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The antifungal efficacy of voriconazole (VRC) differs among host species, with potent efficacy in humans but less in rodents. We
investigated the possible involvement of pregnane X receptor (PXR) and constitutive androstane receptor (CAR) in the species-
specific efficacy of VRC through pharmacokinetic analyses using genetically modified mice and primary human hepatocytes.
VRC (30 mg/kg) was orally administered to wild-type, Pxr-null, Car-null, and Pxr- and Car-null (Pxr/Car-null) mice for 7 days.
Hepatic VRC metabolism was significantly increased by VRC administration, and the elimination rates of plasma VRC were
much higher on day 7 than on day 1 in wild-type mice. This autoinduction was also observed in Pxr-null and Car-null mice but
not in Pxr/Car-null mice, suggesting coordinated roles of PXR and CAR in the autoinduction of VRC metabolism in mice. He-
patic Cyp3a11 mRNA levels were increased by VRC administration, hepatic metabolic activities for VRC were correlated with
CYP3A activities, and the induced VRC metabolism was inhibited by ketoconazole (a CYP3A inhibitor). In primary human
hepatocytes, VRC barely increased mRNA levels of CYP3A4 and CYP2B6 (human PXR/CAR target genes) at its therapeutic con-
centrations. In conclusion, these results suggest that VRC is metabolized mainly by CYP3A11 in mouse livers and that PXR- and
CAR-mediated CYP3A11 induction, namely, autoinduction of VRC metabolism, is a primary reason for the ineffectiveness of
VRC in mice. A limited ability of VRC to activate human PXR/CAR at its clinical concentration might explain the VRC efficacy in
humans. Therefore, the ability to activate PXR/CAR might determine the VRC efficacy in different mammalian species.

Invasive fungal infections, including aspergillosis and candidia-
sis, continue to pose serious clinical problems in immunocom-

promised patients. Although improved diagnostics and a new
class of antifungals have been developed (1), recent clinical studies
have reported persistently higher mortality rates of 30% to 50%
and difficult treatment against drug-resistant strains, including
resistance to azoles in Aspergillus fumigatus (2, 3). At present, vori-
conazole (VRC) is widely used as a standard treatment for patients
with invasive aspergillosis (4); however, its efficacy differs by host
species, with greater efficacy observed in humans but less in ro-
dents due to their rapid metabolism (5). These species differences
have hampered efforts to predict the in vivo efficacy of new drug
candidates or combination therapies in humans with VRC mono-
therapy from preclinical studies using mice or rats.

VRC is a second-generation triazole compound which is
known to exert a broad and potent range of activities against fun-
gal pathogens, including itraconazole-resistant isolates. VRC is
metabolized into pharmacologically inactive metabolites by cyto-
chrome P450 2C9 (CYP2C9), CYP2C19, and CYP3A4 or flavin-
containing monooxygenases (FMOs) in humans (6–8). Roffey et
al., however, reported that the clearance of VRC in mice and rats
was enhanced after multiple administrations, suggesting the auto-
induction of metabolism (5). The mechanism of such autoinduc-
tion remains unknown.

Nuclear receptors are transcription factors that regulate the
expression of a battery of genes in response to various extracellular
and intracellular signals. The pregnane X receptor (PXR) and the
constitutive androstane receptor (CAR) belong to the same nu-
clear receptor subfamily (NR1I) and function as xenobiotic sen-

sors (9, 10). Both receptors regulate the expression of many phase
I and II drug-metabolizing enzymes and drug transporters to pro-
mote the detoxification and elimination of toxic chemicals from
the body. PXR is commonly associated with the regulation of
CYP3A, which participates in the metabolism of over 50% of clin-
ically used drugs. PXR has a flexible and large binding pocket with
a diameter of over 1,100 Å, and it is activated by many structurally
unrelated ligands (11). As such, PXR plays an important role in
clinical drug-drug interactions. CAR was first identified as a crit-
ical transcription factor in phenobarbital-mediated CYP2B in-
duction and has been found to regulate CYP2C, CYP3A, UDP-
glucuronosyltransferase 1A1, and multidrug resistance-associated
protein 2 as well (12, 13).

Although a number of endogenous and exogenous chemicals,
including steroids, bile acids, antibiotics, and anticancer agents,
activate PXR and CAR, significant species differences have been
reported in the response to these nuclear receptor ligands (9, 10).
For example, pregnenolone 16�-carbonitrile (PCN) activates ro-
dent PXR but is a weak activator of human PXR, whereas the
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antituberculous agent rifampin strongly activates human PXR but
is a weak activator of rodent PXR (14). With regard to CAR, 1,4-
bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) has been
reported to specifically bind to mouse CAR, and 6-(4-chlorophe-
nyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlo-
robenzyl)oxime (CITCO) has been reported to bind to human
CAR (15, 16). Based on these facts, we have speculated that the
ligand specificities of PXR and CAR for VRC are associated with
the observed species differences in the efficacy of VRC.

To clarify the mechanism of the autoinduction of VRC metab-
olism in mice, we investigated the possible involvements of PXR
and CAR in the ineffectiveness of VRC after repeated doses
through pharmacokinetic analyses with genetically modified
mice. In addition, we also evaluated the influences of VRC on
human CYP levels using primary hepatocytes to examine whether
VRC activates human PXR and/or CAR.

MATERIALS AND METHODS
Materials. VRC was purified from VRC tablets purchased from Pfizer, Inc.
(New York, NY), at the Chemistry Research Laboratories of Astellas Pharma
Inc. (Ibaraki, Japan). Phenacetin, midazolam, alprazolam, phenobarbital,
and omeprazole were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan), and rifampin and EDTA were purchased from Sigma-Aldrich
Japan K.K. (Tokyo, Japan). NADPH and acetic acid were obtained from Na-
calai Tesque (Kyoto, Japan), and 1=- and 4-hydroxymidazolam were obtained
from Toronto Research Chemicals Inc. (North York, ON, Canada). Keto-
conazole was purchased from LKT Laboratories, Inc. (St. Paul, MN). All other
chemicals and reagents were of analytical grade and purchased from com-
mercial sources.

Animals and treatments. The development of the Pxr-null, Car-null,
and Pxr/Car-null mice has been described elsewhere (17, 18). In the pres-
ent study, male C57BL/6J (wild-type), Pxr-null, Car-null, and Pxr/Car-
null mice were obtained from Harlan Laboratories Inc. (Indianapolis, IN)
and TaconicArtemis GmbH (Cologne, Germany), and the animal exper-
iments were carried out at CXR Biosciences Ltd. (Dundee, United King-
dom). The mice were housed in a temperature-controlled environment
with a 12-h light-dark cycle and permitted ad libitum access to a standard
diet and water. For all experiments, the mice were acclimatized for at least
5 days and used in experiments at an age of 7 to 12 weeks. The animals
were handled and cared for in accordance with United Kingdom Home
Office guidelines and the regulations of the Astellas Pharma Inc. Animal
Ethical Committee.

Wild-type, Pxr-null, Car-null, and Pxr/Car-null mice (n � 4/group)
were administered repeated oral doses of either vehicle (50% polyethylene
glycol 400 [PEG 400] solution) or VRC suspended in the vehicle at 30
mg/kg body weight daily for 7 consecutive days. On days 1 and 7 of dosing,
approximately 40 �l of blood was collected from the tail vein into hepa-
rinized microtubes at 2 and 8 h postdose for plasma preparation. On day
8, blood samples were collected 24 h after the final administration, after
which the mice were euthanized by exposure to a rising concentration of
CO2, and their livers were quickly collected for the preparation of liver
microsomes and RNA extraction. Plasma was stored at �70°C until anal-
ysis. The livers were excised and frozen in liquid nitrogen before being
stored at approximately �70°C.

Determination of plasma concentrations of voriconazole. Plasma
concentrations of VRC were measured by liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS). Briefly, 10 �l of mouse plasma was
mixed with 10 �l of 50% acetonitrile, 10 �l of 5 �g/ml phenacetin as an
internal standard, and 75 �l of acetonitrile. The mixture was centrifuged
at 20,800 � g for 5 min, and 50 �l of the obtained supernatant was com-
bined with 100 �l of 0.1% acetic acid. Five microliters of this sample was
then injected into the LC-MS/MS apparatus for analysis. The calibration
curves were linear (r � 0.99) over the range of 10 to 5,000 ng/ml.

LC-MS/MS analyses were conducted using an Agilent 1100 high-pres-

sure liquid chromatography (HPLC) system (Agilent Technologies, Inc.,
Santa Clara, CA) and an API4000 triple tandem mass spectrometer (AB
Sciex, Toronto, Canada) with an HTC-PAL autosampler (CTC Analytics
AG, Zwingen, Switzerland). The analytes were separated with a TSKgel
octyldecylsilane (ODS)-100V column (50 by 2.0 mm, 3 �m) (Tosoh, To-
kyo, Japan) at 50°C using 0.1% acetic acid-acetonitrile (65:35 [vol/vol]) as
the mobile phase with a flow rate of 0.3 ml/min. Detection was conducted
using a mass spectrometer equipped with an electrospray ionization (ESI)
source and selected reaction monitoring (SRM) in a positive-ion mode.
With regard to parameter settings, the ion spray voltage was set at 5,000 V,
and the transfer capillary temperature was set at 450°C. The mass spec-
trometer was set to monitor the transitions of the precursors to the prod-
uct ions as follows: m/z 350.1 to 281.1 for VRC and m/z 180.1 to 110.1 for
phenacetin. Data were processed using Analyst software version 1. 4. 1
(AB Sciex).

Preparation of liver microsomes. Liver samples were homogenized in
1.15% KCl and centrifuged at 9,000 � g for 20 min at 4°C, after which the
supernatant was centrifuged at 105,000 � g for 60 min at 4°C. The result-
ing pellets were washed and resuspended in 1.15% KCl and then centri-
fuged again at 105,000 � g for 60 min at 4°C. The final resulting pellet was
then suspended in a small amount of 1.15% KCl. The protein concentra-
tion was determined using a bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific Inc., Rockford, IL).

VRC metabolism in liver microsomes. The reaction mixture was
composed of 125 �l of 200 mM Na-K phosphate buffer (pH 7.4), 25 �l of
1 mM EDTA, 5 �l of 50 �M VRC (final concentration, 1 �M), 12.5 �l of
10 mg protein/ml mouse liver microsomes, and 57.5 �l of water. After 5
min of preincubation at 37°C, the reaction was initiated by adding 25 �l of 10
mM NADPH in a total volume of 250 �l and allowed to proceed at 37°C for
30 min before it was terminated by adding 500 �l of acetonitrile. After 25 �l of
5 �g/ml phenacetin and 25 �l of 50% acetonitrile had been added, the mix-
ture was centrifuged at 1,870 � g for 10 min at 4°C. A 50-�l aliquot of the
supernatant was combined with 100 �l of 0.1% acetic acid, and then 2 �l of
this sample was injected into the LC-MS/MS apparatus. For the inhibition
assays, VRC was incubated in the absence or presence of 0.02 to 20 �M
ketoconazole (a CYP3A inhibitor) with liver microsomes prepared from
VRC-treated mice.

Midazolam metabolism in liver microsomes. The reaction mixture
was composed of 100 �l of 200 mM Na-K phosphate buffer (pH 7.4), 20
�l of 1 mM EDTA, 2 �l of 100 �M midazolam (final concentration, 1
�M), 10 �l of 2.5 mg protein/ml mouse liver microsomes, and 48�l of water.
After 5 min of preincubation at 37°C, the reaction was initiated by adding 20
�l of 10 mM NADPH in a total volume of 200 �l and allowed to proceed at
37°C for 5 min. The reaction was terminated by adding 20 �l of formic acid-
50% acetonitrile (10:90 [vol/vol]) containing 0.316 �M alprazolam (internal
standard). After 20 �l of 50% acetonitrile had been added, the mixture was
centrifuged at 1,870 � g and 4°C for 3 min. A 10-�l aliquot of the sample was
injected into the LC-MS/MS apparatus. The calibration curves were linear
(r � 0.99) over the range of 20 to 4,000 nM for 1=-hydroxymidazolam and 1
to 200 nM for 4-hydroxymidazolam.

LC-MS/MS analyses were conducted using a TSQ Quantam Ultra sys-
tem (Thermo Fisher Scientific Inc., San Jose, CA). The analytes were sep-
arated with a Luna C18(2) column (100 by 2.1 mm, 3 �m) (Phenomenex,
Torrance, CA) at 40°C with a flow rate of 0.3 ml/min. The mobile phase
consisted of 0.1% acetic acid-acetonitrile (90:10 [vol/vol]) (A) and acetic
acid-acetonitrile (0.1:100 [vol/vol]) (B). The gradient condition was lin-
early increased from 5% to 17% B over 0.5 min and maintained at 17% B
for 3.5 min, linearly increased to 80% B over 1.5 min and maintained for
2.5 min, and then finally kept at 5% B for 4.5 min. Detection was con-
ducted using a positive electrospray ionization SRM mode. With regard to
parameter settings, the ion spray voltage was set at 4,500 V, and the trans-
fer capillary temperature was set at 350°C. The mass spectrometer was set
to monitor the transitions of the precursors to the product ions as follows:
m/z 342.0 to 324.0 for 1=-hydroxymidazolam, m/z 342.0 to 325.0 for 4-hy-
droxymidazolam, and m/z 309.0 to 205.0 for alprazolam. Data were pro-
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cessed using Xcalibur software version 1.4.1 (Thermo Fisher Scientific
Inc., San Jose, CA).

Hepatocyte culture. In the present study, cultures of matured primary
human hepatocytes were used in accordance with regulatory guidelines
(19–21). Cryopreserved primary human hepatocytes from three donors
(lot no. Hu4205, Caucasian, male, 43 years old; lot no. Hu4228, Indian,
female, 47 years old; lot no. Hu8114, Caucasian, female, 47 years old) were
purchased from Life Technologies Corporation (Grand Island, NY) and
thawed using cryopreserved hepatocyte recovery medium (CHRM) (Life
Technologies Corporation) according to the manufacturer’s protocol.
The cells were seeded onto 96-well collagen-coated plates (Life Technol-
ogies Corporation) at a density of 1.2 � 105 cells/well and maintained in
fetal bovine serum-added Williams’ E medium (CM3000; Life Technolo-
gies Corporation) for 4 to 6 h in an atmosphere of 5% CO2-95% air at
37°C. The medium was then changed to serum-free Williams’ E medium
(CM4000; Life Technologies Corporation) every 24 h and cultured for
approximately 48 h in an atmosphere of 5% CO2-95% air at 37°C. The
hepatocytes were then treated daily with serum-free Williams’ E medium
containing VRC (1 to 300 �M), 100 �M omeprazole (an aryl hydrocarbon
receptor activator), 20 �M rifampin (a human PXR activator), 1 mM
phenobarbital (a CAR activator), or vehicle (0.1% dimethyl sulfoxide
[DMSO]) for 48 h.

RNA extraction and cDNA synthesis. RNA was extracted from mouse
liver or primary human hepatocytes using the RNeasy minikit (Qiagen,
Hilden, Germany), and cDNA was generated from a random hexamer using
the high-capacity cDNA reverse transcription kit (Life Technologies Corpo-
ration).

RT-PCR. Quantitative real-time (RT)-PCR was conducted using
the ABI Prism 7900HT sequence detection system (Life Technologies
Corporation) with TaqMan gene expression assays (Life Technologies
Corporation). The primer and probe sets used were Mm00487224_m1
for Cyp1a2, Mm00456591_m1 for Cyp2b10, Mm00725580_s1 for
Cyp2c29, Mm00833845_m1 for Cyp2c37, Mm00472168_m1 for
Cyp2c55, Mm00731567_m1 for Cyp3a11, Mm00515795_m1 for Fmo1,
Mm00490159_m1 for Fmo2, Mm01306348_m1 for Fmo3,
Mm00515805_m1 for Fmo5, 4352341E for �-Actin, Hs00167927_m1 for
CYP1A2, Hs03044636_m1 for CYP2B6, Hs00430021_m1 for CYP3A4,
and 4326315 for �-ACTIN. mRNA levels were normalized against those of
�-ACTIN (human) or �-Actin (mouse).

Statistic analysis. Data in the tables and figures are shown as the
means and standard deviations (SD), except for Fig. 3, where individual
data points are plotted. Statistical analysis was performed by unpaired
Student’s t test using PRISM 5.0 software (GraphPad Software Inc., San
Diego, CA). The correlation coefficient (Pearson’s r) was determined us-
ing PRISM 5.0 software (GraphPad Software, Inc.). Kinetic parameters
(maximum effect [Emax], 50% effective concentration [EC50], and 50%

inhibitory concentration [IC50]) were determined using WinNonlin 6.1
software (Pharsight Corporation, Mountain View, CA).

RESULTS
VRC concentrations in mouse plasma. VRC was orally adminis-
tered to wild-type, Pxr-null, Car-null, and Pxr/Car-null mice at 30
mg/kg/day for 7 days. VRC concentrations in mouse plasma at 2
and 8 h after administration were determined on days 1 and 7. On
day 1, almost comparable pharmacokinetics were observed in the
wild-type, Pxr-null, Car-null, and Pxr/Car-null mice with plasma
VRC concentrations of 17 to 21 �g/ml at 2 h and 10 to 15 �g/ml at
8 h (Fig. 1A to D). VRC concentrations on day 7 were lower than
those on day 1 not only in wild-type mice (13 and 3 �g/ml at 2 and
8 h, respectively) but also in Pxr-null mice (9 and 1 �g/ml at 2 and
8 h, respectively) and Car-null mice (11 and 4 �g/ml at 2 and 8 h,
respectively) (Fig. 1A to C). Moreover, the elimination rates of
VRC were increased after repeated administration in wild-type,
Pxr-null, and Car-null mice, suggesting the autoinduction of me-
tabolism. In contrast, the plasma concentrations of VRC in Pxr/
Car-null mice were increased on day 7 (55 and 47 �g/ml at 2 and
8 h, respectively), and the elimination rates were unchanged after
repeated VRC administration (Fig. 1D).

Hepatic metabolism of VRC in mice. To investigate the auto-
induction of VRC metabolism, liver microsomes were prepared
from vehicle- or VRC-treated mice, and the metabolic activities
for VRC were determined in the presence of NADPH. Microsomal
VRC metabolism was significantly increased 5.4-, 2.9-, and 6.3-
fold after multiple administrations of VRC in wild-type, Pxr-null,
and Car-null mice, respectively, indicating the autoinduction of

FIG 1 Plasma VRC concentrations in wild-type, Pxr-null, Car-null, and Pxr/
Car-null mice on days 1 and 7 following repeated VRC administration. VRC
was orally administered to wild-type, Pxr-null, Car-null, and Pxr/Car-null
mice at 30 mg/kg for 7 days. Blood samples were collected at 2 and 8 h postdose
on days 1 and 7. Plasma concentrations of VRC were determined by LC-MS/
MS. Data are shown as means � SD (n � 4).

FIG 2 Metabolic activities for VRC in liver microsomes of wild-type, Pxr-null,
Car-null, and Pxr/Car-null mice. Liver microsomes were prepared from vehi-
cle- or VRC-treated mice. VRC (1 �M) was incubated with liver microsomes
in the presence of NADPH at 37°C for 30 min. Elimination rates of VRC were
determined by measuring the amounts of remaining VRC. Data are shown as
means 	 SD (n � 4). ***, P 
 0.001.
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VRC metabolism (Fig. 2A). In contrast, activities in the vehicle- or
VRC-treated Pxr/Car-null mice were 15.5 and 6.2 pmol/mg pro-
tein/min, respectively, indicating no autoinduction of VRC me-
tabolism in Pxr/Car-null mice (Fig. 2B).

We also found that metabolic activities to VRC in wild-type,
Pxr-null, and Car-null mice were well correlated with CYP3A
marker activities, midazolam 1=-hydroxylation (r � 0.9915, P 

0.0001) (Fig. 3A), and 4-hydroxylation (r � 0.9733, P 
 0.0001)
(Fig. 3B). In addition, the induced VRC metabolism in wild-type
mice was almost completely inhibited by the CYP3A inhibitor
ketoconazole (IC50, 0.065 �M) (Fig. 4). Ketoconazole (2 �M) also
inhibited the induced VRC metabolism in the liver microsomes
prepared from Pxr-null and Car-null mice (data not shown).

Effects of VRC on Cyp and Fmo mRNA levels in mouse liver.
To confirm the involvement of CYP3A in the autoinduction of
VRC metabolism, we investigated whether VRC treatment in-
duced hepatic CYP3A expression through the activation of PXR,
CAR, or both. Hepatic mRNA levels of Cyp3a11, a major Cyp3a
transcript in mouse livers, were increased approximately 11-, 10-,
and 10-fold by repeated VRC administration in wild-type, Pxr-
null, and Car-null mice, respectively (Fig. 5A). In contrast,
Cyp3a11 mRNA levels were not altered by VRC administration in
Pxr/Car-null mice (Fig. 5B).

To ascertain whether VRC activates PXR/CAR, mRNA levels of
other PXR/CAR target CYP genes such as Cyp2b10 and Cyp2c
were investigated (see Tables S1 and S2 in the supplemental ma-

terial). Repeated VRC administration also significantly increased
Cyp2b10, Cyp2c29, Cyp2c37, and Cyp2c55 mRNA levels in the
wild-type, Pxr-null, and Car-null mice. In contrast, Cyp2b10,
Cyp2c29, Cyp2c37, Cyp2c55, and Cyp3a11 mRNA levels were not
increased by VRC treatment in Pxr/Car-null mice. mRNA levels of
Cyp1a2, which is mainly regulated by an aryl hydrocarbon recep-
tor, were not induced more than 2-fold by VRC treatment in any
of the mice. Fmo mRNA levels in mouse livers were also measured
in both wild-type and Pxr/Car-null mice, but those of Fmo1,

FIG 3 Correlations of metabolic activities for VRC with CYP3A activities.
Metabolic activities for VRC and midazolam were determined as the elimina-
tion rates of VRC and conversion rates of midazolam into 1=-hydroxylated (A)
and 4-hydroxylated (B) metabolites in liver microsomes, respectively. Liver
microsomes prepared from vehicle- or VRC-treated wild-type, Pxr-null, and
Car-null mice were used. Twenty-four individual data points are plotted.

FIG 4 Inhibition of the induced VRC metabolism in mouse liver microsomes
by ketoconazole. Liver microsomes prepared from VRC-treated wild-type
mice were pooled and used. Metabolic activities to VRC were determined in
the absence or presence of 0.002 to 20 �M ketoconazole. Data are shown as the
means from duplicate experiments.

FIG 5 Hepatic Cyp3a11 mRNA levels in vehicle- or VRC-treated wild-type,
Pxr-null, Car-null, and Pxr/Car-null mice. VRC was orally administered to
wild-type, Pxr-null, and Car-null mice (A) and Pxr/Car-null mice (B) at 30
mg/kg for 7 days. Hepatic Cyp3a11 mRNA levels were determined by real-time
PCR and normalized to those of �-actin. Relative mRNA levels are shown as
means 	 SD (n � 4). *, P 
 0.05; ***, P 
 0.001.
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Fmo2, Fmo3, and Fmo5 were not increased more than 2-fold by
VRC administration in these mice (see Table S3 in the supplemen-
tal material).

Effects of VRC on CYP mRNA levels in primary human hepa-
tocytes. The influence of VRC on human CYP levels was studied
in primary hepatocytes, and the induction potential of VRC was
compared with those of clinical CYP inducers, such as rifampin (a
PXR activator and CYP3A/2B inducer), phenobarbital (a CAR
activator and CYP3A/2B inducer), and omeprazole (an aryl hy-
drocarbon activator and CYP1A2 inducer).

VRC did not increase CYP3A4 mRNA levels more than 3-fold
in hepatocytes from two donors (Hu4228 and Hu8114) (Fig. 6A).

In only one lot of hepatocytes (Hu4205) did VRC upregulate
CYP3A4 mRNA levels in a concentration-dependent manner, al-
though the increase in CYP3A4 mRNA levels by VRC was less than
3-fold at 10 to 30 �M (the maximum plasma concentration in
VRC-treated patients) and maximally 6.3-fold at 300 �M com-
pared to those of the vehicle control (Fig. 6A). The extent of in-
crease was much smaller than that with rifampin (17-fold) or phe-
nobarbital (11-fold). The relative increase of CYP3A4 mRNA
levels after VRC treatment at the clinical maximum concentration
of drug in serum (Cmax) was less than 20% of that of the positive
control (rifampin). The Emax and EC50 of VRC for CYP3A4 mRNA
levels in Hu4205 hepatocytes were calculated as 7.1-fold and 129
�M, respectively, and the EC50 was at least 4-fold higher than the
clinical Cmax (10 to 30 �M) in the patients (22). VRC (1 to 300
�M) did not increase CYP2B6 and CYP1A2 mRNA levels more
than 3-fold compared to that of the vehicle control (Fig. 6B and
C). In contrast, rifampin and phenobarbital increased CYP2B6
mRNA levels 6- to 14-fold and 6- to 11-fold, respectively.
Omeprazole increased CYP1A2 mRNA levels 19- to 40-fold. VRC
and rifampin did not increase CYP2C19 mRNA levels in any of the
hepatocyte lots (data not shown).

DISCUSSION

The present study demonstrates that (i) repeated administration
of VRC causes its autoinduction of metabolism in mice, (ii) both
PXR and CAR are involved in the VRC autoinduction, (iii) the
increase in Cyp3a expression by VRC administration is mainly
involved in the autoinduction in mice, and (iv) VRC treatment is
less effective in human hepatocytes in terms of CYP3A induction
than in mice in vivo.

The clearance of VRC in mice was increased after repeated
VRC administration, which is consistent with a previous study
(5). Furthermore, hepatic VRC metabolism was increased by VRC
treatment in mice. Given that VRC is mainly eliminated by me-
tabolism in rodents as well as humans (5, 6), the decrease in
plasma concentrations of VRC in mice after repeated administra-
tion is probably attributable to the induced metabolism in the
liver. Intriguingly, this decrease after repeated administration was
also observed in Pxr-null and Car-null mice. In contrast, the
plasma concentration was increased in Pxr/Car-null mice after
repeated doses. These results suggest that both PXR and CAR are
coordinately involved in the autoinduction of VRC metabolism in
mice. Because the antifungal efficacy of azole agents, including
VRC, is related to the area under the curve/MIC ratio (AUC/MIC)
(23, 24), PXR- and CAR-mediated autoinduction might be a pri-
mary reason for the ineffectiveness of VRC in mice.

Several findings support the likely role of CYP3A in the auto-
induction of VRC metabolism. First, hepatic metabolic activities
for VRC were closely correlated with those for midazolam
(CYP3A marker activity) in vehicle- and VRC-treated (wild-type,
Pxr-null, and Car-null) mice. Second, hepatic Cyp3a11 mRNA
levels and VRC-metabolizing activities were upregulated by VRC
treatment. Third, ketoconazole (a representative CYP3A inhibi-
tor) almost completely inhibited the induced VRC metabolism.

In addition to CYP3A, CYP2C9, CYP2C19, and FMOs have
been reported to catalyze the N-oxidation of VRC in humans (6, 7,
22). In the present study, mRNA levels of genes for other CYP
forms, including Cyp2b10, Cyp2c29, Cyp2c37, and Cyp2c55, were
increased by VRC treatment in wild-type mice, raising the possi-
bility that these enzymes are partially involved in the autoinduc-

FIG 6 Influence of VRC treatment on CYP3A4, CYP2B6, and CYP1A2 mRNA
levels in primary human hepatocytes. Human hepatocytes (Hu4205, Hu4228,
and Hu8114) were treated with vehicle (0.1% DMSO), VRC (1 to 300 �M), or
positive control rifampin, phenobarbital, or omeprazole. CYP mRNA levels
were determined by real-time PCR and normalized to those of �-ACTIN.
Relative mRNA levels are shown as the means from triplicate experiments.
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tion of VRC in mice. It has been reported that coadministration
with grapefruit juice increases serum VRC concentrations in mice,
prolonging survival in mouse models of fungal infection with
Aspergillus flavus, Candida tropicalis, Candida krusei, Fusarium,
Paecilomyces lilacinus, or Blastomyces dermatitidis (25–30). Be-
cause furanocoumarin derivatives in grapefruit juice are known to
inhibit CYP3A activities (31, 32), these facts corroborate the idea
that CYP3A is mainly involved in VRC metabolism in mouse liv-
ers. Moreover, our present findings provide a rationale for the use
of grapefruit juice as a CYP3A inhibitor to repress VRC metabo-
lism in murine models to study the efficacy of VRC in vivo.

The murine model in which VRC is coadministered with
grapefruit juice has also been used in the comparison of the in vivo
efficacy of isavuconazole, itraconazole, fluconazole, and ampho-
tericin B with that of VRC (27, 29, 30). Based on the present
findings, the simultaneous knockdown or inhibition of both PXR
and CAR might be another useful approach to improving the an-
tifungal efficacy of VRC with effective exposure in mice, where the
autoinduction of VRC metabolism might be completely blocked.

Hepatic Cyp3a11 mRNA levels were upregulated 9- to 11-fold
by VRC treatment in wild-type, Pxr-null, and Car-null mice but
not in Pxr/Car-null mice. These results suggest that both PXR and
CAR are involved in VRC-mediated Cyp3a11 induction and that
VRC is a common activator for murine PXR and CAR. In addi-
tion, VRC treatment increased mRNA levels of other PXR/CAR
target CYP genes such as Cyp2b10 and Cyp2c55 in wild-type, Pxr-
null, and Car-null mice, with Cyp2b10 being more CAR depen-
dent and Cyp2c55 being more PXR dependent. Given that PXR
and CAR share only approximately 40% amino acid identity in
their ligand binding domains, VRC might be unique in activating
both murine PXR and CAR. Moreover, the present results suggest
that the contributions of VRC-activated PXR and CAR are differ-
ent among their target genes.

Primary human hepatocytes contain human nuclear receptors,
native human target genes and their promoters, as well as human
drug-metabolizing enzymes and transporters. In addition, the in-
duction data obtained with primary human hepatocytes were re-
ported to be well correlated with the clinical observations (33, 34).
Thus, cultured primary human hepatocytes are recognized as the
most accepted in vitro system for assessing the potential of a drug
candidate to induce human CYP expression (19–21). The present
study using primary human hepatocytes revealed that the maxi-
mum inducibility of VRC against CYP3A4 or CYP2B6 (the target
genes of human PXR and CAR) was lower than that of rifampin (a
human PXR activator) or phenobarbital (a human CAR activa-
tor). In addition, the potential of VRC to increase CYP3A4 or
CYP2B6 around the maximum concentration in human plasma
(about 10 to 30 �M) was negligible, and CYP2C19 was not in-
duced by VRC treatment in the hepatocytes used. These results
suggest that VRC is unable to activate human PXR and CAR to
enhance its own metabolism in clinical situations. In fact, the au-
toinduction of VRC metabolism has not been reported in hu-
mans; clinical pharmacokinetic studies have reported that VRC
causes drug-drug interaction based on CYP3A inhibition but not
CYP induction (35, 36). There seems to be a species difference
between mice and humans in the ability of VRC to activate PXR
and CAR.

The mRNA levels of CYP3A4 and CYP2B6 in Hu4205 hepato-
cytes were increased, in contrast to those of Hu4228 and Hu8114
cells, when high concentrations of VRC (200 to 300 �M) were

used. Madan et al. reported a large interindividual variability in
the response of primary human hepatocytes to CYP inducers (37).
Although the reason for this variability is currently unclear, many
factors might be involved in the interindividual variability, such as
basal expression levels of CYPs, body mass index, and liver dis-
eases (such as fatty liver and viral infections) or the ages of the
donors. Nonetheless, given that the VRC concentration at which
CYP3A4 mRNA levels were increased in the Hu4205 lot was much
higher than the clinically observed VRC concentration (22), no
CYP3A4 induction would occur in the livers of VRC-treated sub-
jects.

In conclusion, we have demonstrated the coordinated roles of
PXR and CAR in the autoinduction of CYP3A-mediated VRC
metabolism in mice. Since the antifungal efficacy of azole agents is
tightly associated with the AUC/MIC, PXR- and CAR-mediated
autoinduction might be a primary reason for the ineffectiveness of
VRC in mice. In contrast, our results demonstrate that the auto-
induction of VRC metabolism is unlikely to occur in humans,
ensuring its potent antifungal activity with effective exposure in
humans. Since the ability to activate PXR and CAR might be a
major determinant of the efficacy of VRC in different mammalian
species, knockdown or inhibition of both PXR and CAR is pro-
posed as a useful approach for improving the efficacy of VRC in
mice.
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