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Changes in the expression level and activity of cytochrome P450 (CYP) in the liver are caused by various 
factors and affect the pharmacokinetics of drugs. The purpose of this study was to determine whether the 
expression of CYP3A is affected by a high-fat diet. In addition, we examined whether the type of diet given 
to mice could produce changes in the expression level and activity of CYP3A. Mice were fed a purified diet 
containing 10 kcal% lard (control group) or 60 kcal% lard (HF group) or regular mouse chow containing 
13 kcal% of fat (MF group) for 4 weeks. No significant differences were observed in the hepatic CYP3A pro-
tein expression level between the HF group and the control group. The CYP3A protein expression in the MF 
group was significantly higher than that observed in the control group. In the MF group, the area under the 
curve (AUC) of intraperitoneally administered triazolam was lower. Because lithocholic acid (LCA) is known 
to increase hepatic CYP3A expression, the levels of Clostridium sordellii and LCA in the feces were mea-
sured. In the MF group, the levels of Clostridium sordellii and LCA were higher. It has been demonstrated 
that a high-fat diet does not cause any changes in hepatic CYP3A expression. In addition, the different diets 
caused alterations in the enteric environment, which triggered changes in CYP3A expression. Therefore, it is 
necessary to carefully consider the type of feed while performing animal experiments to evaluate the phar-
macokinetics of drugs.
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Cytochrome P450 (CYP) is a drug-metabolizing enzyme 
that is mainly expressed in the liver. There are various sub-
types of CYP, and CYP3A is one of the most important 
subfamilies because approximately 50% of the drugs used 
in clinical practice today are metabolized by CYP3A.1) The 
expression level and activity of CYP3A are affected by not 
only exogenous substances2,3) but also endogenous substances, 
such as bile acid4–6) and hormones.7,8) In addition, it has been 
demonstrated that the expression level and activity of CYP3A 
are affected by diseases including diabetes mellitus.9,10) Re-
cently, it has been reported that the expression levels of CYPs 
are also altered in response to the intake of fatty acids11,12) and 
vitamins.13,14) It is obvious that the expression and activity of 
CYPs are affected by various factors. Understanding the fac-
tors that affect CYPs expression and activity are very impor-
tant for the proper use of drugs, since changes in the expres-
sion level and activity of CYPs affect the pharmacokinetics of 
drug substrate.

Over the past few years, the intake of a high-fat diet has 
increased as a result of the Westernization of diets. The exces-
sive intake of a high-fat diet increases the risk for diabetes, 
hyperlipidemia, and hypertension, and therefore, a high-fat 
diet has become a problem worldwide.15) It has been reported 
that a high-fat diet can cause changes in the expression levels 
of various enzymes in the liver.16,17) However, only a few stud-
ies have investigated how a high-fat diet affects the expression 

level and activity of CYP3A in the liver, and consensus has 
not been reached.18–20) The purpose of this study is to examine 
how the expression level of CYP3A in the liver is affected by 
a high-fat diet. In this study, the effect of a high-fat diet on the 
expression level of hepatic CYP3A in mice was examined by 
using a feed prepared from purified components, whose nutri-
tional content and origin were known. In addition, we exam-
ined the effect of different types and amounts of nutrients in 
the feed on the expression level and activity of CYP3A using 
regular mouse chow.

Materials and Methods

Materials ​ Triazolam was purchased from Wako Pure 
Chemical Industries, Ltd. (Osaka, Japan). Bovine serum 
albumin (BSA), TRI reagent, ethylenediaminetetraacetic 
acid (EDTA), and α-hydroxytriazolam were purchased from 
Sigma-Aldrich Corp. (St. Louis, MO, U.S.A.). The 4-hydroxy-
triazolam was purchased from BIOMOL (Exeter, U.K.). The 
nicotinamide adenine dinucleotide phosphate (NADPH) re-
generating system was purchased from Becton, Dickinson and 
Company (Tokyo, Japan). Rabbit anti-rat CYP3A2 antibody 
was purchased from Daiichi Pure Chemicals (Tokyo, Japan). 
Donkey anti-rabbit immunoglobulin G-horseradish peroxidase 
(IgG-HRP) antibody and an enhanced chemiluminescence 
system (ECL) plus Western blotting detection reagents were 
purchased from GE Healthcare (Chalfont, St. Giles, U.K.). A 
QIAamp DNA stool mini kit was purchased from Qiagen Inc. 
(Valencia, CA, U.S.A.). A high capacity cDNA synthesis kit 
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was purchased from Applied Biosystems (Foster City, CA, 
U.S.A.), and iQ SYBR green supermix was purchased from 
Bio-Rad Laboratories (Hercules, CA, U.S.A.). Primers were 
purchased from Invitrogen Corp. (Tokyo, Japan). All the other 
reagents were of the highest grade that was commercially 
available.

Animals ​ Male ICR mice (9 weeks old) were purchased 
from Japan SLC, Inc. (Shizuoka, Japan). The mice were di-
vided into 3 groups after being on a purified diet containing 
10 kcal% of lard as fat (D12450B, Research Diets, New Bruns-
wick, NJ, U.S.A.) for 1 week. Each group was allowed access 
to either purified feed with 10 kcal% of lard (D12450B; control 
group), purified feed with 60 kcal% of lard (D12492, Research 
Diets; HF group), or regular mouse chow (MF, Oriental Yeast, 
Tokyo, Japan; MF group), ad libitum, for 1 week or 4 weeks 
(Tables 1–3). Regular mouse chow contains corn, fish meal, 
defatted rice bran, nonfat dry milk, and brewer’s yeast.

After administration, their body weight was measured, and 
blood samples were collected from the abdominal part of the 
vena cava under ether anesthesia. The liver, small intestine, 
and white adipose tissue (around the testes, retroperitoneum, 
and kidney) were removed and weighed. The liver and small 
intestine were flash frozen in liquid nitrogen and stored at 

−80°C.
The mice were housed at room temperature (24±​1°C) and 

55±​5% humidity with 12 h of light (artificial illumination: 
08:00–20:00). The present study was conducted in accordance 
with the Guiding Principles for the Care and Use of Labora-
tory Animals, as adapted by the Committee on Animal Re-
search at Hoshi University.

Blood Analysis ​ The blood samples were centrifuged 
(1000×g for 15 min at 4°C), and the plasma was stored at 
−80°C until assay. The concentrations of glucose, triglycer-
ide, total cholesterol, and free fatty acids in the plasma were 

Table  3.  The Contents of Vitamin of Each Diet

D12450B MF

Vitamin A (IU) 379 2160
Vitamin D3 (IU) 95 158
Vitamin E (mg) 4.7 11
Vitamin B1 (mg) 0.6 2.1
Nicotinic acid (mg) 2.8 —
Vitamin B12 (µg) 0.9 5.3
Vitamin C (mg) — 4.0
Inositol (mg) — 578

Table  1.  The Components of Each Diet

D12450B (Control) D12492 (High-fat) MF (Regular chow)

g kcal% g kcal% g kcal%

Fat 4.3 10 34.9 60 5.3 13
Protein 19.2 20 26.2 20 23.6 26
Carbohydrates 67.3 70 26.3 20 54.4 61
Other 9.2 0 12.5 0 16.7 0

Total 100 100 100 100 100 100

kcal/g 3.85 5.24 3.6

Table  2.  The Ingredients of Each Diet

D12450B D12492

g kcal kcal% g kcal kcal%

Casein, 80 Mesh 19.0 76 19.7 25.8 103 19.7
l-Cystine 0.3 1 0.3 0.4 2 0.3

Corn starch 29.9 119 31 0 0 0
Maltodextrin 10 3.3 13 3 16.2 65 12.3
Sucrose 33.2 133 35 8.9 36 6.8

Cellulose, BW200 4.7 0 0 6.5 0 0

Soybean oil 2.4 21 5.5 3.2 29 5.5
Lard 1.9 17 4.4 31.7 285 54.3

Mineral Mix S10026 0.95 0 0 1.3 0 0
Dicalcium phosphate 1.23 0 0 1.7 0 0
Calcium carbonate 0.52 0 0 0.7 0 0
Potassium citrate, H2O 1.56 0 0 2.1 0 0

Vitamin Mix V10001 0.95 3.8 1.0 1.3 5.2 1.0
Choline bitartrate 0.19 0 0 0.3 0 0

FD&C Red dye 0.005 0 0
FD&C Yellow dye 0.006 0 0

Total 100 385 100 100 524 100
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quantified enzymatically using a Glucose CII Test (Wako Pure 
Chemical Ind., Ltd.), Triglyceride E-Test Wako (Wako Pure 
Chemical), Cholesterol E-Test Wako (Wako Pure Chemical, 
and NEFA C-Test Wako (Wako Pure Chemical), respectively.

Extraction of RNA from Tissue Samples ​ RNA was ex-
tracted from approximately 15 mg of frozen liver tissue using 
TRI reagent. The resulting solution was diluted 50-fold using 
Tris/EDTA buffer (TE buffer), and the purity and concentra-
tion (µg/mL) of RNA were calculated by measuring the absor-
bance at 260 and 280 nm using a U-2800 spectrophotometer 
(Hitachi High Technologies, Tokyo, Japan).

Real-Time Polymerase Chain Reaction (PCR) ​ A high-
capacity cDNA synthesis kit was used to synthesize the cDNA 
from 1 µg of RNA. cDNA TE buffer solution was prepared 
by diluting cDNA 20-fold using TE buffer. The expression 
of target genes was detected by preparing the primers and 
by performing real-time PCR. The following were added to 
each well of the 96-well PCR plate: 25 µL of iQ SYBR green 
supermix, 3 µL of forward primer of the target gene (5 pmol/
µL), 3 µL of reverse primer (5 pmol/µL), 4 µL of cDNA TE 
buffer solution, and 15 µL of RNase-free water. For 18S ribo-
somal RNA (rRNA), a housekeeping gene, 2 µL of a cDNA TE 
buffer solution was used, which was prepared by diluting the 
abovementioned solution 20-fold using TE buffer. Regarding 
the PCR conditions, the denaturation temperature was set at 
95°C for 15 s, annealing temperature was set at 56°C for 30 s, 
and elongation temperature was set at 72°C for 30 s. The fluo-
rescence intensity of the amplification process was monitored 
using the My iQ™ single-color real-time reverse transcription 
(RT)-PCR detection system (Bio-Rad Laboratories). The fol-
lowing pairs of primers were used: for CYP3A11, the forward 
primer was 5′-cgcctctccttgctgtcaca-3′ and the reverse primer 
was 5′-ctttgccttctgcctcaagt-3′, and for 18S rRNA, the forward 
primer was 5′-gtctgtgatgcccttagatg-3′ and the reverse primer 
was 5′-agcttatgacccgcacttac-3′. The mRNA level of CYP3A11 
was normalized to the level of 18S rRNA.

Microsome Preparation ​ Approximately 100 mg of liver 
or small intestinal mucosa scraped with a slide glass was 
homogenized in the dissection buffer (0.3 m sucrose; 25 mm 
imidazole; 1 mm EDTA; 8.5 µm leupeptin; and 1 µm phenyl-
methylsulfonyl fluoride, pH 7.2). The resulting suspension was 
centrifuged (9000×g for 15 min at 4°C), and the supernatant 
was centrifuged (105000×g for 1 h at 4°C). Dissection buffer 
was added to the precipitate, which was then homogenized 
using an ultrasonic homogenizer (UH-50, SMT Co., Ltd., 
Tokyo, Japan) to yield the microsomal fraction.5,9)

Electrophoresis and Immunoblotting ​ Protein concentra-
tions were measured by using the Lowry method,21) with BSA 
as the standard. Electrophoresis was performed using Laem-
mli’s method.22) Proteins were diluted 2-fold using loading 
buffer (84 mm Tris; 20% glycerol; 0.004% bromophenol blue; 
4.6% sodium dodecyl sulfate (SDS); and 10% 2-mercapto-
ethanol, pH 6.8), and the samples were boiled for 5 min prior 
to loading on a polyacrylamide gel. After electrophoresis was 
completed, the isolated proteins were transferred to a polyvi-
nylidene difluoride (PVDF) membrane, which was incubated 
in 1% skim milk blocking buffer for 1 h. After blocking, the 
membrane was incubated with rabbit anti-rat CYP3A2 anti-
body (1 : 15000) for 1 h at room temperature. After washing the 
membrane with TBS-Tween (20 mm Tris–HCl; 137 mm NaCl; 
and 0.1% Tween 20, pH 7.6), the membrane was incubated 

with donkey anti-rabbit IgG-HRP antibody (1 : 10000) for 1 h 
at room temperature. Then, the membrane was incubated with 
the ECL plus detection reagent, and the bands visualized with 
a LAS-3000 Mini Lumino image analyzer (FUJIFILM, Tokyo, 
Japan).

Measurement of CYP3A Metabolic Activity ​ Fifty 
microliters of triazolam solution (final concentrations ranged 
from 0–750 µm), 44 µL of hepatic microsomal suspension 
(final concentration was 0.27 mg/mL), and 6 µL of NADPH 
regenerating system solution were placed in a microtube and 
incubated for 30 min at 37°C. The reaction was stopped by the 
addition of 200 µL of acetonitrile and was cooled by placing 
it on ice. The sample was centrifuged (16000×g for 15 min at 
4°C), and the supernatant was evaporated under a flow of ni-
trogen. The residue was dissolved in the HPLC mobile phase 
[acetonitrile : methanol : 10 mm potassium phosphate buffer 
(3 : 6 : 11, pH 7.4)], and HPLC-UV was used to quantify 4-hy-
droxytriazolam and α-hydroxytriazolam.10,23) The initial linear 
rate conditions have been confirmed with respect to micro-
somal protein concentration (up to 1 mg/mL) and incubation 
time (up to 40 min).

The relationship between the triazolam concentration and 
metabolic rate was fitted to the Michaelis–Menten equation 
(4-hydroxylation) or the Michaelis–Menten equation with 
substrate inhibition (α-hydroxylation) using the nonlinear 
least-squares regression program (MULTI) to calculate the 
kinetic parameters (maximum velocity: Vmax, Michaelis con-
stant: Km, and substrate inhibition constant: Ks). Furthermore, 
we calculated the intrinsic clearance (CLint=Vmax/Km) for each 
metabolic pathway.24)

Triazolam Pharmacokinetics ​ In the control and MF 
groups, 0.3 mg/kg triazolam (polyethylene glycol : saline=​1 : 9 
solution) was administered intraperitoneally. At 15, 30, 60, 
and 120 min after drug administration, blood samples were 
collected from the abdominal vena cava using a heparinized 
syringe (five individuals/time point). The blood samples were 
centrifuged to isolate the plasma.

After adding 300 µL of isopropanol to 300 µL of plasma, 
the sample was mixed, centrifuged (15000×g for 10 min 
at 25°C), and deproteinated. Next, 450 µL of borate buffer 
(50 mm; pH 11) and 1620 µL of chloroform were added to 
360 µL of the supernatant, and the sample was subsequently 
mixed and centrifuged (1000×g for 5 min at 25°C). The lower 
layer was collected and dried with nitrogen gas. The residue 
was dissolved in 30 µL of mobile phase, and triazolam was as-
sayed by HPLC-UV.25)

Data Analysis ​ The area under the plasma concentration–
time curve extrapolated to infinity (AUCinfinity) was calculated 
using the average concentration obtained from five mice for 
each time point with the linear trapezoidal rule. The elimina-
tion rate constant (kel) and elimination half-life (t1/2=0.693/kel) 
were calculated from the concentration profiles of the elimina-
tion phase. The maximum plasma concentration (Cmax) and 
time-to-maximum plasma concentration (tmax) were obtained 
from actual measurements. Body clearance (CL/F, where F is 
bioavailability) was calculated using the following formula:

	 infinity/ (mL/min) dose ( g) / ( g min/mL)⋅=CL F μ AUC μ  
F is treated as a constant because the same formulation of 

triazolam was used, and we assumed that the bioavailability 
did not change between different mice.26)
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HPLC-UV ​ The HPLC apparatus consisted of a Waters 
2695 Separation Module (Waters, Tokyo, Japan) and a Wa-
ters 2489 UV/Visible Detector (Waters), and the measured 
data were recorded and analyzed using Empower analysis 
software (Waters). We used an Inertsil C18 ODS-3 column 
(mean particle size: 5 µm, 4.6×250 mm, GL Sciences Inc., 
Tokyo, Japan), and the mobile phase was acetonitrile–metha-
nol–10 mm potassium phosphate buffer (3 : 6 : 11, pH 7.4). The 
flow rate was 1.0 mL/min, the temperature was 40°C, and the 
detection wavelength was 220 nm. The retention times for 
α-hydroxytriazolam, 4-hydroxytriazolam, and triazolam were 
13 min, 15 min, and 17 min, respectively.

Quantification of Lithocholic Acid-Producing Bacte-
ria ​D NA was extracted from approximately 200 mg of 
frozen feces using the QIAamp DNA stool mini kit, which 
was performed according to the manufacturer’s protocol. The 
resulting solution was diluted 50-fold using TE buffer, its pu-
rity was confirmed, and the DNA concentration (µg/mL) was 
calculated by measuring absorbance at 260 and 280 nm using 
a spectrophotometer.

The expression of intestinal flora was detected by synthe-
sizing primers and performing real-time PCR. The following 
were added to each well of the 96-well PCR plate: 25 µL of iQ 
SYBR green supermix, 3 µL of forward primer of the target 
gene (5 pmol/µL), 3 µL of reverse primer (5 pmol/µL), 4 µL of 
cDNA TE buffer solution, and 15 µL of RNase-free water. Re-
garding the PCR conditions, the denaturation temperature was 
set at 95°C for 30 s, annealing temperature was set at 60°C for 
30 s, and elongation temperature was set at 72°C for 1 min. 
The following pairs of primers were used: for Clostridium 
sordellii, the forward primer was 5′-tcgagcgaccttcgg-3′ and the 
reverse primer was 5′-caccacctgtcaccat-3′.

Quantification of Lithocholic Acid in the Feces ​ A total 
of 15 mL of ethyl acetate was added to approximately 30 mg 
of a freeze-dried feces sample, and the mixture was sonicated 
to form a suspension. A total of 150 µL of HCl solution was 
added to the suspension to obtain a non-ionic form of litho-
cholic acid (LCA), which was extracted into the ethyl acetate 
phase. The mixture was agitated for 2 h in a warm bath at 
50°C. The suspension was centrifuged (12000×g for 10 min 
at 4°C), and the supernatant was dried under nitrogen gas. 
The residue was dissolved in 1 mL of acetonitrile and mixed 
with 25 µL of 6,7-dimethoxy-1-methylquinoxalin-2(1H)-one 
solution, 25 µL of 18-crown-6 solution, and 5 mg of K2CO3. 
The mixture was heated for 20 min at 80°C in the dark. After 

cooling, the mixture was centrifuged (13400×g for 1 min 
at 25°C). The supernatant was used as a sample for HPLC-
fluorescence (FL).27)

HPLC-FL ​ The HPLC apparatus consisted of a Waters 
2695 Separation Module and a Waters 2475 λ Fluorescence 
Detector (Waters), and the measured data were recorded and 
analyzed using Empower analysis software. We used an In-
ertsil C18 ODS-3 column, and the mobile phase was water–
acetonitrile–methanol (21 : 66 : 13). The flow rate was set at 
2.0 mL/min, and the temperature was 40°C. The excitation 
and detection wavelengths were 370 nm and 455 nm, respec-
tively.28,29)

Statistical Analysis ​ Numerical data are expressed as the 
means±​standard deviation. The significance of the differences 
between the means was examined using Student’s t-test for 
pairs of values and Dunnett’s test for multiple comparisons. 
Results with p<0.05 were considered to be statistically sig-
nificant.

Results

Feed Intake and Caloric Intake ​ Using purified feed that 
contained 10 kcal% of lard as the control, a high-fat diet con-
taining 60 kcal% of lard was prepared and given to mice for a 
period of 4 weeks. In addition, regular mouse chow containing 
13 kcal% of various types of fat, whose nutritional composi-
tion was different from those present in the purified feed, was 
given to the mice for 4 weeks.

Figure 1 depicts the changes in the feed and caloric intake 
of the mice over time.

The feed intake of the control group, HF group, and MF 
group was approximately 3 g/mouse/d and did not differ sig-
nificantly between the different groups throughout the admin-
istration period (Fig. 1A).

The caloric intake of the HF group was approximately 
15 kcal/mouse/d and was maintained at a higher level com-
pared to that of the control group (approximately 11 kcal/
mouse/d) throughout the administration period. However, the 
caloric intake between the control group and the MF group 
was not significantly different (Fig. 1B).

The Effect of a High-Fat Diet on Body Weight and the 
Weight of the Liver and White Adipose Tissue ​ Body 
weight and the weight of the liver and the white adipose tissue 
of the mice that received either the control diet, high-fat diet, 
or MF diet for 4 weeks were measured (Fig. 2).

Fig.  1.  Feed (A) and Caloric Intake (B)
The mice were allowed free access to the control diet (○), high-fat diet (▲), or regular mouse chow (MF; ●) for 4 weeks. The amount of feed intake was measured (A), 

and caloric intake was calculated (B).
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The body weight and the weight of the white adipose tissue 
in the mice that belonged to the HF group were significantly 
greater than that observed in mice from the control group, 

demonstrating signs of mild obesity (Figs. 2A, C). In contrast, 
significant differences were not observed in the liver weight 
between the control group and the HF group (Fig. 2B).

Fig.  2.  Measurement of Body Weight, Liver Weight, and the Weight of White Adipose Tissue
The mice were allowed free access to the control diet, high-fat diet, or regular mouse chow (MF) for 4 weeks. The body weight (A), and the weight of the liver (B) 

and the weight white adipose tissue (WAT) around the testes, kidney, and mesentery (C) were measured. Data are presented as the means±S.D. and were obtained from 
five mice per group. Dunnett’s test was performed to test to determine the statistical significance between the groups. * p<0.05 and ** p<0.01 vs. the control group were 
determined to be statistically significant.

Fig.  3.  Biochemical Profile of the Murine Plasma
The mice were allowed free access to the control diet, high-fat diet, or the regular mouse chow (MF) for 4 weeks. Blood samples were collected to measure glucose (A), 

triglyceride (B), total cholesterol (C), and free fatty acid (D) levels. Data are presented as the means±S.D. and were obtained from five mice per group. Dunnett’s test was 
performed to test to determine the statistical significance between the groups. ** p<0.01 vs. the control group were determined to be statistically significant.
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No significant differences were observed in the body 
weight, liver weight, and weight of the white adipose tissue 
between the MF group and the control group (Fig. 2).

The Effect of the High-Fat Diet on the Biochemical 
Profiles of Blood ​ The levels of non-fasting blood glucose, 
plasma triglycerides, total cholesterol, and free fatty acids 
were measured in mice that were fed either the control diet, 
high-fat diet, or MF diet for 4 weeks (Fig. 3).

No significant differences were observed in the non-fasting 
blood glucose level between the HF group and the control 
group. However, the levels of plasma triglyceride, total choles-
terol, and free fatty acids were significantly higher in the HF 

Fig.  4.  The Expression Level of CYP3A11 mRNA and CYP3A Protein in the Liver
The mice were allowed free access to the control diet, high-fat diet, or regular mouse chow (MF) for 1 week (A) or 4 weeks (B). CYP3A11 mRNA expression levels 

in the liver were measured by performing real-time RT-PCR and were normalized to 18S rRNA. Microsomal fractions were prepared from the liver, and the expression 
levels of CYP3A protein were measured by performing western blotting analysis. The results have been presented by setting the mean of the control group as 100%. Data 
are presented as the means±S.D. and were obtained from five mice per group. Dunnett’s test was performed to test to determine the statistical significance between the 
groups. ** p<0.01 and *** p<0.001 vs. the control group were determined to be statistically significant.

Fig.  5.  Triazolam Pharmacokinetics
The mice were allowed free access to either the control diet (○) or regular mouse 

chow (MF, ●) for 4 weeks. Triazolam was administered intraperitoneally (0.3 mg/
kg) to the mice, and the plasma concentrations of triazolam were measured by 
performing the HPLC-UV analysis until 120 min after the drug administration. 
Student’s t-test was performed to test to determine the statistical significance be-
tween the groups. Data are presented as the means±S.D. and were obtained five 
mice per group. * p<0.05 and *** p<0.001 vs. the control group were determined 
to be statistically significant.

Table  4.  Triazolam Pharmacokinetic Parameters

Control MF

AUC0–∞ (µg·min/mL) 10.7 3.2
CL/F (mL/min) 1.1 3.8
Cmax (ng/mL) 100±16 120±12
Tmax (min) 15 15
kel (min−1) 0.009 0.054
T1/2 (min) 77 13
The mice were allowed free access to either the control diet or regular mouse chow 

(MF) for 4 weeks. Triazolam was administered intraperitoneally to the mice in the 
control group and the MF group, and the plasma concentrations of triazolam were 
measured by performing HPLC-UV analysis until 120 min after the drug administra-
tion. The pharmacokinetic parameters were calculated my measuring the changes 
in the plasma concentrations of triazolam after administration (Fig. 5) by using the 
methods described in Materials and Methods. Cmax is presented as the means±S.D. 
and is obtained five mice per group.
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group than in the control group.
The levels of plasma triglyceride, total cholesterol, and free 

fatty acids were not significantly different between the MF 
group and the control group.

The Expression Levels of CYP3A11 mRNA and CYP3A 
Protein in the Liver ​ The levels of CYP3A11 mRNA and 
CYP3A protein expression were analyzed in the liver of mice 
that received either the control diet, high-fat diet, or MF diet 
for 1 week or 4 weeks (Fig. 4).

Compared to the control group, no significant differences 
were observed in the levels of CYP3A11 mRNA expression in 
the liver of mice that were on a HF diet for 1 week or for 4 
weeks. Further, changes in the level of CYP3A protein expres-
sion due to the intake of a HF diet were not observed.

However, the level of CYP3A11 mRNA expression in the 
liver of mice that were fed the MF diet for 1 week was sig-
nificantly higher (approximately 7 times) than that observed in 
the control group. The level of CYP3A protein expression in 
the MF group also showed a significant increase compared to 
the control group. Similarly, the expression levels of CYP3A11 
mRNA and CYP3A protein were also significantly higher 
in mice on the MF diet for 4 weeks compared with the con-
trol group (increased by approximately 7 times and 3 times, 

respectively).
Triazolam Pharmacokinetics ​ We examined whether the 

MF diet-induced increase in the expression level of CYP3A 
protein could cause changes in the pharmacokinetics of 
a CYP3A drug substrate (Fig. 5). In this study, triazolam 
was used as the drug substrate for CYP3A. It is known that 
triazolam is metabolized by CYP3A in humans and by its 
ortholog in mice to produce α-hydroxytriazolam and 4-hy-
droxytriazolam.23) Many of the CYP3A substrates also act as 
substrates for P-glycoprotein (P-gp), a transporter that medi-
ates drug excretion.30,31) However, triazolam is not a P-gp 
substrate.32) Therefore, triazolam was intraperitoneally admin-
istered to mice that were fed either the control diet or MF diet 
for 4 weeks, and the plasma concentration of triazolam was 
measured to calculate its pharmacokinetic parameters (Fig. 5, 
Table 4).

In both these groups, the Cmax of triazolam was achieved 
at 15 min after drug administration, which was followed by a 
gradual decline in the plasma concentration of triazolam. The 
plasma concentration of triazolam in the MF group at 30, 60, 
and 120 min after drug administration was significantly lower 
than that observed in the control group (Fig. 5). In the MF 
group, the AUCinfinity of triazolam decreased to approximately 

Fig.  6.  Triazolam Metabolic Activity in the Hepatic Microsomal Fraction
The mice were allowed free access to either the control diet or regular mouse chow (MF) for 4 weeks. Microsomal fractions were prepared from the liver, and the ac-

tivities of the 4-hydroxy (4-OH) and α-hydroxy (α-OH) metabolites of triazolam were determined. The kinetic parameters for each metabolite were also calculated. Data 
are presented as the means±S.D. and were obtained from five mice per group. Student’s t-test was performed to determine the statistical significance between the groups. 
** p<0.01 and *** p<0.001 vs. the control group were determined to be statistically significant.
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30% of the value that was observed in the control group, 
whereas the CL/F increased by approximately 3.5-fold com-
pared to the control group (Table 4).

Triazolam Metabolic Activity in the Hepatic Microso
mal Fraction ​ We examined whether the increase in triazol-
am clearance observed after the intake of the MF diet could 
be attributed to an increase in the intrinsic hepatic clearance 
of the drug (Fig. 6). The hepatic microsomal fractions were 
prepared from mice that were fed either the control diet or the 
MF diet for 4 weeks. The amounts of α-hydroxytriazolam and 
4-hydroxytriazolam produced by the metabolism of triazolam 
in this hepatic microsomal fraction were measured to evaluate 
the metabolic activity of CYP3A.

The Vmax of α-hydroxylation in the MF group was signifi-
cantly higher than that observed in the control group. CLint in 
the MF group was significantly higher (approximately 4 times) 
than that observed in the control group. However, the Km val-
ues did not differ significantly were between the control group 
and the MF group. Regarding α-hydroxylase activity, the 
decrease in the rate of metabolism was associated with an in-
crease in the triazolam concentration. This could be attributed 
to substrate inhibition that is caused by the formation of the 
enzyme-substrate complex, which is formed by the binding of 
CYP3A to triazolam, its substrate.33)

The Vmax and CLint of the 4-hydroxylation activity were 
significantly higher (approximately 5 times) in the MF group 
than in the control group. However, no significant differences 
were observed in the Km value between the control group and 
the MF group.

The Levels of Clostridium sordellii and LCA in the Feces ​
The expression level of CYP3A in the liver is increased by 
LCA, which is produced by enteric bacteria, Clostridium sor-
dellii.4–6) Therefore, we examined whether the changes in the 
enteric environment that were caused by dietary modifications 
might be responsible for LCA-induced increase in CYP3A ex-
pression level. In this study, the levels of Clostridium sordellii 
(LCA-producing bacteria) and LCA in the feces of mice that 
were fed the control diet or MF diet for 4 weeks were mea-
sured (Fig. 7).

The level of Clostridium sordellii in the feces of mice from 
the MF group was significantly higher (approximately 3 times) 
than that observed in mice from the control group (Fig. 7A). 
Similarly, the LCA content in the feces of mice from the MF 
group was significantly higher (approximately 2.5 times) than 
that observed in mice from the control group (Fig. 7B).

CYP3A Protein Expression Level in the Small Intestine ​
The expression level of CYP3A protein was analyzed in the 
small intestine of mice that received the control diet or MF 
diet for 4 weeks (Fig. 8).

The level of CYP3A protein expression in the small intes-
tine of mice that were fed the MF diet was significantly higher 
(approximately 2.3 times) than that observed in the control 
group (Fig. 8).

Discussion

In recent years, the intake of foods with high-fat content has 
increased as a result of the Westernization of the diet. When 
medications are taken with a high-fat meal, the pharmacoki-
netics of the drug can be altered. For example, when highly li-
pophilic medications, such as phenytoin34) and cyclosporine,35) 

are taken with high-fat meals, the absorption of these drugs is 
increased, which results in an increase in their AUC. However, 
it is not clear whether the expression level of CYP3A, which is 
a drug-metabolizing enzyme, would be altered by the continu-
ous intake of a high-fat diet. Therefore, in this study, we ex-
amined whether the expression of hepatic CYP3A is affected 
by the intake of a high-fat diet.

The expression levels of CYP3A11 mRNA and CYP3A 
proteins were analyzed in the liver of mice that were fed a 
high-fat diet, prepared from purified feed, for 4 weeks. Our 
results did not show any significant differences between the 
control group and the HF group (Fig. 4). It was therefore 
concluded that the expression level of hepatic CYP3A is not 
affected by energy intake in the form of fat or carbohydrate 
(Table 1). Our results also suggest that a continuous increase 
in caloric intake does not alter the expression level of the 
hepatic CYP3A protein (Fig. 1). These results are different 
from those previously reported, in which the daily intake of 
a high-fat diet markedly decreased the expression level of 

Fig.  7.	 The Levels of Clostridium sordellii (A) and LCA (B) in the 
Feces

The mice were allowed free access to either the control diet or regular mouse 
chow (MF) for 4 weeks. (A) The amount of Clostridium sordellii DNA in the feces 
of mice was measured by using real-time PCR. (B) LCA was extracted from the 
feces, and its concentration was measured by using HPLC. Data are presented as 
the means±S.D. and were obtained five mice per group. Student’s t-test was per-
formed to determine the statistical significance between the groups. ** p<0.01 vs. 
the control group was determined to be statistically significant.

Fig.  8.  The Expression Level of CYP3A Protein in the Small Intestine
The mice were allowed free access to the control diet or regular mouse chow 

(MF) for 4 weeks. Microsomal fractions were prepared from the small intestine, 
and the expression levels of CYP3A protein were measured by performing western 
blotting analysis. The results have been presented by setting the mean of the con-
trol group as 100%. Data are presented as the means±S.D. and were obtained from 
five mice per group. Student’s t-test was performed to determine the statistical 
significance between the groups. ** p<0.01 vs. the control group was determined to 
be statistically significant.
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hepatic CYP3A in mice.20) This discrepancy may be explained 
by a difference in the type of feed given to the mice. In pre-
vious studies, the change in CYP3A levels was compared 
between mice fed a high-fat diet prepared from purified feed 
and those fed a control diet composed of crude feed (MF; Ori-
ental Yeast Co., Ltd.).20) The expression level and activity of 
hepatic CYP3A are known to be affected by the type of feed 
given to animals.36,37) We investigated the extent to which the 
expression level and activity of hepatic CYP3A in mice were 
altered by the consumption of different feeds. More specifi-
cally, regular mouse chow, which contained corn and fish meal 
(Oriental Yeast), was compared with the control diet, which 
consisted of purified feed (control group). The results revealed 
that the expression level of CYP3A protein in the liver of mice 
that were on the regular mouse chow was significantly higher 
(approximately 3 times) than that observed in mice from the 
control group, even though the caloric intake was the same 
between the two groups (Figs. 1, 4). This finding is consistent 
with the results of a similar study that compared the effect of 
a standard diet (AM-II; Hope Farms, the Netherlands) to that 
of a semisynthetic diet (20% casein, 4068.02; Hope Farms).38) 
The present study suggests that the decrease in the expression 
level of hepatic CYP3A that was previously attributed to the 
intake of a high-fat diet may instead result from differences 
in the composition of the feeds used, independent of their fat 
content.20)

We also examined whether the changes in CYP3A expres-
sion level were due to the differences in the feed, which could 
affect the pharmacokinetics of drugs such as triazolam, a 
CYP3A substrate. A decrease in the AUC and an increase in 
the CL/F of triazolam were observed in the MF group com-
pared to the control group (Fig. 5, Table 4). The results of the 
CYP3A metabolic activity using the hepatic microsomal frac-
tion suggest that these changes in the AUC and CL/F could 
be attributed to an increase in the intrinsic hepatic clearance 
of triazolam (Fig. 6). Based on these results, it was con-
cluded that the intake of the regular mouse chow increases the 
metabolic activity of hepatic CYP3A in mice, which causes 
a decrease in the plasma concentration of a drug that is the 
CYP3A substrate.

We investigated the cause of the increase in CYP3A expres-
sion level in the murine liver after the intake of regular mouse 
chow. The results of the pathological examination showed that 
there were no signs of obesity, diabetes, or hyperlipidemia in 
the MF group (Figs. 2, 3). The caloric intake in the MF group 
was comparable to that observed in the control group (Fig. 1). 
Similar to the control group, the main energy source in the 
MF group was carbohydrates (Table 1). Therefore, the possi-
bility that the increase in CYP3A expression level in the liver 
of mice in the MF group was due to pathological conditions, 
caloric intake, or energy source was considered to be low.

The CYP3A expression level in the liver is affected by the 
presence of exogenous and endogenous substances. For ex-
ample, LCA, a secondary bile acid that is produced by enteric 
bacteria, activates hepatic nuclear receptors such as pregnane 
X receptor (PXR),39,40) farnesoid X receptor (FXR),41,42) and 
vitamin D receptor (VDR).43,44) Activation of these recep-
tors stimulates the transcription of CYP3A11, resulting in 
an increase in the expression levels of CYP3A proteins. The 
mechanism that mediates the increase in the CYP3A ex-
pression in the liver caused by the regular mouse chow was 

therefore examined, focusing on LCA. The production of LCA 
involves the metabolism of chenodeoxycholic acid, a reaction 
that is catalyzed by 7α-dehydroxylase, which is derived from 
the enteric bacteria that are similar to those that belong to the 
genus Clostridium.45) In this study, the level of Clostridium 
sordellii, which possesses high 7α-dehydroxylase activity, was 
quantitatively analyzed by performing real-time PCR. The 
results showed that the level of Clostridium sordelli in the 
feces of the mice in the MF group was significantly higher 
than that observed in mice in the control group (Fig. 7A). The 
LCA content in the feces of mice in the MF group was also 
significantly higher than that observed for mice in the control 
group (Fig. 7B). Neither the control diet nor the MF diet con-
tained LCA (data not shown). These results suggest that the 
increased expression levels of hepatic CYP3A proteins in the 
MF group may be partially attributed to an increase in LCA 
levels resulting from a change in intestinal flora induced by 
components of the regular mouse chow.46–48) It is also possible 
that the composition of the regular mouse chow could increase 
the levels of chenodeoxycholic acid, the precursor of LCA. 
This effect would increase LCA levels and could subsequently 
lead to an increase in CYP3A.49,50)

In an in vitro study using rat and human small intestinal 
cells and hepatic parenchymal cells, Khan et al. have reported 
that LCA induces CYP3A strongly in the small intestine but 
weakly in the liver.51) In our study, in contrast, the expression 
level of CYP3A in the small intestine of the MF group was 
increased relative to the control group, and this increase was 
comparable to that in the liver (Figs. 4, 8). The reasons for the 
discrepancy between the results reported by Khan et al. and 
our results may include differences in the animal species used 
(humans and rats in the study of Khan et al. and mice in our 
study) and in the experimental system employed (in vitro in 
the study of Khan et al. and in vivo in our study).51)

Regular mouse chow contains various ingredients, and the 
specific ingredients contribute to the observed increase in 
LCA-producing bacteria have not been determined. However, 
the growth of LCA-producing bacteria has been shown to be 
accelerated by vitamins such as vitamin B12.52) Because regu-
lar mouse chow contains a larger amount of vitamin B12 than 
the purified feed (Table 3), the vitamins contained in the regu-
lar mouse chow may have contributed to the increase in the 
LCA-producing bacterium, Clostridium sordellii, which was 
observed in this study.

In summary, it has been shown that CYP3A expression 
level in the liver is not affected by the intake of a high-fat 
diet. Therefore, it is possible that high-fat diet causes lifestyle 
that affects the pharmacokinetics of CYP3A substrates.9,10) 
However, the possibility that the continuous intake of a high-
fat diet by itself could change the expression level of CYP3A 
and affect the pharmacokinetics of a CYP3A substrate is 
considered to be low. In addition, the enteric environment was 
altered when the animals were fed different diets, which trig-
gered changes in the expression level and activity of CYP3A 
in the liver. The results of our study suggest that it is also 
necessary to carefully consider the type of feed used in the 
animal experiments.
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