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The objectives of this study were as follows: 1) to compare the metabolic activities of endogenous compounds
and their effects on dopamine formation and hydroxylation of steroid hormones, mediated by human cytochrome
P450 (CYP), including CYP2C9.1 and CYP2C19, as well as the variants CYP2C9.2 (Arg144Cys) and CYP2C9.3
(lle359Leu); and 2) to assess the effects of steroid hormones on the activities of CYP2C9.1, CYP2C9.2, and
CYP2C19 to estimate the contribution of the CYP2C subfamily to metabolism and drug-drug interactions of
endogenous compounds. Dopamine formation from p-tyramine and 6p- and 21- (for progesterone) hydroxyl-
ation of testosterone, cortisol, and progesterone by CYP2C9 variants, CYP2C19, CYP2D6, and CYP3A4 were
determined using HPLC. The effects of steroid hormones such as testosterone, cortisol, and progesterone on
tolbutamide methyl hydroxylation mediated by CYP2C subfamily members were investigated. Only CYP2D6
catalyzed dopamine formation. The 6B-hydroxylation activities of testosterone, cortisol, and progesterone cata-
lyzed by CYP2C9 variants and CYP2D6 were less than 5% of those by CYP3A4. Although cortisol did not inhibit
tolbutamide methyl hydroxylation catalyzed by CYP2C9.1, CYP2C9.2, or CYP2C19 and testosterone did not
inhibit CYP2C19 activity, the reactions catalyzed by CY2C9.1 and CYP2C9.2 were inhibited by testosterone.
The inhibition of progesterone by CYP2C19 was stronger than that by CYP2C9.1 and CYP2C9.2. CYP2C9.1
and CYP2C19 noncompetitively and competitively inhibited tolbutamide methyl hydroxylation with inhibition
constants of 43.2 pM and 1.03 uM, respectively. Clinical interactions among endogenous compounds would
vary within the CYP2C subfamily, although the contribution of the CYP2C subfamily may be of minor importance

for dopamine formation and the detoxification (68-hydroxylation) of endogenous steroid hormones.

1. Introduction

Cytochrome P450 (CYP or P450) enzymes are catalyzing the
metabolism of both exogenous and endogenous compounds
(Rendic 2002; Niwa et al. 2015). The CYP2C subfamily, espe-
cially CYP2C9 and CYP2C19, accounts for about one-fifth of
all P450s in human livers. It is one of the most important P450
subfamilies because it metabolizes more than one-fifth of all thera-
peutic drugs (Shimada et al. 1994; Williams et al. 2004). Although
CYP2C9 and CYP2C19 share 93% amino acid sequence identity,
they have distinct substrate specificities (Niwa et al. 2002; Niwa
and Yamazaki 2012). While CYP3A4 accounts for approximately
30% of all P450s in the human liver and metabolizes half of
the clinically used medicines (Shimada et al. 1994; Williams et
al. 2004), CYP2D6 is expressed in both the liver and the brain
(McFayden et al. 1998). We recently demonstrated the effects of
steroid hormones on the metabolic activities catalyzed by CYP3A
subfamily members (CYP3A4, CYP3AS, and CYP3A7) (Niwa et
al. 2020, 2021) and the contribution of brain CYP2D6 variants to
dopamine formation from p-tyramine (Niwa et al. 2017). However,
there are few reports on the contribution of the CYP2C subfamily
to the biotransformation of and the interactions with endogenous
compounds.

CYP2C9 is polymorphically expressed (The Pharmacogene
Variation 2018). The CYP2C9*2 allele is frequently observed
in Caucasians, with 1-3% and 15-22% of the population being
homozygous and heterozygous carriers, respectively, and the corre-
sponding frequencies for CYP2C9*3 are 0.4-1% and 14-15%,
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respectively (Scordo et al. 2001; Wang et al. 2009). CYP2C9*2 and
CYP2C9*3 alleles had amino acid substitutions (Argl144Cys and
Tle359Leu, respectively) (Wang et al. 2009). However, the effects
of CYP2C9 polymorphisms on the metabolism of and interaction
with endogenous compounds, including steroid hormones, are yet
to be fully elucidated.

Tolbutamide is a typical substrate of CYP2C9 in vitro and a recom-
mended clinical index substrate for studying in vivo drug interac-
tions of CYP2C9 by the US Food and Drug Administration (FDA)
(U.S. Food and Drug Administration 2020). On the other hand,
tolubutamide methyl hydroxylation, a major metabolic pathway
of the drug, is catalyzed by CYP2C9 and CYP2C19 (Niwa and
Imagawa 2016b), although the CYP2C9 content is much higher
than that of CYP2CI19 in the human liver (Williams et al. 2004).
CYP2C9.3 was previously found to have a higher Michaelis
constant (K ) and a lower maximal velocity (V) than CYP2C9.1
and CYP2C9.2 (Niwa et al. 2016b, 2014). Consequently, we
compared the effects of typical endogenous steroid hormones
such as progesterone (a corpus luteal hormone), testosterone (an
androgen), and cortisol (a glucocorticoid) on the tolbutamide
methyl hydroxylation and activities of CYP2C9 variants and
CYP2C19 in order to predict drug interactions in vivo.

2. Investigations and results

First, the effect of P450s including the CYP2C subfamily on
metabolic activities of endogenous compounds were assessed
(Table 1). With regard to dopamine formation from p-tyramine,
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Table 1: Metabolism of endogenous compounds by human hepatic P450s

Metabolic activity (nmol/min/nmol P450)

Metabolic activity CYP3A4 CYP2D6 CYP2C9.1 CYP2C9.2 CYP2C9.3 CYP2C19
Dopamine formation from p-tyramine [200] - 2.92 <0.5 - - <0.5
Testosterone 6p-hydroxylation [100] 181.2 (100) - 2.1(1.2) 2.0 (1.1) 2.4 (1.3) 2.2(1.2)
Testosterone 6p-hydroxylation [500] 219.7 (100) - 6.7 (3.0) 6.9 (3.1) 11.0 (5.0 7.73.5)
Cortisol 6B-hydroxylation [100] 3.67 (100) - <0.1 <0.1 <0.1 <0.1
Cortisol 6B-hydroxylation [500] 12.84 (100) - 0.63 (4.9) 0.49 (3.8) 0.71 (5.5) 0.34 (2.7)
Progesterone 6B-hydroxylation [20] 38.16 (100) 0.31 (0.8) <0.02 <0.02 <0.02 0.71 (1.9)
Progesterone 6B-hydroxylation [200] 57.90 (100) 0.99 (1.7) 0.32(0.5) 0.40 (0.7) 0.48 (0.8) 3.10 (5.4)
Progesterone 21-hydroxylation [20] 0.13(4.7) 0.12 (4.6) <0.02 <0.02 <0.02 2.67 (100)
Progesterone 21-hydroxylation [200] 0.03(2.2) 0.12 (8.3) <0.02 <0.02 <0.02 1.48 (100)

Values in brackets and parentheses show substrate concentrations (M) and percentages of the highest metabolic activities (%), respectively. The results were expressed as the means of duplicate or triplicate

measurements.

only CYP2D6 catalyzed the reaction whereas the activities of
CYP2C9.1 and CYP2C19 were not observed. The 6B-hydrox-
ylation of testosterone, cortisol, and progesterone catalyzed by
CYP2C9 variants, CYP2C19, and CYP2D6 were less than 5% of
those catalyzed by CYP3A4. On the other hand, the highest activity
in progesterone 21-hydroxylation was observed for CYP2C19,
followed by CYP2D6 and CYP3A4, whereas the activities by
CYP2C9 variants were not detected.

Next, the effects of endogenous steroid hormones on tolbutamide
methyl hydroxylation catalyzed by CYP2C9.1, CYP2C9.2, and
CYP2C19 were assessed (Table 2); however, the activity catalyzed
by CYP2C9.3 was too low to estimate the exact inhibitory effect of

Table 2: Effects of steroid hormones on tolbutamide methyl hydroxyl-
ation catalyzed by CYP2C9.1, CYP2(C9.2, and CYP2C19

% of control

Steroid P450 Conc.: 1 uM 10 uM 100 uyM
Testosterone ~ CYP2C9.1 77.1£103** 868 6.1 464 +2.6%**
CYP2C9.2 1003 +34 84.7+134 423 +3.6%*
CYP2C19 984+146 895+154 86.7+14.
Cortisol CYP2C9.1 945+139 107.0+3.1 851=x%1.3%
CYP2C9.2 94.6+13 939+7.1 93.6+5.0
CYP2C19 91.2+16.7 92.0+3.3 91.0+5.6
Progesterone  CYP2C9.1 922+8.6  60.1£7.8%% 21.4+£49%*
CYP2C9.2 86.9 +3.8%* 69.1 +6.3%*F 337 x1.0%*
CYP2C19 72.1£5.8%% 241 x0.1%*% 7.8+0.9%*

Results are expressed as the means = S.D. of duplicate or triplicate measurements. * p<0.05, **
p<0.01 vs control.
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Fig.:  Inhibitory effects of progesterone on tolbutamide hydroxylation activities

mediated by CYP2C9.1 and CYP2C19. Progesterone concentrations for CY-
P2CO.1, @: O uM, A:2 uM, m: 10 uM, ¢: 50 uM; for CYP2C19, @: O uM, A:
0.5 uM, m: 2 puM, ¢: 10 uM. The results were analyzed by nonlinear regres-
sion through duplicate or triplicate measurements at each substrate/inhibitor
concentration.
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the hormones. Although cortisol did not inhibit tolbutamide methyl
hydroxylation catalyzed by CYP2C9.1, CYP2C9.2, or CYP2C19
while testosterone did not inhibit CYP2C19 activity, the reactions
catalyzed by CY2C9.1 and CYP2C9.2 were inhibited by more than
50% by testosterone at a concentration of 100 uM. Progesterone at
10 uM inhibited the catalytic activity of CYP2C19 by 76%, and
the inhibitory effect of progesterone on CYP2C19 was stronger
than those on CYP2C9.1 and CYP2C9.2. Therefore, the inhibition
pattern of progesterone and the magnitude of effect were further
evaluated (Fig.). Interestingly, progesterone noncompetitively
and competitively inhibited tolbutamide methyl hydroxylation
catalyzed by CYP2C9.1 and CYP2C19 with K, values of 43.2 and
1.03 uM, respectively.

3. Discussion

The present study demonstrated that dopamine formation from
p-tyramine was not catalyzed by CYP2C9.1 and CYP2C19,
whereas only CYP2D6 catalyzed this reaction. Since CYP2D6
but not the CYP2C subfamilies are present not only in the liver
but also in the brain, and dopamine is not able to travel across
the blood-brain barrier, CYP2D6 in the brain might be essential
for dopamine biotransformation from p-tyramine in addition
to its synthesis from dihydroxyphenylalanine (L-DOPA)
(Hiroi et al. 1998). Although the 6B-hydroxylation activities of
three steroid hormones by CYP2C9 variants, CYP2C19, and
CYP2D6 were less than 5% of those for CYP3A4 (Table 1), the
highest progesterone 21-hydroxylation (deoxycorticosterone
formation) activity was observed for CYP2C19, suggesting that
hepatic CYP2C19 might partially contribute to the biotransfor-
mation of deoxycorticosterone, a mineral corticoid secreted by
the adrenal gland (Reddy 2006). However, the hydroxylation
of steroid hormones catalyzed by CYP2C9.2 and CYP2C9.3
were similar to those by CYP2C9.1 (Table 1), suggesting that
CYP2C9 polymorphisms had minor effects on endogenous
hormone metabolism.

In the present study, progesterone inhibited tolbutamide methyl
hydroxylation catalyzed by CYP2C9.1 and CYP2C19 noncom-
petitively and competitively, respectively. In addition, testosterone
inhibited the activities catalyzed by CYP2C9.1 and CYP2C9.2,
but not CYP2C19. We have previously reported that voriconazole,
an azole antifungal, noncompetitively inhibited tolbutamide
methyl hydroxylation catalyzed by CYP2C9.1 and CYP2C9.3,
whereas fluconazole and voriconazole competitively inhibited its
hydroxylation catalyzed by CYP2C9.2. Fluconazole also compet-
itively inhibited tolbutamide methyl hydroxylation catalyzed by
CYP2C9.1 (Niwa et al. 2016b). Thus, the inhibition type seems
to differ by P450 enzymes, substrates, inhibitors, and/or other
experimental conditions. Further investigation, for instance, using
three-dimensional structural analysis such as molecular docking
simulation (Niwa et al. 2019) would be required.
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The K, value of progesterone for CYP2C19 (1.03 uM) was much
lower than that for CYP2C9.1 (43.2 uM). When the substrate
concentration is lower than the K value, the degree of interaction
(R, expressed as fold-change in AUC) can be expressed using the
following equation, independent of the inhibition type, except in
the case of uncompetitive inhibition (Ito et al. 1998):

R=1+I1/K

where I is the unbound concentration of the inhibitor exposed to
the active site of the enzyme. The plasma concentrations of testos-
terone, cortisol, and progesterone have been reported to be below
35 nM (Diver 2009), 46.2 ng/dL (1.3 uM) (Benfield et al. 2010),
and 1.2 nM (Andréen et al. 2006) or 10.5 (range: 5.6-16.9) ng/mL
(33 nM, range: 18-54 nM) (Delfs et al. 1994), respectively. They
are much lower than the concentrations at which the inhibitory
effects were observed in this study. However, reports on the distri-
bution of these hormones in the human liver and brain are rare due
to challenges in measuring their concentrations in humans. Further
pharmacokinetic investigations, including the measurement of
their distribution in the liver and brain, are required to assess the
pharmacological effects of steroid hormones in these tissues.

In conclusion, the present study suggests that the substrate spec-
ificity and inhibition sensitivity for both extraneous substances
and endogenous compounds differ between CYP2C9 variants and
CYP2C19. The significance of the CYP2C subfamily in endoge-
nous metabolism warrants further elucidation.

4. Experimental

4.1. Materials

CYP2C9.1,CYP2C9.2, CYP2C9.3, CYP2C19, CYP2D6, and CYP3A4, co-expressed
with NADPH-P450 reductase but not cytochrome b, in recombinant Escherichia
coli (Bactosomes, Easy CYP), were obtained from Cypex Ltd. (Dundee, UK).
Tolbutamide, methyl hydroxylated tolbutamide, and 6f-hydroxytestosterone were
purchased from Sigma-Aldrich (MO, USA), Tocris Bioscience (Bristol, UK), and
Funakoshi Co., Ltd (Tokyo, Japan), respectively. Cortisol and deoxycorticosterone
(21-hydroxyprogesterone) were purchased from Fujifilm Wako Pure Chemicals
(Osaka, Japan). Testosterone and progesterone were obtained from Nacalai Tesque
(Kyoto, Japan). P-tyramine, dopamine, 6p-hydroxyprogesterone, and 6p-hydroxy-
cortisol were purchased from Tokyo Chemical Industry (Tokyo, Japan). All other
reagents and organic solvents used were of the highest commercially available purity.

4.2. Determination of drug-metabolizing P450 activities

Tolbutamide methylhydroxylation, dopamine formation from p-tyramime, cortisol
6p-hydroxylation, testosterone 6B-hydroxylation, and 6B- and 21-hydroxylation of
progesterone were determined as previously described (Hiroi et al. 1998; Niwa et al.
2005, 2014, 2017, 2019). To assess the effect on tolbutamide methyl hydroxylation,
the incubation mixture consisted of human CYP2C9.1, CYP2C9.2, or CYP2C19
subfamily, I mM NADPH, 100 uM tolbutamide [close to the previously reported K |
(Niwa et al. 2014)], 1-100 uM steroid hormones, and 100 mM potassium phosphate
buffer (pH 7.4) in a final volume of 500 pL. The reaction linearity with different
concentrations and incubation times was confirmed for each P450 in preliminary
experiments. All data were analyzed by performing duplicate or triplicate measure-
ments. Inhibitory constants (K,) were determined by Michaelis-Menten kinetics using
nonlinear least squares regression by means of MULTI software (Yamaoka et al.
1981).
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