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ABSTRACT

Knockout (KO) of mouse Cyp3a genes increases the expression of he-
patic CYP2C enzymes, which can metabolize triazolam, a typical substrate
of human CYP3A. There is still marked formation of 1’-hydroxytriazolam
in Cyp3a-KO (3aKO) mice after triazolam dosing. Here, we generated a
new model of humanized CYP3A (hCYP3A) mice with a double-KO back-
ground of Cyp3a and Cyp2c genes (2c3aKO), and we examined the meta-
bolic profiles of triazolam in wild-type (WT), 2c3aKO, and hCYP3A/
2¢3aKO mice in vitro and in vivo. In vitro studies using liver microsomes
showed that the formation of 1’-hydroxytriazolam in 2c3aKO mice was
less than 8% of that in WT mice. The formation rate of 1’-hydroxytriazolam
in hCYP3A/2c3aKO mice was eightfold higher than that in 2c3aKO mice.
In vivo studies showed that area under the curve (AUC) of 1’-hydroxytria-
zolam in 2¢3aKO mice was less than 3% of that in WT mice. The AUC of
1’-hydroxytriazolam in hCYP3A/2c3aKO mice was sixfold higher than that
in 2c3aKO mice. These results showed that formation of 1’-hydroxytriazo-
lam was significantly decreased in 2c3aKO mice. Metabolic functions of

human CYP3A enzymes were distinctly found in hCYP3A mice with the
2c3aKO background. Moreover, hCYP3A/2c3aKO mice treated with cloba-
zam showed human CYP3A-mediated formation of desmethylclobazam
and prolonged elimination of desmethylclobazam, which is found in poor
metabolizers of CYP2C19. The novel hCYP3A mouse model without
mouse Cyp2c and Cyp3a genes (hCYP3A/2¢c3aKO) is expected to be use-
ful to evaluate human CYP3A-mediated metabolism in vivo.

SIGNIFICANT STATEMENT

Humanized CYP3A (hCYP3A/2c3aK0) mice with a background of dou-
ble knockout (KO) for mouse Cyp2c and Cyp3a genes were generated.
Although CYP2C enzymes played a compensatory role in the metabo-
lism of triazolam to 1’-hydroxytriazolam in the previous hCYP3A/3aKO
mice with Cyp2c genes, the novel hCYP3A/2c3aKO mice clearly
showed functions of human CYP3A enzymes introduced by chromo-
some engineering technology.

Introduction

Cytochrome P450 (P450) enzymes constitute gene families that are
involved in the metabolism of lipophilic compounds, including thera-
peutic agents. Since CYP2 and CYP3 families catalyze the metabolism
of numerous drugs, they are considered to be clinically relevant (Zanger
and Schwab, 2013). Four P450 isoforms (3A4/3A5/3A7/3A43) exist in
the human CYP3 family. CYP3A4, which is highly expressed in hepa-
tocytes and intestinal enterocytes, plays important roles in the first-pass
metabolism of orally administered drugs. On the other hand, the mouse
CYP3 family has eight isoforms (3A11/3A13/3A16/3A25/3A41/3A44/
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3A57/3A59). Mouse CYP3A11, CYP3A25, and CYP3A41 are predomi-
nantly expressed in the liver, whereas CYP3A13 is detected more in the
intestine than in the liver (Martignoni et al., 2006). The species differ-
ences in expression profiles of CYP3A isoforms make interspecies com-
parison complex. Among the CYP2 family, the CYP2C subfamily is the
largest and has four isoforms in humans and 15 isoforms in mice. Be-
cause of these significant species differences, it is difficult to extrapolate
mouse in vivo pharmacokinetic data to the human situation. To resolve
this problem, various mouse models (e.g., transgenic mice, humanized
mice, and chimera mice with human hepatocytes) were developed (Gon-
zalez et al., 2015; Bissig et al., 2018; Satoh et al., 2018).

We previously developed fully humanized CYP3A (hCYP3A) mice
with the CYP3A gene cluster, including four human genes (CYP3A4,
CYP3A5, CYP3A7, and CYP3A43) with a mouse Cyp3a knockout
(3aKO) background (Kazuki et al., 2013, 2019). The hCYP3A/3aKO
mice carry a human or mouse artificial chromosome (MAC) vector,
which contains the entire genomic human CYP3A locus. The hCYP3A/
3aKO mice recapitulate tissue- and stage-specific expression of human
CYP3A genes and human CYP3A-mediated drug metabolism in the
mice. In vitro studies using liver microsomes showed that metabolites

ABBREVIATIONS: 3aKO, Cyp3a knockout; AUC, area under the plasma concentration-time curve; CLB, clobazam; FISH, fluorescence in situ
hybridization; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; hCYP3A, humanized CYP3A; KO, knockout; LC-MS/MS, liquid chromatog-
raphy—tandem mass spectrometry; MAC, mouse artificial chromosome; NCLB, N-desmethylclobazam; P450, cytochrome P450; PCR, polymer-

ase chain reaction; WT, wild type.
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of triazolam, a typical substrate of CYP3A, were formed in hCYP3A/
3aKO mice and that the formation rate was markedly low in 3aKO
mice (Kazuki et al., 2013, 2019). However, in vivo studies showed no
significant difference in the plasma levels of triazolam and its metabo-
lites, 1’-hydroxytriazolam and 4-hydroxytriazolam, after intravenous ad-
ministration of triazolam between hCYP3A/3aKO and 3aKO mice
(Minegishi et al., 2019). In addition, plasma levels of 1’-hydroxytriazo-
lam were also detectable in 3aKO mice after oral administration of tria-
zolam, although the levels of 4-hydroxytriazolam were much lower
(Supplemental Fig. 1). Area under the plasma concentration-time curve
(AUC) ratios of metabolite/triazolam were not significantly different
between hCYP3A/3aKO and 3aKO mice (Supplemental Table 1).
Thus, the formation of 1’-hydroxytriazolam and 4-hydroxytriazolam
via enzymes other than CYP3A isoforms in 3aKO mice limits the estima-
tion of human CYP3A-mediated metabolism in hCYP3A/3aKO mice.

It has been reported that 1’-hydroxytriazolam and 4-hydroxytriazolam
from triazolam in liver microsomes of 3aKO mice are formed by mouse
endogenous CYP2C enzymes (Minegishi et al., 2019). This might be due
to compensatory mechanisms by CYP2C enzymes increased in 3aKO
mice (van Waterschoot et al., 2008). Therefore, we thought that deletion of
mouse endogenous CYP2C enzymes in hCYP3A/3aKO mice might enable
the evaluation of human CYP3A functions as an in vivo mouse model.

Here, we generated a new model of hCYP3A mice with a double-
knockout (KO) background of Cyp3a and Cyp2c genes (hCYP3A/
2¢3aKO mice), and the in vitro and in vivo metabolic profiles of triazo-
lam in wild-type (WT), 2c3aKO, and hCYP3A/2c3aKO mice were in-
vestigated. In addition, we compared plasma concentration-time profiles
of clobazam (CLB) and N-desmethyl CLB (NCLB) between hCYP3A/
3aKO and hCYP3A/2¢3aKO mice to examine the roles of CYP3A and
CYP2C in the sequential metabolism of CLB.

Materials and Methods

Materials. CLB and NCLB were purchased from Sigma-Aldrich Japan
(Tokyo, Japan). Triazolam was purchased from Wako Pure Chemicals (Osaka,
Japan). 1’-Hydroxytriazolam and 4-hydroxytriazolam were gifted by Nihon Upjohn
Co. (Tokyo, Japan). Pooled human liver microsomes (#452161) were purchased
from Corning (Corning, NY). Pooled human intestine microsomes (#H0610.I) were
obtained from Sekisui Medical (Tokyo, Japan). Other reagents were purchased
commercially.

Animals. C57BL/6 mice (CLEA, Tokyo, Japan) were used as WT mice. The
generation and characterization of 3aKO mice and hCYP3A/3aKO mice are
described in previous reports (Hashimoto et al., 2013; Kazuki et al., 2013;
Hashimoto et al., 2016; Abe et al., 2017). In brief, 3aKO mice lacking the mouse
Cyp3a gene cluster were generated by mating Cyp3al3 ~~ mice and a Cyp3a57-
597~ mice. hourCYP3A/3aKO mice were produced by crossing 3aKO mice
and transchromosomic mice with an MAC vector containing the entire human
CYP3A gene cluster (CYP3A4, CYP3A5, CYP3A7, and CYP3A43) with their reg-
ulatory regions (promoters and enhancers). Cyp2c-KO mice (Scheer et al., 2012)
were obtained from Taconic Biosciences (Rensselaer, NY) and crossed with
hCYP3A/3aKO mice to produce hCYP3A/2c3aKO mice, which are hCYP3A
mice with a double-KO background of Cyp2c¢ and Cyp3a genes, and 2c3aKO
mice, which are double-KO mice of Cyp2c and Cyp3a genes without the
hCYP3A-MAC vector. Generation of hCYP3A/2c3aKO mice was confirmed by
fluorescence in situ hybridization (FISH) analysis of hCYP3A-MAC and geno-
typing polymerase chain reaction (PCR) with primers detecting human CYP3A
genes and mouse Cyp3aKO and Cyp2cKO (Kazuki et al., 2013; Supplemental
Table 2). All genetically modified mice were backcrossed to the C57BL/6 strain
for at least 10 generations. Male mice ranging from 10 to 12 weeks of age were
used in the present study. All mice were kept in a temperature-controlled environ-
ment with a 12-hour light/dark cycle. The present study was conducted in accor-
dance with the Guidelines for the Care and Use of Laboratory Animals as adopted
by the Committee on Animal Research of Tottori University.

FISH Analysis. Cultured lymphocytes were treated with 0.075M KCl for
15 minute and fixed with methanol and acetic acid (3:1). Chromosome spread
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specimens were prepared using standard methods. FISH analysis was performed
using digoxigenin-labeled mouse minor satellite DNA and biotin-labeled
CYP3A-BAC DNA (RP11-757A13) as described previously (Tomizuka et al.,
1997). Chromosomal DNA was counterstained with DAPI (Sigma Aldrich,
St. Louis, MO). FISH images were captured with a CoolCubel charge-coupled
device camera (MetaSystems GmbH, Altlussheim, Germany) coupled with an
AxiolmagerZ2 fluorescence microscope (Carl Zeiss GmbH, Jena, Germany).
Images were processed using Isis software (Metasystems).

mRNA Analysis. Livers and small intestines (I-cm segments collected at
10 cm from the pyloric region) were subjected to total RNA extraction by using
ISOGEN II (Nippon Gene, Tokyo, Japan). To remove contaminating genomic
DNA, total RNA was treated with RNase-free DNase I. First-strand cDNA was syn-
thesized by using a random hexamer and a High-Capacity cDNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific, Waltham, MA). The synthesized cDNA was
subjected to quantitative PCR by a CFX Connect Real-time System (Bio-Rad Labo-
ratories, Hercules, CA). The mRNA expression levels were determined by using
THUNDERBIRD probe gPCR Mix (Toyobo, Osaka, Japan) and TagMan Gene Ex-
pression Assays (Hs00604506_m1 for human CYP3A4, MmO00484110_m! for
mouse CYP3A13, Mm00725580_s1 for mouse CYP2C29, Mm00487224 ml for
CYP1A2, Mm00456591_m1 for CYP2B10, Mm02603337_m1 for UGT1Al, and
Mm00440761_m1 for Mdrla; Thermo Fisher Scientific). The mRNA expression
levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were detected by
20X Pre-Developed TagMan Assay Reagent mouse GAPDH (Thermo Fisher Scien-
tific) for normalization.

Protein Analysis. Microsomal fractions were prepared from the liver and
small intestine of WT, 3aKO, 2¢3aKO, hCYP3A/3aKO, and hCYP3A/2¢c3aKO
mice as described previously (Kazuki et al., 2013; Minegishi et al., 2019). Ex-
pression of CYP3A4 protein was examined by western blotting as described pre-
viously (Kobayashi et al., 2019). Pooled samples (4 pg) for each group were
subjected to analysis with pooled human liver and pooled human intestine micro-
somes. CYP3A4 and GAPDH proteins (loading control) were detected by
LuminoGraph I with CS Analyzer 4 (Atto, Tokyo, Japan).

Triazolam Hydroxylation Activity in Vitro. An incubations mixture (to-
tal volume of 100 pL) contains an NADPH-generating system (1 IU/mL glu-
cose-6-phosphate dehydrogenase, 2 mM glucose-6-phosphate, 0.5 mM NADP™,
4 mM MgCl,), 100 mM potassium phosphate buffer (pH 7.4), 0.1 mM EDTA,
and 50 uM triazolam as a substrate. The incubation times (30 minutes) and
protein concentrations of microsomes (0.1 mg/mL) used were selected from
the linear range of formation of triazolam metabolites. Reactions were started
by the addition of the NADPH-generation system (10 pL) after preincubation of
the mixtures for 1 minute at 37°C. To stop incubation, 500 pL of acetonitrile/
methanol/formic acid [500/500/1 (v/v/v)] was added. As an internal control,
10 pL of 0.25 pg/mL propranolol in methanol was added to the supernatant
(100 pL). Determination of 1’-hydroxytriazolam and 4-hydroxytriazolam was
carried out using liquid chromatography—tandem mass spectrometry (LC-MS/
MS).

Pharmacokinetic Analysis of Triazolam. WT, 2c3aKO, and hCYP3A/
2¢3aKO mice (n = 4 per group) were orally administered with triazolam
(1 mg/kg). Blood samples were collected from suborbital veins using a heparin-
ized capillary tube at 15, 30, 45, 60, and 120 minutes after triazolam dosing.
Plasma was separated and kept at —80°C until determination. Plasma (10 pL)
was mixed with 50 pL of propranolol (0.05 pg/mL) as an internal standard. Pro-
pranolol solution was prepared in acetonitrile containing 0.1% (v/v) formic acid.
Mixed samples were centrifuged at 15,000g for 10 minutes, and then 45 pL of
the supernatant was mixed with 75 pL of a mixture consisting of 0.1% (v/v) formic
acid in methanol and distilled water (3/2, v/v). The filtrate was subjected to deter-
mine the concentrations of triazolam, 1’-hydroxytriazolam and 4-hydroxytriazolam
by LC-MS/MS. AUC from 0 to 120 minutes was calculated using the linear trape-
zoidal method.

Pharmacokinetic Analysis of Clobazam. hCYP3A/3aKO and hCYP3A/
2¢3aKO mice (n = 4 per group) were orally administered with CLB (10 mg/kg).
At 0.25, 0.5, 1, 2, 4, and 24 hours after CLB dosing; blood samples were col-
lected as described above. At an interval of 2 weeks, the mice were orally treated
with phenobarbital (100 mg/kg per day) for 3 days. After 18 hours of final dos-
ing, the mice were orally treated with CLB (10 mg/kg). Blood samples were col-
lected as described above, and plasma was kept at —80°C. Plasma (10 pL) was
mixed with 80 pL of oxazepam (0.018 pg/mL in methanol) as an internal stan-
dard. After centrifugation at 15,000g for 10 minutes, 75 pL of the supernatant
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and 25 pL of distilled water were mixed and filtered. The sample was sub-
jected to determine the concentrations of CLB and NCLB by LC-MS/MS.
AUC from 0 to 24 hours was calculated using the linear trapezoidal
method.

Determination of TRZ, CLB, and Their Metabolites. Quantification of
triazolam, CLB, and their metabolites in plasma and incubation mixture was per-
formed by LC-MS/MS analysis. The conditions are shown in Supplemental
Table 3.

Statistical Analysis. Data are expressed as means with S.D. Statistical analyses
were performed by using Statcel (OMS, Tokyo, Japan). Comparisons of multiple
groups were performed by one-way ANOVA with a post hoc test of Scheffé’s
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F test. Comparison of two groups was made with Welch’s ¢ test or paired samples
t test. P < 0.05 was considered statistically significant.

Results

mRNA Expression. hCYP3A/2c3aKO mice were generated by
crossing hCYP3A/3aKO and Cyp2cKO mice. Genomic PCR confirmed
the genotype of hCYP3A/2c3aKO, and FISH analysis showed that the
MAC carrying the human CYP3A gene cluster (hCYP3A-MAC) was
stably maintained without integration into the host genome in hCYP3A/
2¢3aKO mice (Supplemental Fig. 2). To confirm that the expression of
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Fig. 1. Expression levels of mCYP3A13 (A and B), mCYP2C29 (C and D), and hCYP3A4 (E and F) mRNAs in the liver (A, C, and E) and intestine (B, D, and F)
of WT, 3aKO, 2c3aKO, hCYP3A/3aKO, and hCYP3A/2¢3aKO mice. The mRNA expression levels were normalized by expression levels of GAPDH mRNA. Data
for each mouse (n = 3 per group) are shown as means with S.D. of three independent determinations, each performed in duplicate.
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mouse endogenous Cyp2c and Cyp3a genes was lost, quantitative PCR
analyses for CYP3A13 and CYP2C29, which are expressed in the liver
and small intestine of WT mice (Martignoni et al., 2006; Graves et al.,
2017), were performed. As shown in Fig. 1, A and B, the expression of
mouse CYP3A13 mRNA was found in the liver and small intestine of
WT mice. On the other hand, the expression of CYP3A13 was negligi-
ble in other mouse lines. As shown in Fig. 2, A and B, the expression
of mouse CYP2C29 mRNA was found in the liver and small intestine
of WT, 3aKO, and hCYP3A/3aKO mice but not in those of 2c3aKO
and hCYP3A/2c3aKO mice. Consistent with previous results (Mine-
gishi et al., 2019), the expression levels of CYP2C29 mRNA in the liv-
ers of 3aKO and hCYP3A/3aKO mice were higher than those in the
livers of WT mice. These findings confirmed that mouse endogenous
Cyp2c¢ and Cyp3a genes were deleted in 2c3aKO and hCYP3A/
2¢3aKO mice.

Next, we checked the expression of the human CYP3A4 mRNA in the
liver and small intestine. As shown in Fig. 1, E and F, the expression of
CYP3A4 mRNA was found in the liver and small intestine of hCYP3A/
2c3aKO mice as well as hCYP3A/3aKO mice. In one hCYP3A/3aKO
mouse, the expression level of intestinal CYP3A4 mRNA was low, but the
expression levels of hepatic CYP3A4 mRNA were similar in hCYP3A/
3aKO and hCYP3A/2c3aKO mice. Since the mRNA expression levels of
GAPDH were also similar to those in other mice (data not shown), the pos-
sibility of a sampling error or mMRNA degradation was excluded.

To examine the compensatory effects of double KO of Cyp2c and
Cyp3a genes, we determined the mRNA expression levels of mouse
CYPI1A2 in the liver and CYP2B10, UGT1Al, and Mdrla in the liver
and intestine of WT, 3aKO, 2¢3aKO, hCYP3A/3aKO, and hCYP3A/
2¢3aKO mice. As shown in Supplemental Table 4, the expression levels
of CYP2B10 mRNA in the liver of 2c3aKO mice were significantly
higher than those of WT and 3aKO mice. The expression levels of
CYP2B10 mRNA in the liver of hCYP3A/2c3aKO mice were lower
than those of 2c3aKO mice. The 2c¢3aKO mice also expressed higher
mRNA levels of UGT1A1 and Mdrla compared with WT mice. For in-
testines, there were no significant differences in the mRNA expression
levels between the five mouse lines examined.

Enzyme Activity in the Liver and Intestine. Since CYP3A4 pro-
tein was detected in the microsomes from liver and intestine of
hCYP3A/3aKO and hCYP3A/2¢3aKO mice (Supplemental Fig. 3), we
investigated the functional expression of human CYP3A4 in hCYP3A/
3aKO and hCYP3A/2¢3aKO mice. The metabolites of triazolam formed
by CYP3A, I’-hydroxytriazolam, and 4-hydroxytriazolam were deter-
mined as markers of CYP3A activities (Kazuki et al., 2013). As shown
in Fig. 2, A and B, 1’-hydroxytriazolam and 4-hydroxytriazolam were
formed in the microsomes prepared from liver and intestine of WT,
hCYP3A/3aKO, and hCYP3A/2c3aKO mice and humans. The forma-
tion rates of 1’-hydroxytriazolam and 4-hydroxytriazolam in the liver
microsomes of 3aKO and 2c3aKO mice were lower than those in the
liver microsomes of WT, hCYP3A/3aKO, and hCYP3A/2¢c3aKO mice,
although the metabolites were detected. On the other hand, the forma-
tion of these metabolites in the intestine microsomes was negligible in
3aKO and 2¢3aKO mice.

Furthermore, the effect of ketoconazole, a CYP3A inhibitor, on the
formation of 1’-hydroxytriazolam and 4-hydroxytriazolam in the liver
microsomes was examined for WT, 2c3aKO, and hCYP3A/2c3aKO
mice and humans. As shown in Fig. 3, the formation rates of metabo-
lites in the liver microsomes of WT and hCYP3A/2c3aKO mice and
humans were decreased by ketoconazole, whereas no effect was found
in the liver microsomes of 2c3aKO mice. Although the inhibitory effect
of ketoconazole was potent in WT mice, they were similar between
hCYP3A/2¢3aKO mice and humans.
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Fig. 2. Metabolic activity of a CYP3A probe substrate, triazolam, in the liver (A) and
intestine (B) microsomes of mice and humans. Formation rates of 1’-hydroxytriazolam
(black bar) and 4-hydroxytriazolam (gray bar) from triazolam (50 uM) were deter-
mined by using liver and intestine microsomes. Data are expressed as means with S.D.
(n = 3 per group) of three independent experiments, each performed in duplicate.
**P < 0.01 compared with WT; "P < 0.05 compared with 3aKO (one-way ANOVA
with a post hoc test of Scheffé’s F test).

Pharmacokinetics of Triazolam and Its Metabolites. Plasma
concentration-time profiles of triazolam and its metabolites after oral dos-
ing of triazolam and their AUC values are shown in Fig. 4 and Table 1,
respectively. In WT mice, plasma levels and AUC values of 1’-hydroxy-
triazolam were higher than those of triazolam and 4-hydroxytriazolam.
On the other hand, plasma levels of 1’-hydroxytriazolam in 2c3aKO
mice were much lower than those of triazolam and 4-hydroxytriazolam.
AUC values of 1’-hydroxytriazolam in 2c3aKO mice were more than
30-fold lower than those in WT mice. In addition, AUC ratios of 1’-hy-
droxytriazolam/triazolam in 2c3aKO mice were much lower than those
in WT mice, although AUC ratios of 4-hydroxytriazolam/triazolam were
not different between WT and 2c3aKO mice (Table 2). These results in-
dicated that formation of 1’-hydroxytriazolam was selectively decreased
in 2¢3aKO mice. In hCYP3A/2¢3aKO mice, AUC values of 1’-hydroxy-
triazolam were about sixfold higher than those in 2c3aKO mice, although
the levels of 4-hydroxytriazolam were lower than those in 2c3aKO mice.
The AUC ratios of 1’-hydroxytriazolam/triazolam in hCYP3A/2c3aKO
mice were about eightfold higher than those in 2c3aKO mice. The AUC
ratios of 4-hydroxytriazolam/triazolam were not different between
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Fig. 3. Effect of ketoconazole on metabolic activity of triazolam in the liver microsomes of WT (A), 2c¢3aKO (B), and hCYP3A/2¢3aKO (C) mice and humans (D).
Triazolam (50 uM) was incubated with pooled microsomes (n = 3 per group) in the presence or absence of ketoconazole (0.1 and 1 pM). Activities of 1’-hydroxyl-
ation (black bar) and 4-hydroxylation (gray bar) were shown as % of control (0 pM ketoconazole). Data are expressed as means with S.D. of three independent experi-
ments, each performed in duplicate. **P < 0.01 compared with control (one-way ANOVA with a post hoc test of Scheffé’s F test).

hCYP3A/2c3aKO and 2c3aKO mice. These results show that preferential
formation of 1’-hydroxytriazolam found in WT mice was diminished in
2¢3aKO mice and that the formation of 1’-hydroxytriazolam was in-
creased by the introduction of the human CYP3A gene cluster. On the
other hand, no different AUC ratios of 1’-hydroxytriazolam/triazolam and
4-hydroxytriazolam/triazolam were found between hCYP3A/3aKO and
3aKO mice, although AUC ratios of 4-hydroxytriazolam/triazolam in
hCYP3A/3aKO mice showed a tendency to be higher than those in
3aKO mice (Supplemental Fig. 4; Supplemental Table 1).

CLB Metabolism in Vivo. To investigate the roles of CYP3A and
CYP2C in the sequential metabolism of CLB, plasma concentration-time
profiles of CLB and NCLB were assessed in hCYP3A/3aKO and
hCYP3A/2c3aKO mice (Fig. 5, A and B). Plasma levels of CLB were
much lower than those of NCLB in both mouse lines, suggesting exten-
sive metabolism of CLB to NCLB. hCYP3A/2c3aKO mice showed a
higher mean AUC of CLB (Table 3) and slower elimination of NCLB
than those in hCYP3A/3aKO mice. Next, the effect of a CYP3A inducer,
phenobarbital, on the CLB disposition was examined. In hCYP3A/3aKO
mice, plasma levels and AUC values of CLB and NCLB were decreased
by phenobarbital treatment (Fig. 5, A and C; Table 3). For CLB, decreases
of plasma levels and AUC values were also found in hCYP3A/2c3aKO
mice treated with phenobarbital (Fig. 5, B and D; Table 3). On the other
hand, the effect of phenobarbital on the plasma levels of NCLB was small
in hCYP3A/2c3aKO mice. Elimination of NCLB in hCYP3A/2c3aKO
mice was slower than that in hCYP3A/3aKO mice with or without pheno-
barbital treatment. In this study, two hCYP3A/2c3aKO mice pretreated
with phenobarbital died after dosing of CLB, unlike hCYP3A/3aKO mice.
Since plasma concentrations of phenobarbital in the hCYP3A/2c¢3aKO
mice that survived were more than 10-fold higher than those in hCYP3A/

3aKO mice (data not shown), adverse effects such as excessive sedation
may be evoked by phenobarbital at a dose of 100 mg/kg.

Discussion

In our in vitro and in vivo studies, we showed that the formation of
1’-hydroxytriazolam was markedly decreased in 2c3aKO mice com-
pared with that in 3aKO mice. Previous in vitro studies also showed
that the metabolism of triazolam (1’-hydroxylation and 4-hydroxylation)
was reduced in 3aKO mice (van Waterschoot et al., 2009; Kazuki et al.,
2013, 2019; Minegishi et al., 2019). However, formation of 1’-hydroxy-
triazolam was not completely diminished in the liver microsomes of
3aKO mice (van Waterschoot et al., 2009; Minegishi et al., 2019). In
addition, plasma levels of 1’-hydroxytriazolam in 3aKO mice after oral
administration of triazolam were not negligible (van Waterschoot et al.,
2009). These findings clearly indicated that not only CYP3A but also
other enzymes catalyzed the formation of 1’-hydroxytriazolam in 3aKO
mice. Our previous in vitro study showed that an anti-CYP2C antibody
inhibited the formation of 1’-hydroxytriazolam in the liver microsomes
of 3aKO mice, suggesting that mouse endogenous CYP2C enzymes are
responsible for the reaction (Minegishi et al., 2019). The results of the
present study using liver microsomes indicated that the formation rate
of 1’-hydroxytriazolam in 2c3aKO mice was lower than that in 3aKO
mice, although the difference was not statistically significant (Fig. 2).
Moreover, the AUC ratio of 1’-hydroxytriazolam/triazolam in 2c¢3aKO
mice after oral dosing of triazolam was lower than that in 3aKO mice
(Supplemental Fig. 4). These results suggest that double KO of mouse
Cyp2c and Cyp3a genes is effective for reducing the formation of
1’-hydroxytriazolam from triazolam in mice.
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(open triangles) were determined. Each point represents the mean with S.D.

Generation of hCYP3A mice with a background of double KO for
Cyp2c and Cyp3a genes succeeded in showing a gain of function for
human CYP3A-mediated 1’-hydroxylation of triazolam in vitro and
in vivo. Plasma levels of 1’-hydroxytriazolam in hCYP3A/2c3aKO
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mice after oral dosing of triazolam were higher than those in 2c3aKO
mice (Fig. 4). Notably, it was shown that the AUC ratio of 1’-hydroxy-
triazolam/triazolam reflected the function of human CYP3A enzymes
(Table 2; Supplemental Fig. 4). Therefore, we suggest that the AUC ra-
tio of 1’-hydroxytriazolam/triazolam after oral dosing of triazolam
reflects the function of human CYP3A in hCYP3A/2¢3aKO mice.

We previously reported that 4-hydroxytriazolam was a possible marker
of CYP3A functions in mice after intravenous dosing of triazolam
(Minegishi et al., 2019). This finding was supported by a drug-drug in-
teraction study using hCYP3A/3aKO mice (Minegishi et al., 2021). In
the present study, the AUC ratio of 4-hydroxytriazolam/triazolam in
hCYP3A/3aKO mice was higher than that in 3aKO mice after oral ad-
ministration of triazolam (Supplemental Table 1), suggesting that the
formation of 4-hydroxytriazolam reflected human CYP3A functions in
hCYP3A/3aKO mice after oral dosing of triazolam. On the other hand,
higher plasma levels of 4-hydroxytriazolam were found in 2c3a-KO mice
than those in WT mice (Fig. 4). The AUC of 4-hydroxytriazolam in
2¢3a-KO mice was about fivefold higher than that in WT mice (Table 1).
Since the formation of 1’-hydroxytriazolam was almost completely re-
duced in 2c3a-KO mice, the formation of 4-hydroxytriazolam might pro-
ceed as a complementary reaction. In addition, there is a possibility that
mouse CYP2C and CYP3A enzymes are involved in the elimination of
4-hydroxytriazolam such as transformation to 1’,4-dihydroxytriazolam.
Namely, 4-hydroxytriazolam is not suitable as a probe of CYP3A func-
tions in hCYP3A/2¢3aKO mice, unlike hCYP3A/3aKO mice.

In humans, CLB, an antiepileptic drug, is mainly metabolized to its ac-
tive metabolite NCLB by CYP3A (Giraud et al., 2004). Several reports in-
dicated that phenobarbital decreased plasma levels of CLB and increased
the NCLB/CLB ratio in patients with epilepsy (Bun et al., 1986; Sennoune
et al., 1992; Theis et al., 1997). The findings implied that phenobarbital
may stimulate the metabolism of CLB to NCLB. The present study
showed that AUC values of CLB in hCYP3A/3aKO mice were more
than 10-fold decreased by phenobarbital (Table 3). A marked decrease in
AUC values of CLB was found in hCYP3A/2¢3aKO mice. In addition,
the AUC ratio of NCLB/CLB in hCYP3A/3aKO and hCYP3A/2c3aKO
mice was increased by phenobarbital. These results indicated that pheno-
barbital enhanced the metabolism of CLB to NCLB in both hCYP3A/
3aKO and hCYP3A/2¢3aKO mice, in agreement with the findings in hu-
mans. Phenobarbital activates the nuclear receptor constitutive androstane
receptor in the livers of both humans and mice, resulting in induction of
the expression of CYP3A enzymes (Kobayashi et al., 2015). Therefore,
enhanced metabolism of CLB to NCLB in hCYP3A/3aKO and
hCYP3A/2c3aKO mice was thought to be mediated via induction of
human CYP3A by phenobarbital.

The conversion of CLB to NCLB is also catalyzed by CYP2C19 and
CYP2B6 (Giraud et al., 2004). CYP2C19 also catalyzes the conversion
of CLB to 4’-hydroxy CLB, a minor metabolic pathway. The results of
the present study showed that the mean AUC value of CLB in
hCYP3A/2¢3aKO mice was 13-fold higher than that in hCYP3A/3aKO
mice (Table 3), suggesting that mouse endogenous CYP2C enzymes
are involved in the elimination of CLB. It is still unclear whether mouse
endogenous CYP2B enzymes catalyze the metabolism of CLB.

TABLE 1

AUC_5 values of triazolam and its metabolites in WT, 2¢3aKO, and hCYP3A/2¢3aKO mice
Data are expressed as means = S.D. (n = 4 per group). *P < 0.05; **P < 0.01 compared with WT (one-way ANOVA with a post hoc test of Scheffé’s F test).

Compounds WT 2¢3aKO hCYP3A/2c3aKO
Triazolam (pg-min/mL) 6.15 £ 143 45.6 + 8.3** 34.2 + 7.5%*
1’-Hydrozytriazolam (pg-min/mL) 19.8 + 6.44 0.625 + 0.168** 3.99 + 1.86%*
4-Hydroxytriazolam (pg-min/mL) 374 £ 1.22 18.0 £ 9.2* 7.67 £3.23

AUC_ 20, AUC from 0 to 120 minutes.
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TABLE 2

AUC ratios of triazolam and its metabolites in WT, 2¢3aKO, and hCYP3A/2¢3aKO mice
Data are expressed as means + S.D. (n = 4 per group). *P < 0.05; **P < 0.01 compared with WT (one-way ANOVA with a post hoc test of Scheffé’s F test).

Metabolite/Triazolam WT 2c3aKO hCYP3A/2c3aKO
1’-Hydroxytriazolam/triazolam 3.19 £ 0.35 0.0137 + 0.0021** 0.113 + 0.032%*
4-Hydroxytriazolam/triazolam 0.600 + 0.070 0.407 + 0.238 0.222 + 0.064*

NCLB is further metabolized to 4’-hydroxy NCLB by CYP2C19
(Giraud et al., 2004). Since CYP2C19 is a genetically polymorphic en-
zyme, it is speculated that poor metabolizers of CYP2C19 show pro-
longed NCLB elimination. However, there is no report on a detailed
pharmacokinetic study. In clinical studies, steady-state concentrations of
CLB and NCLB in the plasma of patients were determined, and it was
shown that NCLB concentrations and NCLB/CLB ratios in poor

A hCYP3A/3aKO (CLB alone)

metabolizers of CYP2C19 were higher than those in extensive metabo-
lizers who carried no mutated allele of the CYP2CI9 gene (Contin
et al., 2002; Kosaki et al., 2004; Seo et al., 2008; Saruwatari et al.,
2014). In the present study, the mean AUC value of NCLB in
hCYP3A/2c3aKO mice was threefold higher than that in hCYP3A/
3aKO mice (Table 3). However, the AUC ratio of NCLB/CLB in
hCYP3A/2c3aKO mice was lower than that in hCYP3A/3aKO mice.
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Fig. 5. Plasma concentrations of CLB and NCLB in hCYP3A/3aKO (A and C) and hCYP3A/2c¢3aKO (B and D) mice. Mice (n = 4 per group) were given an oral

dose of CLB (10 mg/kg). After 2 weeks of washout, the mice were given an oral

dose of phenobarbital (100 mg/kg) for three days followed by an oral dose of CLB

(10 mg/kg). Plasma concentrations of CLB (closed circles) and NCLNB (open circles) were determined. Each point represents the mean with S.D. Since two
hCYP3A/2¢3aKO mice pretreated with phenobarbital died after dosing of CLB, data for hCYP3A/2c3aKO mice that survived are shown as means.
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TABLE 3
AUC._ 4 values of CLB and NCLB and AUC ratios (NCLB/CLB) in hCYP3A/3aKO and hCYP3A/2c3aKO mice

Data are shown as means + S.D. (n = 4 per group). Data for hCYP3A/2c3aKO mice treated with phenobarbital are individual values of two mice because two mice

died. *P < 0.05 compared with hCYP3A/3aKO mice (Welch’s t test); ***P < 0.001 compared with hCYP3A/3aKO mice (Student’s t test); *P < 0.05, *P < 0.001

compared with control (paired samples t test).

CLB Alone Phenobarbital + CLB
Compounds hCYP3A/3aKO hCYP3A/2¢3aKO hCYP3A/3aKO hCYP3A/2¢3aKO
CLB (pg-hr/mL) 0.151 + 0.028 1.977 + 0.997* 0.012 + 0.003* 0.062, 0.037
NCLB (pg-hr/mL) 8.811 = 0.559 29.643 + 8.979* 1.347 = 0.067 19.380, 12.721
NCLB/CLB 59.5 +7.97 16.4 + 3.92%** 115.9 + 28.9* 311.06, 341.04

AUC( 54, AUC from 0 to 24 hours.

Since plasma elimination of NCLB in hCYP3A/2c3aKO mice was
markedly prolonged compared with that in hCYP3A/3aKO mice (Fig.
5, A and B), the NCLB/CLB ratio in plasma in a steady state after re-
peated administration of CLB would be increased in hCYP3A/2¢c3aKO
mice. Even after pretreatment with phenobarbital, plasma elimination of
NCLB in hCYP3A/2c3aKO mice was markedly prolonged compared
with that in hCYP3A/3aKO mice (Fig. 5, C and D). This result suggests
that NCLB concentrations and NCLB/CLB ratios in a steady state are
high in poor metabolizers of CYP2C19 who are coadministered
phenobarbital.

Genetically humanized mice for drug-metabolizing enzymes have
been considered to be useful models that can improve the predictive ac-
curacy of pharmacokinetics and toxicity in humans. The advantages are
that 1) transplantation in each experiment is not needed, unlike chimera
mice with human hepatocytes; 2) genetic background is controlled; and
3) human genes are expressed in targeted organs. On the other hand,
the disadvantages are that 1) genetic factors other than the loaded genes
originate from mice and 2) knockout of genes often leads to compensa-
tory effects.

In conclusion, the formation of 1’-hydroxytriazolam was dramatically
decreased in 2c3aKO mice. Metabolic functions of human CYP3A en-
zymes were distinctly found in hCYP3A mice with the background of
2¢3aKO. Pharmacokinetic studies with hCYP3A/2c3aKO mice and
hCYP3A/3aKO mice would be useful to study the polymorphic effects
of CYP2C genes (e.g., CYP2C9 and CYP2C19) on in vivo profiles of
drugs metabolized by CYP2C and CYP3A. The novel hCYP3A mice
without mouse Cyp2c¢ and Cyp3a genes are expected to be a useful to
evaluate human CYP3A-mediated metabolism in vivo.
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