
Xenobiotica, 2009; 39(4): 323-334 informa 
healthcare 

RESEARCH ARTICLE 
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Abstract 
1. In order to determine the effects of intestinal flora on the expression of cytochrome P450 (CYP), the 
mRNA expression of CYP was compared between specific pathogen-free (SPF) and germ-free (GF) 
mice. 
2. Most of the major CYP isozymes showed higher expression in the livers of SPF mice compared with GF 
mice. 
3. Nuclear factors such as pregnane X receptor (PXR) and constitutive androstane receptor (CAR), as well 
as transporters and conjugation enzymes involved in the detoxification of lithocholic acid (LCA), also 
showed higher expression in SPF mice. 
4. The findings suggest that in the livers of SPF mice, LCA produced by intestinal flora increases the expresｭ
sion of CYPs via activation of PXR and CAR. 
5. Drugs such as antibiotics, some diseases and ageing, etc. are known to alter intestinal flora. The present 
findings suggest that such changes also affect CYP and are one of the factors responsible for individual 
differences in pharmacokinetics. 

Keywords: Intestinal flora; germ-free; Cyp3a; nuclear transcription factors; pregnane X receptor (PXR); 
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Introduction 

There are individual differences in the body's ability to 
excrete xenobiotics, such as drugs and environmental 
pollutants. Because the individual differences can lead 
to the variability in drug concentration and effects, they 
are one of the issues that must be paid attention in drug 
therapy. 
These individual differences are partially caused by 

qualitative and quantitative changes in cytochrome 
P450s (CYPs), a group of major drug-metabolizing 
enzymes. Genetic polymorphism is a typical qualitaｭ
tive change in CYPs. For example, it is known that the 
in vivo pharmacokinetics of omeprazole, a CYP2Cl9 

substrate, are affected by the single nucleotide polyｭ
morphism of CYP2Cl9 (lshizaki and Horai 1999). On 
the other hand, the quantity of CYP is affected by disｭ
ease, gender, age and drugs. For example, studies have 
shown that rifampicin, an antibiotic, induces CYP3A4 

(Pichard et al. 1990); obesity increases the expression 
of CYP2B in the liver (Yoshinari et al. 2006); and inflamｭ
matory bowel disease lowers the activity of CYP3A in 
the liver and small intestine (Masubuchi and Rorie 
2004). Furthermore, studies have shown that birth and 

age alter the expression of CYP in the liver (Itoh et al. 
1994; Sakuma et al. 2000; Choudhary et al. 2003; Stevens 
et al. 2003). 
In this manner, the expression of CYP changes 
depending on drug, disease and age, and such changes 
are known to act as one of the factors responsible for 
individual differences in pharmacokinetics, but its 
detailed mechanisms are unknown. 

Several studies have documented findings suggestｭ
ing the possibility that intestinal flora is involved in 
the changes in expression of CYP. For example, ciproｭ
floxacin, a new quinolone antibacterial agent, lowers 
not only intestinal flora (Chin and Neu 1984), but also 

CYP expression (Xie et al. 2003). While CYP3A is down-
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regulated in inflammatory bowel disease (Masubuchi 
and Horie 2004), Bacteroides and Escherichia coli are 
elevated in such cases (Okayasu et al. 1990; Neut et 
al. 2002). Furthermore, birth and age alter not only 
CYP expression (Itoh et al. 1994; S血皿a et al. 2000; 
Choudhary et al. 2003; Stevens et al. 2003), but also 
intestinal flora (Savage et al. 1968). It is also known 
that there are marked individual differences in intesｭ
tinal flora (Hayashi et al. 2002), and that psychogenic 
factors, such as stress, drastically affect intestinal flora 
(Morishita and Ogata 1970; Suzuki et al. 1983; Bailey 
and Coe 1999). Therefore, the present authors hypothｭ
esized that intestinal flora is involved in the changes in 
CYP expression and is one of the causes of individual 
differences in pharmacokinetics. The effects of intesｭ
tinal flora on CYP expression at the m邸A level were 
investigated by GeneChip and real-time reverse tranｭ
scriptase-polymerase chain reaction (RT-PCR) using 
specific pathogen-free (SPF) mice and germ-free (GF) 
mice lacking intestinal flora. Among the CYP subfamily, 
CYP3A is involved in the metabolism of the greatest 
number of drugs. Thus, the expression of murine Cyp3a, 
which is equivalent to human CYP3A, was measured at 
the protein level, and the changes in its activity were 
evaluated using triazolam, a specific substrate (Perloff 
et al. 2000). 
In addition, in order to clarify that the changes in CYP 
expression are due to intestinal flora, we focused on the 
expression of nuclear transcription factors involved in 
CYP expression regulation, that is, aryl hydrocarbon 
receptor (AhR), constitutive androstane receptor (CAR), 
farnesoid X receptor (FXR), and pregnane X receptor 
(PXR), and them即Alevels of these genes in the livers of 
GF and SPF mice were quantified. Among the biological 
components affected by intestinal flora, we focused on 
lithocholic acid (LCA), a secondary bile acid produced 
by bacterial enzymes (Ridlon et al. 2006), which act as 
an activator of FXR and PXR (Staudinger et al. 200 l; Xie 
et al. 2001). A possibility of its involvement in the CYP 
expression changes observed in this study was tested 
by quantifying the enzymes and transporters which are 
responsible for its detoxification and are reported to be 
induced by LCA. 

Materials and methods 

Chemicals 

RNAiso was purchased from Takara Bio, Inc. (Tokyo, 
Japan). The high-capacity cDNA synthesis kit was purｭ
chased from Applied Biosystems (Tokyo, Japan). The 
RN easy Mini Kit, RNeasy plus Mini Kit and RNase-free 
Water were purchased from Qiagen, Inc. (Valencia, 
CA, USA). The GeneChip Array (Mouse Genome 

430 2.0 Array) was purchased from Affymetrix Japan 
(Tokyo, Japan). Tris-EDTA buffer (TE buffer) was purｭ
chased from Nacalai Tesque (Kyoto, Japan). The iQ 
SYBR Green Supermix and DC protein assay kit were 
purchased from Bio-Rad Laboratories (Hercules, CA, 
USA). Various primers were purchased from Invitrogen 
(Tokyo, Japan). The ECL Plus Western Blotting Detection 
System was purchased from GE Healthcare (Chalfont 
St Giles, UK). Anti-rat CYP3A2 (from rabbit) (Lot 
012RGC) was purchased from Daiichi Pure Chemicals 
(Tokyo, Japan). Anti-rabbit IgG (whole molecule) 
peroxidase conjugate (Lot 053K4853), bovine serum 
albumin and a-hydroxytriazolam were purchased from 
Sigma-Aldrich Corp. (St Louis, MO, USA). Skim milk 
was purchased from Snow Brand M退Products(Tokyo, 
Japan). Acetonitrile, triazolam, monobasic potassium 
phosphate and di-potassium hydrogen phosphate 
were purchased from Wako Pure Chemical Industries 
(Osaka, Japan). Four-hydroxytriazolam was purchased 
from BIOMOL (Exeter, UK). The NADPH regeneration 
system was purchased from Becton, Dickinson & Co. 
(Tokyo, Japan). With regard to other reagents, comｭ
mercially available products of the highest grade were 
purchased. 

Laboratory animals 

Nine-week-old IQI male GF and SPF mice were purｭ
chased from the Central Institute for Experimental 
Animals (Tokyo, Japan). GF mice were kept in vinyl isoｭ
lators using autoclaved equipment, materials, cages and 
bedding materials, and they had free access to food and 
water. Autoclaved water was given as drinking water, 
and autoclaved CL-2 (CLEA Japan) was given as food. 
Faeces, bedding materials and swabs were tested for 
sterility, and mice were used after confirming sterility 
(Maejima and Nomura 1975; Ikeda et al. 2007). 
The present study was conducted in accordance 
with the Guiding Principles for the Care and Use of 
Laboratory Animals, as adopted by the Committee on 
Animal Research of Hoshi University. 

RNA preparation from tissue samples 

Mice were dissected under diethyl ether anaesthesia, and 
the liver and small intestine were excised and washed 
with PBS. The small intestine was divided into three secｭ
tions and the middle section was used. The organs were 
weighed, recorded and frozen using liquid nitrogen. 
RNA was extracted from about 15 mg of frozen liver 
using the RN easy Plus Mini Kit. With each small intesｭ
tine sample, 13 ml of RNAiso were used to crush frozen 
tissue quickly and completely. Next, 8ml of RNAiso 
were added to 2ml of the homogenate (SX dilution), 
followed by m因ng, and RNA was extracted using 2 ml 
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of the homogenate. RNA extraction was carried out 
according to the protocol for the RNeasy Plus Mini Kit 
and RNAiso. The resulting solution was diluted SO-fold 
using Tris-EDTA buffer (TE buffer), and purity was 
confirmed and RNA concentration (ｵ,g m1-1) was calｭ
culated by measuring absorbance at 260 and 280 run 
using a spectrophotometer (U-2800, Hitachi High 
Technologies). 

GeneChip 

GeneChip operation and array image data 
acquisition 
Starting with 5 ｵ,g of extracted RNA, cDNA was syntheｭ
sized by the standard one-cycle method (see http:// 
bioinf. picr.man.ac. uk/mbcf/miame_protocols.jsp), and 
biotinylated cRNA synthesis and spectrophotometry 
quantification were performed. Synthesized cRNA fragｭ
mentation and cRNA quality checks before and after 
fragmentation were performed. Hybridization to the 
Mouse Genome 430 2.0 Array (Affymetrix) and array 
scan and image data acquisition using the GeneChip 
3000 Scanner (Affymetrix) were carried out. 

Numerical data extraction 

According to the protocol shown at http://bioinf.picr. 
man.ac.uk/mbcf/miame_protocols.jsp, the GCOS 
(Affymetrix), a data analysis system for GeneChip 

Table I. Primer sequences of mouse mRNA. 
Target Accession number Forward primer (5'to 3') 

Cypla2 NM_009993 GACATGGCCTAACGTGCAG 

Cyp2a4 NM_009997 GGAAGACGAACGGTGCTITC 

Cyp2b9 NM_OlOOOO CCCTGGATCCCACCTTTC 

Cyp2bl3 NM_007813 GCTICTIGGCCCGCTGAC 

Cyp2c37 NM_OlOOOl GCTACTAATGGAATGGGCCTTG 

Cyp3all NM_007818 CGCCTCTCCTTGCTGTCACA 

Cyp3al3 NM_007819 CCTCTGCCTTICTTGGGGACGAT 

Cyp3al6 NM_007820 CACACATCTGGAGGGAGAAC 

Cyp3a25 NM_019792 CAAGCACTICCATITCCCTC 

Cyp3a41 NM_Ol7396 GCACACTTTCCTTCACCCTGT 

Cyp3a44 NM_l77380 CTGAGしITICTCAGTGTCTGTG

AhR NM_Ol3464 CCTCATCCAGCAGGATGAG 

CAR NM_009803 CCCTGACAGACCCGGAGTIA 

FXR NM_009108 GCTTGATGTGCTACAAAAGCTG 

PXR NM_Ol0936 GATGGAGGTCTICAAATCTGCC 

Oatp2 NM_030687 CTGGCTATCCCTGACTGAG 

Octl NM_009202 CGTATGGGAGCCACCATTG 

Ntcp NM_Oll387 GTGCTTTCCTICTGGGCAAG 

Mrp3 NM_029600 GGTACTCCTGCTCGAAGAC 

PAPSS2 NM_Oll864 GTGCAACAGGTGGTGGAAC 

Sultldl NM_Ol6771 CAGGAGGGAGTTAGTGGATG 

18S rRNA X00686 GTCTGTGATGCCCTIAGATG 

system standard, was used to confirm the array image 
data of each sample, and the data were converted into 
a file format that enabled extraction of gene expresｭ
sion as a numerical value. The signals were normalｭ
ized using the average value of all probes, excluding 
the upper and lower 2% signal values. In addition, 
genes with corrected signal values from 500 to 10 000 
were extracted. 

Real-time RT-PCR 

From 1 ｵg of RNA, a high-capacity cDNA synthesis kit 
was used to synthesize cDNA. TE buffer was used to 
dilute the cDNA 20-fold to prepare cDNA TE buffer 
solution. The expression of each gene was detected 
by preparing primers listed in Table 1 and performing 
real-time RT-PCR. To each well of a Mu ltip late• PCR 

Plates 96-well clear (Bio-Rad Laboratories), 25 ｵl of iQ 
SYBR Green Supermix, 3 ｵl of forward primer of target 
gene (5 pmol ｵl-1), 3 ｵl ofreverse primer (5 pmol ｵl-1), 
4 ｵl of cDNA TE buffer solution and 15 ｵl of RNaseｭ
free Water were added. With regard to 18S rRNA, a 
housekeeping gene, 4 ｵl of a cDNA TE buffer solution 
that was prepared by diluting above-mentioned soluｭ
tion 20-fold using TE buffer was used. Denaturation 
temperature was set at 95ー C for 15 s, annealing temｭ
perature at 56ー C for 30 s and elongation temperature 
at 72ー C for 30 s. The fluorescence intensity of the 
amplification process was monitored using the My 

Reverse primer (5'to 3') Amplicon size (bp) 

GGTCAGAAAGCCGTGGTTG 83 

AAAGCGGTCCCCGAAGACG 92 

CAGCAGATGAAGGAACTGGTC 107 

GTITCCAGCAGCTCTCTCAG 96 

GCAACGTGCTTCTTCTTGAACG 138 

CTTTGCCTTCTGCCTCAAGT 260 

CCGCCGGTTTGTGAAGGTAGAGT 192 

GACCAATGTATCCAGTGAGAGC 93 

CTTATTGGGCAGAGTTCTGTC 98 

GGTGCCTTATIGGGCAGAGT 97 

GATCCCATGAGAAACGGTGAAG 102 

TIGCTCACGGAGCCCATG 90 

GCCGAGACTGITGTTCCATAAT 101 

CGTGGTGATGGTTGAATGTCC llO 

GGCCCTICTGAAAAACCCCT 102 

GAGGGTGCTGAACTCCTTC llO 

GGCAGAGCACACCATCATC 99 

CAGGGTGAAGAGGTTAGACAG 107 

CTTGCGGACCTCGTAGATG 79 

GCCTCAGCTCGGATITGATC 116 

GGCCGGGCTICAAATGAC 85 

AGCTTATGACCCGCACTTAC 177 
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iQ'" Single Color Real-time RT-PCR Detection System 
(Bio-Rad Laboratories). 
As target genes, CYP isozymes belonging to the Cyp3a 
subfamily (Cyp3all, Cyp3al3, Cyp3al6, Cyp3a25, 
Cyp3a41 and Cyp3a44) and, of the isozymes belonging 
to the Cypl and 2 families, those having m即Aexpresｭ
sion in the livers of SPF mice at least twice that of GF 
mice (Cypla2, Cyp2a4, Cyp2b9, Cyp2bl3 and Cyp2c37) 
were selected. Furthermore, nuclear transcription facｭ
tors involved in the regulation of CYP expression (aryl 
hydrocarbon receptor (AhR), CAR, FXR and PXR) and 
PXR target genes (Oatp2, Octl, Ntcp, PAPSS2, Sultldl 
and Mrp3) were also investigated. 

Western blotting 

Microsome preparation 
About 70 mg of frozen liver were homogenized using 
dissecting buffer (0.3 M sucrose, 25 mM  imidazole, 
1 mM  EDTA, pH 7.2, containing 8.5 ｵM leupeptin, and 
1 mM  phenylmethylsulfonyl fluoride). The resulting 
suspension was centrifuged for 15 min at 9000g, and 
the supernatant was centrifuged for 1 h at 105 OOOg. 
The precipitate was resuspended using dissecting 
buffer. All procedures were carried out at 4ーC. Protein 
concentrations were measured by the Lowry method 
(Lowry et al. 1951) using bovine serum albumin as a 
standard. 

Immunoblot analysis (Levert et al. 2002) 
Electrophoresis was performed by Laemrnli's method 
(Laemmli 1970). Using the loading buffer (84mM Tris, 
20% glycerol, 0.004% bromophenol blue, pH 6.3, 4.6% 
SDS, and 10% 2-mercaptoethanol), 0.6 ｵg of microｭ
somal protein were diluted two-fold, boiled for 5min 
and applied to 7.5% polyacrylarnide gel (ATTO Corp., 
Tokyo, Japan). After electrophoresis, the isolated proｭ
teins were transferred to a PVDF membrane (ATTO 
Corp.) using CompactBLOT (AE-7500, ATTO Corp.). 
After blocking for 1 h using 0.3% skim milk, the resulting 
membrane was reacted for 1 hat room temperature with 
anti-rat CYP3A2 (1:2000). After washing the membrane 
using TBS-TWEEN (Tris-HCl 20mM, NaCl 137mM and 
Tween 20 0.1%, pH 7.6), the resulting membrane was 
reacted for 1 hat room temperature with anti-rabbit IgG 
(whole molecule) peroxidase conjugate (1:10 000). After 
washing the membrane, the membrane was reacted 
with the ECLplus detection reagent and visualized with 
LAS-3000 mini (Fuji Film, Tokyo, Japan), a luminoimｭ
age analyser. 

Triazolam metabolism (Perloff et al. 2000) 

紐er pre-incubation for 15rnin at 37ーC, various conｭ
centrations of triazolam solution (final concentration 

= 0-750 ｵM), liver rnicrosome suspension (final conｭ
centration = 0.27mgml-1) and NADPH-regeneration 
system solution, 50, 47 and 3 ｵl, respectively, were 
placed in an Eppendorf tube and incubated for 30 min 
at 37ーC. By adding 200 ｵl of acetonitrile and cooling 
with ice, the reaction was stopped, and deproteinizaｭ
tion was performed. Centr血gationwas then performed 
at 16 OOOg for 15min at 4ーC, and the supernatant (180 
ｵl) was evaporated under the stream of nitrogen. The 
residue was dissolved in 60 ｵl of the mobile phase, and 
HPLC-UVwas used to quantify 4-hydroxytriazolarn and 
a-hydroxytriazolam. The initial linear rate conditions 
have been confirmed with regards to microsomal proｭ
tein concentration (up to 0.5mg m1-1) and incubation 
time (up to 40min). 

HPLC 

The HPLC apparatus consisted of the Waters 2695 
Separation Module (Waters) and Waters 2489 UV /Visible 
Detector (Waters), and measured data were recorded 
and analysed using the analysis software Empower 
(Waters). Inertsil Cl8 ODS-3 was used as a column 
(mean particle size = 5 ｵm, 4.6 X 250 mm, GL Sciences, 
Inc.). As a mobile phase, acetonitrile:methanol:lOmM 
potassium phosphate buffer (4:7:9; pH 7.4) was used. 
Flow rate was 1.0 ml min-11 temperature was 40ーC 
and detection wavelength was 220 nm (Perloff et al. 
2000). The detection limit for 4-hydroxytriazolam 
and a-hydroxytriazolam was 0.458 ｵMand 0.434 ｵM, 
respectively, and the retention time for 4-hydroxytriaｭ
zolam, a-hydroxytriazolam and triazolam was ll min, 
10 min and 13 min, respectively. 

Kinetics analysis of triazolam metabolism 

The relationship between triazolam concentration and 
metabolic rate was fitted to the Michaelis-Menten equaｭ
tion (4-hydroxylation) or the Michaelis-Menten equaｭ
tion with substrate inhibition (a-hydroxylation) (Perloff 
et al. 2000) using the non-linear least-squares regresｭ
sion program MULTI (Yamaoka et al. 1981) in order to 
calculate kinetic parameters (maximum velocity: V max; 
Michaelis constant: Km; and substrate inhibition conｭ
stant: KJ 
Furthermore, for each metabolic pathway, the 
intrinsic clearance (CL;", = V_../K_) was calculated, mt maxｷ m 

and the SUIIl of CLin1 for both metabolic pathways was 
calculated. 

Statistical analysis 

Numerical data were expressed as means 土 standard

deviation (SD). A Student's t-testwas used for assessing 
statistical significance. 



Results 

CYP expression in liver 

Livers were dissected from SPF mice (9-week-old male 
IQI mice) and GF mice (9-week-old male IQI mice) for 
which faeces were shown to be free of intestinal flora, 
and RNA was prepared in a conventional manner and 
was analysed by GeneChip assay and real-time RT-PCR. 
On GeneChip analysis, of the CYP isozymes belongｭ
ing to the Cypl-3 family and showing a certain level of 
expression, the m郎Aexpression of eight isozymes was 
at least twice as high in the SPF mice when compared 
with the GF mice. Cyp3al3 and 25 also showed higher 
expression in SPF mice though the difference was less 
than two-fold. For Cyp3all, GeneChip analysis resulted 
in a signal intensity of above the detectable limit in both 
GF and SPF mice (Figure 1). 
On real-time RT-PCR, when compared with the GF 
mice, the mRNA of the eight CYP isozymes (Cypla2, 
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Cyp2a4,Cyp2b9, Cyp2bl3,Cyp2c37,Cyp3al6,Cyp3a41 
and Cyp3a44) having equal to or more than two-fold 
differences between the two groups as assessed by 
GeneChip analysis was significantly higher in SPF mice 
and them即A of Cyp3al 1 and Cyp3a25 was also sigｭ
nificantly higher in SPF mice when compared with GF 
mice. While no significant differences were seen for 
Cyp3al3, it tended to be high in SPF mice (Figure 2). 
Therefore, the results of GeneChip analysis and those 
of PCR largely corresponded except for Cyp3al 1, which 
was over-expressed. 

Expression of Cyp3a at the protein level 

From the livers of GF and SPF mice, the microsome 
fraction was prepared and subjected to Western blotｭ
ting. Using polyclonal antibodies for rat CYP3A2 and 
HRP-labelled secondary antibody, Cyp3a protein was 
detected by ECL, and two bands for Cyp3a were detected 
near 52 and 50 kDa. It has been known that the isozymes 
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Figure I. Cytochrome P450 (CYP) rnRNA expression in the livers of germ-free (GF) and specific pathogen-free (SPF) mice analysed by GeneChip. 
RNA was extracted from the livers of GF (open columns，口） andSPF (closed columns,•) mice, and the mRNA expression of the isozymes belongｭ
ing to the Cypl, Cyp2 and Cyp3 subfam出eswas investigated by GeneChip analysis as described in the Materials and Methods section. The 
expression of each gene was compared in relation with GF mice (100%) (n = 1). 
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Figure 2. Cytochrome P450 (CYP) mRNA expression in the livers of germ-free (GF) and specific pathogen-free (SPF) mice analysed by real-time 
reverse transcriptase-polymerase chain reaction (RT-PCR). RNA was extracted from the livers of GF (open columns，口） andSPF (closed_columns, ■) 
mice, and the mRNA expression of the isozymes belonging to the Cypl, Cyp2 and Cyp3 subfamilies was investigated by PCR as described in the 
Materials and Methods section. Expression of each gene was corrected against 18S rRNA and compared in relation with the mean value in GF 
mice (100%). Values are the means 土 standarddeviation (SD), n = 5, *p< 0.05, ••p < 0.01. Student's t-test. 

of Cyp3a cannot be discrimi!lated and are shown as two 
broad bands (Emoto et al. 2000). Therefore, the total 
concentration of the two bands was measured, and 
when compared with the GF mice, the total concentraｭ
tion for SPF mice was significantly higher (Figure 3). This 
confirmed that the expression of Cyp3a in the liver at the 
protein level in SPF mice was higher when compared 
with GF mice. 

Triazolam metabolic activity in the liver 

In order to compare Cyp3a activities between GF and 
SPF mice, the metabolic activity of triazolain (Cyp3a 
substrate) was investigated using the hepatic microｭ
somes. When compared with GF mice, the Vmax for 
a-hydroxylation (a-OH) and 4-hydroxylation (4-0H) 
in SPF mice were higher. The Km for 4-0H in SPF mice 
was higher when compared with GF mice. With regard 
to a-OH, weak substrate inhibition was observed 

in both groups (GF: Ks= 3510 士 1430 ｵM, and SPF: 

Ks=21181 土 24675 ｵM). The CLint for a-OH in SPF 
mice was higher when compared with GF mice. Total 
CLint for a-OH and 4-0H in SPF mice (17.8 土1.7 ｵl 
ffiin-lm炉protein)was significantly higher than that in 
GF mice (14.0 士 0.6 ｵl min-1 mg-1 protein) (Figure 4). 

CYP mRNA expression in the small intestine 

From the small intestine of the GF and SPF mice, RNA 
was prepared, and CYP expression was analysed by 
GeneChip analysis and real-time RT-PCR. The results 
of GeneChip analysis showed no marked differences in 
the isozymes belonging to the Cyp 1-3 family in the small 
intestine between GF and SPF mice (data not shown). 
PCR was used to analyse the Cyp3a isozymes in the 
small intestine, but no significant differences were seen 
in the mRNA expression of any isozymes in the small 
intestine between GF and SPF mice (Figure 5). 
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Figure 3. Expression of Cyp3a protein in the livers of germ-free (GF) and specific pathogen-free (SPF) mice. After extracting the microsorne 
fraction from the livers of GF (open columns, □) and SPF (closed columns, ■）mice, Western blotting was performed using the rat polyclonal 
antibody for CYP3A2. The total concentrations of the two bands were compared in relation with the mean value in GF mice (100%). Values are the 
means::':standard deviation (SD), n = 3, *p< 0.05. Student's t-test. 

Nuclear transcription factor mRNA expression in liver 

From the livers of GF and SPF mice, RNA was prepared, 
and the expression of nuclear transcription factors reguｭ
lating the expression of CYP isozymes that showed interｭ
group differences was analysed by real-time RT-PCR. 
The results showed that the mfil迅 expression of CYP 
transcription regulators, AhR, CAR, FXR and PXR, in the 
livers of SPF mice was significantly higher when comｭ
pared with GF mice (Figure 6). In particular, the expresｭ
sion of CAR in SPF mice was about five times higher than 
that in GF mice. 

PXR target gene mRNA expression in liver 

The expression of transporters and conjugation enzymes 
involved in the detoxification of lithocholic acid that 
is specifically produced by intestinal flora was investiｭ
gated at them郎Alevel. The results ofreal-time RT-PCR 
showed that them即Alevels of PXR target genes, Oatp2, 
Octl, Ntcp, PAPSS2, Sultldl andMrp3, were significantly 
higher in the livers of SPF mice compared with GF mice 
(Figure 7). 

Discussion 

Drug-metabolizing enzymes and transporters are known 
to change due to disease, age and drugs, but there have 
been no reports documenting the changes due to intesｭ
tinal flora. The authors hypothesized that intestinal flora 
is involved in the changes in enzymes and transportｭ
ers, thus contributing to the individual differences in 

pharmacokinetics, and this issue was investigated using 
germ-free (GF) mice. 
In the present study, when compared with the livers 
of GF mice, the mRNA expressions of Cypla2, Cyp2a4, 
Cyp2b9,Cyp2bl3,Cyp2c37,Cyp3all,Cyp3al3,Cyp3al6, 
Cyp3a25, Cyp3a41 and Cyp3a44 were higher for the livｭ
ers of specific pathogen-free (SPF) mice. Cyp3a is the 
most important enzyme for drug metabolism, and its 
expression at the protein level was significantly higher 
in SPF mice. Although the difference in the Cyp3a proｭ
tein level was relatively small (about 1.4-fold), the bioｭ
logical significance of the difference was confirmed by 
comparing the metabolic activity of triazolam, a mouse 
Cyp3a substrate (Perloff et al. 2000), which showed a 
significantly higher value in the SPF mice compared 
with GF mice. This was because the V values for both 

m狂

4-hydroxylation and a-hydroxylation were greater 
in SPF mice, which reflected the difference in Cyp3a 
expression. Although the reason is unknown for the 
difference in Km for 4-hydroxylation between the GF 
and SPF mice, this could possibly reflect the difference 
in the ratio of Cyp3a subfamily members expressed in 
the livers of these mice. Next, nuclear transcription facｭ
tors related to the expression of CYP isozymes exhibitｭ
ing expression differences between the livers of GF and 
SPF mice were investigated. The results showed that 
the expression of aryl hydrocarbon receptor (AhR), 
constitutive androstane receptor (CAR), farnesoid X 
receptor (FXR) and pregnane X receptor (PXR) in the 
livers of SPF mice were higher than in GF mice. 
The results of previous studies have shown that 
increased level or activity of FXR leads to increased 
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Figure 4. Metabolic activity of triazolam in the livers of germ-free (GF) and specific pathogen-free (SPF) mice. The microsome fraction was 
extracted from the livers of GF and SPF mice in order to measure the a-hydroxylation (a-OH) and 4-hydroxylation (4-0H) activities of triazolam. 
Values are the means 士 standarddeviation (SD), n = 3, *p < 0.05. **p < 0.01. Student's t-test. 

PXRlevel (Jung et al. 2006), increased level or activity of 
PXR leads to increased CAR level (Maglich et al. 2002; 
Lim and Huang 2008), and increased level or activity 
of CAR leads to increased AhR level (Maglich et al. 
2002; Lim and Huang 2008). Studies have also shown 
that PXR activation increases Cypla2, Cyp3all and 
Cyp3a25 (Lee et al. 1996; Xie et al. 2001), CAR activaｭ
tion increases Cyp2a4, Cyp2b9, Cyp2c37 and Cyp3all 
(Hernandez et al. 2006; Jackson et al. 2006), and AhR 
activation increases Cypla2 (Lee et al.1996) (Figure 8). 
Furthermore, recent studies have documented very 
interesting findings: a secondary bile acid lithocholic 
acid (LCA), which is produced only by intestinal flora 
and is detected in the faeces from conventional rats 
but not from GF rats (Madsen et al. 1976), is a potent 
ligand for FXR and PXR, and increases the expresｭ
sion of PXR, which elevates the expression of Cyp3a 
in the liver (Staudinger et al. 2001;] Xie et al. 2004; 
Zhang et al. 2004). Other studies have reported that 

LCA induces the expression of transporters that transｭ
port LCA from the portal vein to the liver [organic 
anion-transporting polypeptide 2 (Oatp2), organic 
cation transporter 1 (Octl), and sodium taurocholateｭ
transporting polypeptide (Ntcp)] (Muller and Jansen 
1997; Staudinger et al. 2001; Teng and Piquetteｭ
Miller 2007); LCA induces LCA conjugating enzymes 
[3'-phosphoadenosine 5'-phosphosulfate synthase 
2 (PAPSS2) and sulfotransferase family 1D, member 
1 (Sultldl)] (Sonoda et al. 2002); and LCA induces 
multidrug resistance-associated protein 3 (Mrp3) 
(Teng and Piquette-Miller 2007), a transporter that 
eliminates LCA conjugates from the liver to the hepatic 
vein (Staudinger et al. 200l;Xie et al. 2001; Sonoda et 
al. 2002; Kitada et al. 2003). The expression of these 
transporters is regulated by PXR (Staudinger et al. 
2001; Sonoda et al. 2002; Klaassen and Slitt 2005; Teng 
and Piquette-Miller 2007). To determine the involveｭ
ment of intestinal flora in the increased expression of 
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Figure 5. Cyp3a m邸Aexpression in the small intestines of germｭ
free (GF) and specific pathogen-free (SPF) mice. RNA was extracted 
from the small intestines of GF (open columns, 口） andSPF (closed 
columns, ■）mice, and the mRNA expression of the isozymes belongｭ
ing to the Cyp3a subfamily was measured by polymerase chain reacｭ
tion (PCR) as described in the Materials and Methods section. The 
expression of each gene was corrected against 18S rRNA and was 
compared in relation with the mean value of GF mice (100%). Values 
are the means 土 standarddeviation (SD), n = 5. 

FXR, PXR, CAR and AhR, the authors focused on LCA, 
which is specifically produced by intestinal flora, and 
then the expression of transporters and conjugation 
enzymes involved in LCA detoxification was measured 
at the mRNA level. The results clarified that expresｭ
sion of Oatp2, Octl, Ntcp, PAPSS2, Sultldl and Mrp3 
was increased in the livers of SPF mice (Figure 7). 
The expression of CAR, which is directly regulated by 
PXR, was also markedly elevated. These findings indiｭ
cate that LCA, which is produced by intestinal flora, 
activates FXR and PXR to increase the expression of 
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Figure 6. Nuclear transcription factor mRNA expression in the livers 
of germ-free (GF) and specific pathogen-free (SPF) mice. RNA was 
extracted from the livers of GF (open columns, 口） andSPF (closed 
columns， ■）mice, and the mRNA expression of nuclear transcrip-
tion factors was measured by polymerase chain reaction (PCR) as 
described in the Materials and Methods section. The expression 
of each gene was corrected against 18S rRNA and was compared 
in relation with the mean value of GF mice (100%). Values are the 
means::!:standard deviation (SD), n = 5, *p < 0.05 and •••p < 0.001. 
Student's t-test. 

Cypla2, Cyp2a4, Cyp2b9, Cyp2bl3, Cyp2c37, Cyp3all, 
Cyp3al3, Cyp3al6, Cyp3a25, Cyp3a41 and Cyp3a44 in 
the livers of SPF mice. 
Studies have reported the possibility that the nuclear 
transcription factors that exhibited expression changes 
in the present study (AhR, CAR, FXR and PXR) act as 
xenobiotics sensors and protect the body from toxicity 
and damage due to xenobiotics and toxic substances 
by regulating the expression of various genes, including 
CYP and transporters (Staudinger et al. 2001; Xie et al. 
2004; Zhang et al. 2004). LCA is a factor for bile stasis and 
it damages the liver due to its high toxicity (Radominska 
et al. 1993). In SPF mice, therefore, it is possible that the 
levels of Cyp3a, transporters and conjugation enzymes 
involved in LCA disposition are elevated to detoxify 
more efficiently LCA in the liver. Thus, the changes in 
the expression of nuclear transcription factors seen 
in the present study might represent part of the bodily 
defences against toxic substances, such as LCA, proｭ
duced by intestinal flora. 
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Figure 7. Pregnane X receptor (PXR) target gene mRNA expression 
in the livers of germ-free (GF) and specific pathogen-free (SPF) mice. 
RNA was extracted from the livers of GF (open columns, □) and SPF 
(closed columns, ■）mice, and the mRNA expression of PXR target 
genes was measured by polymerase chain reaction (PCR) as described 
in the Materials and Methods section. The expression of each gene 
was corrected against 18S rRNA and was compared in relation with 
the mean value ofGF mice (100%). Values are the means 土 standard

deviation (SD), n = 5, *p < 0.05, **p < 0.01, and ***p < 0.001. Student's 
t-test. 

The reason for the lack of difference in the expresｭ
sion of Cyp3a in the small intestine between GF and 
SPF mice may be that the regulation mechanisms of 
Cyp3a expression differ between the liver and small 
intestine. While PXR is closely involved in the expresｭ
sion of Cyp3a in the liver, the involvement of vitamin 
D receptor (VDR), which has vitamin D3 as a ligand is 
very high in the small intestine (Fukumori et al. 2007). 
In the present study, both GF and SPF mice were fed 
the same food, and no differences were seen in food 
intake between the two groups. It is possible that the 
food contained excessive amounts of vitamin D3, 
which played a large role in the regulation of Cyp3a 
expression in the small intestine, masking the effects 
ofLCA. 

LCA is produced from chenodeoxycholic acid by 
7a-dehydroxylase in Clostridium or Bacteroides (Ridlon 
et al. 2006). Because ciprofloxacin is known to reduce 
these bacteria (Chin and Neu 1984), it is possible that the 
down-regulation of CYP2C and CYP3A by ciprofloxacin 
in rats (Xie et al. 2003) is attributed to LCA reduction due 
to its bactericidal effect. This suggests that the adrnin -
istration of other antibacterial agents, having similar 
bactericidal effects, could also lower the expression of 
CYP isozymes. Furthermore, the expression of CYP3A4, 
a major drug metabolizing enzyme in the human liver, 
is also regulated by PXR, which shows higher activation 
by LCA compared with the mouse PXR (Staudinger et al. 
2001). With regard to the composition of human intesｭ
tinal flora, LCA-producing Clostridium and Bacteroides 
are also dominant bacterial strains (Mitsuoka and 
Ono 1977), suggesting that administration of antibiｭ
otics such as ciprofloxacin can cause a decrease in 

the LCA level in human livers that may lower CYP3A4 
expression. 
Not only drugs such as antibiotics, but also stressｭ
related diseases, inflammatory bowel disease and age 
have been shown to alter intestinal flora. The results of 
the present study suggest that the changes in intestinal 
flora alter CYP, thus suggesting that the changes in intesｭ
tinal flora are one of the causes of individual differences 
in pharmacokinetics. 
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