A) and cimetidine, were affected differently by
genetic variations in CYP3A4 [6]. ITCZ exhibited lower and higher inhibitory potency
against CYP3A4.7 and CYP3A4.16, respectively, compared with its potency against
CYP3A4.1, while cimetidine displayed the opposite trend. An /7 sifico docking simulation
demonstrated that these differences in the effects of genetic variations could be explained
based on the ability of the two inhibitors to access the active site of each CYP3A4 variant,
which was affected by conformational changes caused by amino acid substitution(s).

Among azole antifungals, the order of inhibitory potency towards CYP3A4.1 follows the
pattern ketoconazole (KCZ, Figure 1C) > ITCZ > voriconazole (VCZ, Figure 1D) >
fluconazole (FCZ, Figure 1B) [5]. However, it remains to be investigated whether this is also
the case for other CYP3A4 variants. Although azole nitrogen atoms are considered to play
an important role in the interactions between antifungals and the catalytic site of CYP3A4
[7], the roles the non-azole parts of these inhibitors play in such interactions remain unclear.

The aim of this study was to quantitatively evaluate the inhibitory properties of three azole
antifungals, KCZ, VCZ, and FCZ, on testosterone (TST) metabolism by CYP3A4 variants
(rCYP3A4.1, rCYP3A4.2, rICYP3A4.7, rCYP3A4.16, and rCYP3A4.18) and compare them
with those of ITCZ, which were reported previously.

Materials and Methods

Chemicals and materials

TST, FCZ, and KCZ were purchased from Nacalai Tesque Inc. (Kyoto, Japan), Wako Pure
Chemical Industries Ltd (Osaka, Japan), and Sigma-Aldrich (St Louis, MO), respectively.
VVFEND (200 mg, a VCZ injection solution) was purchased from Pfizer (New York, NY,
USA). Hydrocortisone and 6B-hydroxytestosterone (63-OH TST) were obtained from
Sigma-Aldrich and SPI-Bio Bertin Pharma (Bretonneux, France), respectively. The E. coli
membrane fractions of CYP3A4.1, CYP3A4.2, CYP3A4.7, CYP3A4.16, and CYP3A4.18
were prepared as described previously [8]. All other reagents were of reagent or high-
performance liquid chromatography (HPLC) grade and were obtained commercially.
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Study of the inhibitory effects of azole antifungals on CYP3A4 variants

The CYP3A4 membrane fraction (0.0125 nmol P450/mL) was preincubated at 37 °C for 10
min in 300 mM potassium phosphate buffer (pH 7.4) containing TST (final concentration:
10-500 pM) as a substrate, EDTA (0.1 mM), and either FCZ (10-500 pM), KCZ (3-300
nM), or VCZ (3-300 pM) as a competitive inhibitor. The reaction was initiated by adding an
NADPH-generating system (0.2 mM NADPH, 5 mM glucose-6-phosphate, 0.5 mM NADP*,
1 unit/mL glucose-6-phosphate dehydrogenase, and 3 mM MgCly). The final volume of the
reaction mixture was 500 pL. After incubation for 20 min, the reaction was terminated by
adding 500 pL ice-cold methanol containing 18.4 uM hydrocortisone as an internal standard.
Subsequently, the reaction mixture was centrifuged at 4 °C, and the concentration of 63-OH
TST in the supernatant was determined using the HPLC-UV method described below. TST
was dissolved in the buffer using both ethanol and methanol. FCZ and KCZ were dissolved
in the buffer using ethanol and methanol, respectively. The final concentrations of ethanol
and methanol in the reaction buffer did not exceed 1% and 2.5%, respectively.

Determination of the 6B-OH TST concentration using the HPLC-UV method

The HPLC-UV system consisted of a pump (LC-20AD), UV detector (SPD-20A)
(Shimadzu, Kyoto, Japan), and octadecylsilane reversed-phase column (Cosmaosil, 5C1g-AR-
Il or 5C1g-MS-I1, 4.6 mm x150 mm, Nacalai Tesque). The column temperature was set at 45
°C. The mobile phase was composed of 43% or 45% (v/v) methanol, at a flow rate of 2.0
mL/min. The detection wavelength was set at 254 nm. The concentration of 6p-OH TST was
determined from the area of the relevant peak using hydrocortisone as an internal standard.

Calculation of kinetic parameters

Equation 1 was fitt to sets of metabolic rates at all inhibitor concentrations and various
substrate concentrations using a non-linear least-squares method and the MLAB software
(Civilized Software Inc., Bethesda, MD, USA) to calculate the following kinetic parameters:
the logarithm of the Michaelis constant (In Kj,), the maximum reaction rate ( Vinax, i.€. Azat),
and the logarithm of the inhibitory constant (In Kj).

U = Vmax/[{1 + exp(In[I] — InK;) }exp(InKy, — In[S]) + 1] equation 1

Statistical analysis

The order (from largest to smallest) of the K; values for the five examined variants was
compared among the inhibitors, and a Spearman’s rank correlation coefficient was
calculated. Furthermore, the correlation between the order of the inhibitor Kj values and that
of Ky, values of the five variants for TST metabolism was assessed in the same manner. The
significance of differences between the Kj and K, values for the CYP3A4 variants was
determined by analysis of variance, followed by Dunnett’s multiple comparisons test, using
SPSS software (version 25; SPSS Inc., Chicago, IL). P-values of <0.05 were considered
statistically significant.
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Comparison of metabolic kinetics among CYP3A4 variants

The Kkinetic parameters of the CYP3A4 variants are shown in Table 1. The Vjax (i.€.
keat)values of CYP3A4.16 and CYP3A4.18 were significantly lower and higher than that of
the WT, respectively. The K, values of all variants were higher than that of the WT. In
particular, the K, value of CYP3A4.16 was almost 7-fold higher than that of the WT. The
“intrinsic clearance” (Viax/ Km, i.e. specificity constant) values of CYP3A4.7 and
CYP3A4.16 were significantly lower than that of the WT enzyme.

Comparison of the inhibitory potency of azole antifungals among CYP3A4 variants

All of the tested inhibitors (FCZ, KCZ, and VCZ) inhibited CYP3A4 activity in a
concentration-dependent manner (Figure 2). The K; values of FCZ for CYP3A4.7,
CYP3A4.16, and CYP3A4.18 were significantly higher than that for the WT (i.e., FCZ
exhibited weaker inhibitory potency against the variants; Table 2). In particular, the Kj value
for CYP3AA4.16 was >6-fold higher than that for the WT enzyme. With regard to KCZ, its K;
values for CYP3A4.2, CYP3A4.7, and CYP3A4.18 were comparable to that for the WT
enzyme, while its Kj value for CYP3A4.16 was significantly higher (14-fold) than that for
the WT. Similarly, the Kj values of VCZ for all variants were higher than that for the WT,
and its Kj value for CYP3A4.16 was markedly increased (also 14-fold higher than that for
the WT; Table 2).

Correlations between the order of inhibitory potency (K; values) between azole antifungals

The order of Kj values among CYP3A4 variants was compared between pairs of inhibitors,
and a correlation coefficient was calculated for each pair (Table 3). In the comparison
between VCZ and FCZ, it was found that the two inhibitors exhibited similar K; value
orders, resulting in a correlation coefficient (r;) of 0.9. Good correlations in the Kj value
order were also observed between KCZ and VCZ and between KCZ and FCZ (; 0.7 and
0.9, respectively). However, the K; value order of ITCZ did not display good correlations
with those of the other three azoles (r; —0.3 to —0.1). In the comparison of the order of the
K values for TST among the variants, good correlations with the order of K; values were
observed for both FCZ and VCZ (5 0.98 and 1.0, respectively). However, ITCZ did not
exhibit any such correlation (7 0.09).

Discussion

In order to assess the risk of an individual to drug interactions with azole antifungals
involving CYP3A4 inhibition, which can lead to severe clinical outcomes [9-12], it is
crucial to quantitatively investigate the inhibitory Kinetics of such interactions for both the
WT enzyme and the variants. The present study provides clinically useful information about
the inhibitory potency of azole antifungals against major CYP3A4 genetic variants.

The order of inhibitory potency against CYP3A4.1 was in the order KCZ > VCZ > FCZ
(Table 2). KCZ exhibited almost 1,000-fold more potent inhibition than the other three
inhibitors. These findings are consistent with the findings of a previous study by Zhang [5],
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which showed that the order of inhibitory potency was KCZ > ITCZ > VCZ > FCZ. It has
been reported that two molecules of KCZ bind to the catalytic site in parallel, but opposite
directions [13]. In addition, it has been reported that the hydrogen bonds between the two
molecules of KCZ and Ser119 and Arg372, which are close to a heme moiety, and the -1t
interaction between the chlorobenzyl ring of KCZ and Phe304 contribute to stabilizing the
CYP3A4-KCZ complex [13]. These three amino acid residues are conserved in all of the
CYP3A4 variants investigated in this study. Therefore, our finding that KCZ displayed more
potent inhibition than other azole antifungals that lack a chlorobenzyl ring, regardless of
genetic mutations in CYP3A4, are quite plausible.

The order of the K; values for the CYP3A4 variants was similar for all three azole
antifungals, with r; values of 0.7-0.9 seen for each pair of azole antifungals (Table 3). As the
nitrogen atom of the azole moiety binds to the heme molecule of CYP3A4 and the structures
located near the azole are similar in all three antifungals, it is reasonable to conclude that
their K values were influenced similarly by non-synonymous mutations.

In a comparison of the effects of genetic variations in CYP3A4 on the order of inhibitory
potency between ITCZ (based on our previous findings) and FCZ, VCZ, and KCZ, a
different pattern for ITCZ was seen than for the other three inhibitors. One possible
explanation for these differences is that ITCZ is structurally bulkier than the others so it may
access the heme iron in a different way from the other inhibitors (Figure 1A). This indicates
that the inhibitory potency of inhibitors, even within the same structural group, can be
affected differently by genetic polymorphisms in enzymes. Therefore, the inhibitory potency
of an inhibitor against a certain variant of an enzyme cannot be estimated accurately based
on its inhibitory potency against the WT form, even if data for structurally similar inhibitors
are available. In order to quantitatively estimate the extent of DDI for each individual, the
inhibitory potency of each inhibitor against the variant of the target enzyme that the subject
bears should be determined experimentally.

The effects of genetic variations in CYP3A4 on the order of K, values for TST metabolism
also exhibited a good correlation with the order of K; values for FCZ and VCZ (r; 0.98 and
1.0, respectively), but this was not the case for ITCZ (rs 0.09). Regarding the interaction
with the CYP3A4 molecule, TST might share more binding site(s) or moieties with FCZ and
VCZ than with ITCZ.

In the present study, although we compared inhibitory potency among CYP3A4 variants
using the K values obtained from the inhibition study, we do not know the structural basis of
our findings. The crystal structures of CYP3A4 variants have not been determined, so the
nature of the binding of substrates/inhibitors to CYP3A4 remains unknown. The results of
the current study may be explained or accurately predicted by further investigations
involving /n sifico docking simulations and/or actual X-ray crystal structure analysis.

Conclusion

In this study, KCZ, VCZ, and FCZ inhibited the enzymatic activity of five CYP3A4 variants
with different potencies. The order of inhibitory potency against the CYP3A4 variants was
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similar among these three azoles but different from that of ITCZ. As genetic variations affect
the inhibitory kinetics of inhibitors differently, even within the same structural group,
inhibitory kinetics should be determined experimentally, at least for major variants, in order
to enable the personalized prediction of the extent of DDI.
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The effects of azole antifungals on TST metabolism by CYP3A4.1 (A: FCZ, B: KCZ, C:
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