
Many drugs are mainly metabolized by the cytochrome P-
450 3A (CYP3A) subfamily, which is the most abundant
group of CYP enzymes in the liver, consisting of at least 3
isoforms: CYP3A4, CYP3A5 and CYP3A7. CYP3A4 is the
most abundantly expressed CYP and accounts for approxi-
mately 40% of all CYP in the adult human liver, and is the
major phase I xenobiotic metabolizing enzyme for several
drugs.2,3) CYP3A5, 83% homologous with CYP3A4, is ex-
pressed at a much lower level than CYP3A4 in the liver, but
is the main CYP3A isoform in the kidney.4) CYP3A7 is the
major CYP isoform detected in human embryonic, fetal and
newborn liver, although its levels are much lower than those
of CYP3A4 in the adult liver.5)

The induction of CYP3As promotes the metabolism of
other drugs, often with adverse consequences. Previous stud-
ies have indicated that these enzymes are induced by several
drugs in vivo and in vitro. Sumida et al. have reported that
the combination of HepG2 cells and reverse transcription
polymerase chain reaction (RT-PCR) allows evaluation of the
degree of CYP3A mRNA induction both easily and rapidly,
and also that many drugs increase CYP3A mRNA expression
by 2- to 5-fold in comparison with untreated controls.6)

CYP3A4 has been shown to be induced strongly by ri-
fampicin, phenobarbital, phenytoin, dexamethasone, pred-
nisolone and taxol.7,8) In particular, prednisolone strongly in-
duces CYP3A4 and this affects the pharmacokinetics of
other drugs administered simultaneously. CYP3A5 is in-

duced by dexamethasone and phenobarbital.9,10) CYP3A7 has
been shown to be induced by environmental pollutants.11)

The pharmacokinetics of these drugs alone and/or co-admin-
istered with other drugs may change over long-term adminis-
tration, and many problems have been reported.12,13) There-
fore, it is very important to predict the induction mechanisms
of these drugs.

Members of the orphan nuclear receptor superfamily (con-
stitutive androstane receptor (CAR), pregnane X receptor
(PXR), and peroxisome proliferator-activated receptors) me-
diate the induction of hepatic P450s belonging to the CYP2,
CYP3 and CYP4 families in response to the prototypical in-
ducers phenobarbital, prednisolone 16 a-carbonitrile, ri-
fampicin, and clofibric acid.14) Dexamethasone, lovastatin
and rifampicin enhance PXR activator-mediated CYP3A4
gene expression in cultured human hepatocytes.15,16) El-
Sankary et al. have reported that regulation of the CYP3A4
gene is receptor-dependent and that hydrocortisone may
function as a regulator of basal expression via human PXR
and the human glucocorticoid receptor (hGR).17) Further-
more, a member of the human CYP3A gene subfamily con-
tains an enhancer that binds hGR and this binding is critical
for transcriptional activation by dexamethasone.9,15) Alterna-
tive splicing of hGR pre-mRNA generates two highly homol-
ogous isoforms, hGRa and hGRb ,18—20) hGRa is a ligand-
activated transcription factor that modulates the expression
of glucocorticoid-responsive genes by binding to specific
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The cytochrome P-450 3A (CYP3A) enzyme family is responsible for most of the drug metabolism in the
human liver. In this study, we demonstrated the inductive effects of phenobarbital, rifampicin, carbamazepine,
phenytoin, prednisolone, ciclosporin and clotrimazole on CYP3A4, CYP3A5 and CYP3A7 mRNA expression,
and established the relationship between the expression of human glucocorticoid receptor aa (hGR) mRNA and
the induction of CYP3A4 mRNA in cultured HepG2 cells by reverse transcription polymerase chain reaction
(RT-PCR). Treatment with prednisolone, rifampicin and carbamazepine rapidly induced the level of CYP3A4
mRNA expression by 3- to 6-fold. However, phenytoin and phenobarbital gradually induced CYP3A4 mRNA
level by 3 to 4-fold. The induction of CYP3A4 mRNA expression by clotrimazole and ciclosporin was negligible.
Treatment with phenytoin, rifampicin, carbamazepine and ciclosporin induced approximately 2-fold increases in
the expression of CYP3A5 mRNA, although prednisolone, phenytoin and clotrimazole had no effect. Treatment
with rifampicin, phenytoin, clotrimazole and ciclosporin resulted in approximately a 2-fold induction of the
CYP3A7 mRNA level. Treatment with rifampicin and ciclosporin induced the expression of hGRaa mRNA signif-
icantly in comparison with controls, although the induction of hGRaa mRNA following treatment with other
drugs was negligible. In cluster analysis, the induced level of CYP3A4, CYP3A5, CYP3A7 and hGRaa mRNA by
these drugs could be classified into four major clusters. This suggested that each cluster might be associated with
different mechanism(s) of induction by these drugs. Furthermore, we studied the associations between the ex-
pression of hGRaa mRNA and the induced level of CYP3A4 mRNA by prednisolone and ciclosporin. Treatment
with both prednisolone and ciclosporin showed synergistic effects on induction of CYP3A4 mRNA and, following
treatment with both drugs, the expression level of CYP3A4 mRNA was 2-fold greater compared with pred-
nisolone alone after the fifth day. Positive correlations were observed between the levels of hGRaa mRNA expres-
sion and those of CYP3A4 mRNA. This observation shows that the regulation of CYP3A4 gene expression was
hGRaa-dependent and that ciclosporin may function as a regulator of expression via hGRaa .
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glucocorticoid response element DNA sequences. In con-
trast, hGRb does not bind glucocorticoids and is transcrip-
tionally inactive. In this study, we studied the effects of pred-
nisolone, phenobarbital, rifampicin, carbamazepine, pheny-
toin, ciclosporin and clotrimazole on induction of CYP3A4,
CYP3A5, CYP3A7, hGRa and hGRb mRNA expression in
Hep G2 cells. The pattern of induction by these drugs was
analyzed by means of the tree clustering method.

Furthermore, we examined the synergistic effects of dual
drug treatment on induction of CYP3A4 mRNA, i.e. the ef-
fect of ciclosporin on prednisolone-induced CYP3A4 mRNA
levels. Prednisolone and ciclosporin are administered simul-
taneously to prevent rejection after tissue transplantation. Ci-
closporin and its derivatives are used for P-glycoprotein-me-
diated exclusion of anticancer drugs from tumors with multi-
drug resistance (MDR).21) Thus, prednisolone and/or other
anticancer drugs are used with ciclosporin in the treatment of
chronic lymphocytic leukemia, acute myeloid leukemia and
acute lymphoblastic leukemia with MDR.22) The association
between the expression of hGRa mRNA and the induction of
CYP3A4 mRNA by prednisolone and/or ciclosporin was also
studied.

MATERIALS AND METHODS

Materials Human hepatoma cells (Hep G2 cells) were
purchased from Riken Cell Bank (Tsukuba, Japan). Dulbec-
co’s modified Eagle’s medium (DMEM), fetal bovine serum,
penicillin–streptomycin mixture and RT-PCR kit (Ready To
Go RT-PCR Beads) were purchased from Wako Pure Chemi-
cal Industries Ltd. (Osaka, Japan), ICN Biomedicals Inc.
(OH, U.S.A.), Bio Whittaker (ND, U.S.A.) and Amersham
Pharmacia Biotech Inc. (NJ, U.S.A.), respectively. Mineral
oil, agarose, ethidium bromide and molecular weight marker
(Ladder Mix) were purchased from Sigma Chemical Co. (NJ,

U.S.A.), Takara Co. (Tokyo, Japan), Gibco Co. (NY, U.S.A.)
and Fermentas Inc. (MD, U.S.A.), respectively. The primers
for CYP3A4, CYP3A5, CYP3A7, glyceraldehyde 3 phos-
phate dehydrogenase (GAP), hGRa , and hGRb mRNAs
were purchased from Sawady Technology Co., Ltd. (Tokyo,
Japan) (Table 1).6,23—25) Phenobarbital, rifampicin, phenytoin,
prednisolone, clotrimazole, carbamazepine and verapamil
were purchased from Wako Pure Chemical Industries Ltd.
(Osaka, Japan). Ciclosporin was a gift from Novartis Pharma
K. K. (Tokyo, Japan). All other chemicals were of reagent
grade.

Quantification of the Levels of CYP3A4, CYP3A5,
CYP3A7, hGR and GAP mRNA Aliquots of 63106 Hep
G2 cells were seeded in 100 mm tissue culture dishes con-
taining 10% fetal bovine serum and 100 U/ml penicillin and
100 mg/ml streptomycin (penicillin–streptomycin mixture) at
37 °C in a humidified atmosphere of 5% CO2 for 48 h. The
test drugs were dissolved in dimethyl sulfoxide (DMSO).
The incubation medium was replaced with each test medium
containing the final concentration as a clinical plasma con-
centration of phenobarbital (86.11 mmol/l), rifampicin (12.15
mmol/l), carbamazepine (25.39 mmol/l), phenytoin (59.46
mmol/l), clotrimazole (100.0 nmol/l), prednisolone (1.83 and
9.15 mmol/l), ciclosporin (250.0 nmol/l), verapamil (100.0
mmol/l) and no drug in 10 m l DMSO on day 0.6) The test
medium was replaced with new test medium every day from
day 1 to day 4. All experiments involving control and drug
treatments were performed separately at least 3 times. Sam-
ples of mRNA were extracted from each culture on days 1 to
5 using a total RNA extraction kit (Rneasy Mini Kit, Qiagen,
Hilden, Germany). RT-PCR was performed for CYP3A4,
CYP3A5, CYP3A7, hGRa , hGRb and GAP mRNAs under
the conditions listed in Table 1. The levels of these mRNAs
were quantified by the band density on agarose gels using
NIH Image (National Institutes of Health, NJ, U.S.A.), and
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Table 1. RT-PCR Conditions for CYP3A4, CYP3A5, CYP3A7, hGRa , hGRb and GAP mRNA
A) Primers

CYP3A4 sense 59-CAA GGA CAA CAT AGA TCC TTA CAT ATA CAC ACC CTT TGG AAG-39
CYP3A4 antisense 59-AGC TCA ATG CAT GTA CAG AAT CCC CGG TTA-39
CYP3A5 sense 59-CCC AGT TGC TAT TAG ACT TGA-39
CYP3A5 antisense 59-GGG GCA CAG CTT TCT TGA AGA CCA-39
CYP3A7 sense 59-AGT ATA GAA AAG TCT GGG GTA TTT ATG ACT-39
CYP3A7 antisense 59-TAT TGA GAG AAC GAA TGG ATC TAA TGG-39

(refs. 24, 25)
hGRa sense 59-ACC AAT CAG ATA CCA AAA TA-39
hGRa antisense 59-ATA CAC CAA CAG AAA GTC TA-39
hGRb sense 59-AAA GCA CAT CTC ACA CAT TA-39
hGRb antisense 59-AAA ACA CAT TCA CCT ACA GC-39

(ref. 26)
GAP sense 59-TGA AGG TCG GAG TCA ACG GAT TTG GT-39
GAP antisense 59-CAT GTG GGC CAT GAG GTC CAC CAC-39

(ref. 6)

B) RT-PCR conditions

CYP3A4 CYP3A5 CYP3A7 hGRa hGRb GAP

RT 40 °C 30 min 40 °C 30 min 40 °C 30 min 40 °C 30 min 40 °C 30 min 40 °C 30 min
95 °C 5 min 95 °C 5 min 95 °C 5 min 95 °C 5 min 95 °C 5 min 95 °C 5 min

PCR 94 °C 30 s 94 °C 30 s 94 °C 30 s 94 °C 30 s 94 °C 30 s 94 °C 30 s
60 °C 40 s 62 °C 40 s 62 °C 80 s 54 °C 45 s 54 °C 45 s 58 °C 60 s
72 °C 30 s 72 °C 30 s 72 °C 40 s 72 °C 90 s 72 °C 90 s 72 °C 60 s

Products 398 bp 455 bp 473 bp 464 bp 797 bp 983 bp



the ratio of the expression levels of CYP3A and hGR
mRNAs was normalized relative to that of GAP mRNA. The
RT-PCR kinetic curves of these ratios of mRNAs did not
reach a plateau. This indicated that the ratios of the levels of
CYP3A mRNA/GAP mRNA and hGR mRNA/GAP mRNA
in this study could be determined quantitatively at least up to
a ratio of 3. Therefore, we could estimate the levels of CYP3A
and hGR mRNA expression quantitatively. Each experiment
was performed in 1 to 3 culture dishes, and means6S.D.
were calculated using data (total n53 to 9 dishes) from at
least 3 separate experiments.

Data Analysis Statistical analysis was performed by
analysis of variance (ANOVA). A level of p,0.05 was con-
sidered statistically significant. The data were analyzed by
the tree clustering method with the Ward’s method for link-
age rules and the Euclidean distance for distance estimation
using StatisticaTM (StatSoft Japan Inc., Tokyo, Japan).

RESULTS

Induction of CYP3A4, CYP3A5 and CYP3A7 mRNA
by Several Drugs Figure 1 and Table 2 show the level of
induction of CYP3A4, CYP3A5 and CYP3A7 mRNA ex-
pression by several drugs. Treatments with prednisolone,
phenytoin, carbamazepine and rifampicin induced the level
of CYP3A4 mRNA expression by 4- to 6-fold, in comparison
with control conditions (DMSO treatment alone) (Fig. 1A).
The level of CYP3A4 mRNA expression by phenobarbital
was more than 3-fold that under control conditions. The level
of CYP3A4 mRNA expression in culture treated with pred-
nisolone was more than 2.5-fold that in controls on the first
day, although phenytoin and phenobarbital gradually induced
CYP3A4 mRNA expression. The levels of CYP3A4 mRNA
expression induced by prednisolone and rifampicin treatment
reached almost steady-state conditions after the second day.
The induced level of CYP3A4 mRNA expression by clotri-
mazole and ciclosporin was negligible. Phenytoin treatment
induced an increase of approximately 2-fold in CYP3A5
mRNA expression after the fourth day. The expression of
CYP3A5 mRNA was induced significantly by rifampicin,
carbamazepine and ciclosporin treatments, although other
drugs had no such effect (Fig. 1B). The CYP3A7 mRNA ex-
pression was weakly induced by treatment with all the test
drugs, and rifampicin, phenytoin, clotrimazole and ciclo-
sporin also increased the expression by approximately 2-fold
(Fig. 1C). The rate of induction by rifampicin was more rapid

than that by phenytoin.
These observations showed that both prednisolone and

phenobarbital markedly induced CYP3A4 mRNA and weakly
induced CYP3A7 mRNA, but the former showed a greater
and more rapid induction of CYP3A4 mRNA expression
than the latter. Rifampicin, carbamazepine and phenytoin in-
duced the expression of all CYP3A mRNAs examined. The
levels of CYP3A5 and CYP3A7 mRNA expression were in-
duced by treatment with ciclosporin. However, clotrimazole
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Fig. 1. Levels of CYP3A4, CYP3A5 and CYP3A7 mRNA Expression in
Cultures Treated with Several Drugs

A: Levels of CYP3A4 mRNA expression. B: Levels of CYP3A5 mRNA expression.
C: Levels of CYP3A7 mRNA expression. m, DMSO treatment; n, phenobarbital treat-
ment (86.11 mmol/l); d, prednisolone treatment (1.83 mmol/l); s, clotrimazole treat-
ment (100.0 nmol/l); j, ciclosporin treatment (250 nmol/l); h, rifampicin treatment
(12.15 mmol/l); r, carbamazepine treatment (25.39 mmol/l); e, phenytoin treatment
(59.46 mmol/l). Data represent means6S.D. (n53—9 dishes).

Table 2. Maximal Induction of CYP3A4, CYP3A5 and CYP3A7 mRNA by Several Drugs

CYP3A4 mRNA CYP3A5 mRNA CYP3A7 mRNA
Drug

x-fold day x-fold day x-fold day

Prednisolone 6.2660.37*** 5 1.3060.16 2 2.4960.03* 2
Rifampicin 4.4760.50*** 4 1.9060.58* 4 2.4060.11*** 5
Carbamazepine 4.5160.35*** 5 1.4360.33* 5 2.2560.37*** 5
Phenytoin 4.4061.84** 5 2.1860.64** 4 2.9660.16*** 5
Phenobarbital 3.0660.19** 3 1.2260.14 3 2.1460.20** 5
Clotrimazole 3.5060.81 3 1.2060.19 5 2.1160.31*** 5
Ciclosporin 1.1760.58 2 1.5460.05*** 5 2.5060.33*** 5

x-Fold (mean6S.D.) represents the maximal expression level divided by the expression level in the DMSO-treated control on the same day. Day x represents the day on which
the maximal expression level was observed. *; p,0.05, **; p,0.01 and ***; p,0.001: significant differences in comparison with the expression levels in the DMSO-treated con-
trol on the same day.



induced only the expression of CYP3A7 mRNA. This find-
ing indicated that induction of CYP3A4, CYP3A5 and
CYP3A7 mRNA by these drugs may be mediated by a differ-
ent mechanism(s).

Induction of hGRaa mRNA by Several Drugs Figure 2
shows the level of induction of the expression of hGRa
mRNA by several drugs. Cultures treated with DMSO alone
(control conditions) showed a gradual increase in the expres-
sion of hGRa mRNA by approximately 2-fold after the fifth
day. The levels of hGRa mRNA expression in cultures
treated with rifampicin and ciclosporin were increased in
comparison with controls, although other drugs produced no
induction of hGRa mRNA. On the other hand, the level of
hGRa mRNA expression was decreased by treatment with
phenytoin in comparison with controls. None of the exam-
ined drugs induced expression of hGRb mRNA (data not
shown).

Cluster Analysis of Induction of CYP3As and hGRaa
mRNA by Several Drugs The levels of CYP3A4, CYP3A5,
CYP3A7 and hGRa mRNA induced by several drugs were
analyzed by the tree clustering method (Fig. 3). The linkage
distance in the horizontal hierarchical tree plot (dendrogram)
between clusters of carbamazepine and that of rifampicin
was shorter than that of phenobarbital and phenytoin, and
thus, clusters of carbamazepine–rifampicin and that of phe-
nobarbital–phenytoin were linked after about 35% of the
linkage distance/maximal distance. Furthermore, the induc-
tion patterns of these drugs were classified into four major
clusters at about 30% of the linkage distance/maximal dis-
tance: a cluster of phenobarbital–phenytoin, that of ciclo-
sporin–clotrimazole, that of prednisolone alone and that of
carbamazepine–rifampicin. In addition, the relationship be-
tween the cluster of phenobarbital–phenytoin and that of car-
bamazepine–rifampicin was closer than that of prednisolone,
and the cluster of ciclosporin–clotrimazole had the longest
linkage distance compared with the other clusters.

Synergistic Effect of Dual Treatment with Prednisolone
and Ciclosporin on Induction of CYP3A4 mRNA We
studied the effects of ciclosporin on the induction of CYP3A4
and hGRa mRNA by prednisolone. The prednisolone-in-
duced expression of CYP3A4 mRNA increased rapidly, with
the increase on the first day being more than 3-fold, and
reached a steady-state after the second day of approximately
6-fold in comparison with controls (Fig. 1A). In contrast, the
induced level of CYP3A4 mRNA expression by ciclosporin
was negligible. Figure 2 shows the induction of hGRa
mRNA expression by prednisolone and ciclosporin. Treat-
ment with ciclosporin significantly induced the expression of
hGRa mRNA in comparison with controls from the third to
the fifth day, although prednisolone affected hGRa mRNA
level only on the fifth day.

Figure 4 shows the effects of ciclosporin on prednisolone-
induced CYP3A4 mRNA expression. Dual treatment with
prednisolone and ciclosporin had synergistic effects on the
induction of CYP3A4 mRNA. The levels of CYP3A4 mRNA
expression in cultures treated with both prednisolone and ci-
closporin together from the first to the third day were the
same as those in cultures treated with prednisolone alone.
However, the expression level following dual treatment on
the fourth day was significantly increased in comparison with
that following treatment with prednisolone alone. Further-

more, the level of CYP3A4 mRNA expression in cultures
treated with both prednisolone and ciclosporin on the fifth
day was 2-fold that induced by prednisolone alone (Fig. 4A).
Treatment with ciclosporin followed by prednisolone from
the second day resulted in a significant increase in the level
of CYP3A4 mRNA expression on the fifth day only (Fig.
4B). In contrast, treatment with prednisolone followed by ci-
closporin from the second day resulted in a marked and rapid
increase in the level of CYP3A4 mRNA in comparison with
ciclosporin treatment only on the first to third day, and levels
of CYP3A4 mRNA expression on the third and fifth days
were significantly higher than those after prednisolone treat-
ment only on the first to third day (Fig. 4C). Furthermore,
cessation of ciclosporin treatment affected the synergistic ef-
fect of dual treatment with prednisolone and ciclosporin on
the expression of CYP3A4 mRNA, and only that on the fifth
day was slightly increased (Fig. 4D). These findings indicate
that ciclosporin affects the expression of CYP3A4 mRNA by
prednisolone, and this effect of ciclosporin requires approxi-
mately 3 d.

A synergistic effect of dual treatment with prednisolone
and ciclosporin on the expression of hGRa mRNA was ob-
served by the fourth day compared with prednisolone-only
treatment (Fig. 5A). When treatment with ciclosporin was
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Fig. 2. Levels of hGRa mRNA Expression Following Treatment with
Several Drugs

m, DMSO treatment; n, phenobarbital treatment (86.11 mmol/l); d, prednisolone
treatment (1.83 mmol/l); s, clotrimazole treatment (100.0 nmol/l); j, ciclosporin treat-
ment (250 nmol/l); h, rifampicin treatment (12.15 mmol/l); r, carbamazepine treat-
ment (25.39 mmol/l); e, phenytoin treatment (59.46 mmol/l). Data represent
means6S.D. (n53—9 dishes).

Fig. 3. Horizontal Hierarchical Tree Plot Showing Induced Levels of
CYP3A4, CYP3A5, CYP3A7 and hGRa mRNA Expression by Several
Drugs

Each rectangle indicates a cluster in which data were analyzed for each drug treat-
ment in separate experiments at least 3 times, and the length of the rectangle indicates
the maximum linkage distance within each drug treatment.



followed by prednisolone treatment from the second day,
synergistic effects were observed on the fourth day compared
with prednisolone-only treatment (Fig. 5B). Treatment with
prednisolone followed by ciclosporin from the second day
produced synergistic effects on the expression of hGRa
mRNA on the third day only compared with prednisolone-
only treatment on the third day (Fig. 5C). Cessation of ci-
closporin treatment affected the synergistic effect of the dual
treatment from the third to fifth day, and levels of hGRa
mRNA expression on the third to fourth day were the same
as those of prednisolone-only treatment (Fig. 5D). These ob-
servations indicate that ciclosporin affects the expression of
hGRa mRNA induced by prednisolone, but that this effect is
a weak one.

As shown in Fig. 6, the induction of CYP3A4 mRNA ex-
pression by prednisolone is dose-dependent. The co-adminis-
tration of verapamil, which is a modulator of p-glycoprotein,
did not affect the prednisolone-induced CYP3A4 mRNA ex-
pression. This observation indicates that the increase in pred-
nisolone-induced CYP3A4 mRNA expression by ciclosporin
is not due to inhibition of P-glycoprotein.

Correlation between the Levels of CYP3A4 and hGRaa
mRNA Expression We examined whether the ciclosporin–
induced hGRa mRNA expression affected the induction of
CYP3A4 mRNA by prednisolone. Figure 7 shows the rela-
tionship between levels of CYP3A4 mRNA and hGRa
mRNA expression. The data show levels of CYP3A4 mRNA
and hGRa mRNA expression in cultures treated with pred-

nisolone alone on the second day (Fig. 1), fifth day (Figs. 4B,
5B), and third to fifth day (Figs. 4C, 5C), because the effect
of ciclosporin on the expression of CYP3A4 mRNA induced
by prednisolone required approximately 3 d. CYP3A4 mRNA
levels correlated significantly with hGRa mRNA levels
(p,0.001). A positive correlation was observed between the
levels of CYP3A4 mRNA and hGRa mRNA expression in
cultures treated with both prednisolone and ciclosporin, sug-
gesting that hGRa is partially involved in the regulation of
CYP3A4 gene expression by prednisolone.

DISCUSSION

The levels of CYP3A4 mRNA expression were induced
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Fig. 4. Effects of Ciclosporin on Induction of CYP3A4 mRNA by Pred-
nisolone

d, Levels of CYP3A4 mRNA expression in cultures treated with prednisolone alone
(1.83 mmol/l); , prednisolone treatment (1.83 mmol/l); , ciclosporin treatment
(250 nmol/l); , treatment with both prednisolone (1.83 mmol/l) and ciclosporin
(250 nmol/l). Ciclosporin and prednisolone are abbreviated as CyA and Pred, respec-
tively. Data represent the means6S.D. (n53—9 dishes). *, p,0.05; **, p,0.01 and
***, p,0.001: significantly different from treatment with prednisolone alone (d).

Fig. 5. Effects of Ciclosporin on Induction of hGRa mRNA by Pred-
nisolone

d, Levels of hGRa mRNA expression in cultures treated with prednisolone alone
(1.83 mmol/l); , prednisolone treatment (1.83 mmol/l); , ciclosporin treatment
(250 nmol/l); , treatment with both prednisolone (1.83 mmol/l) and ciclosporin
(250 nmol/l). Ciclosporin and prednisolone are abbreviated as CyA and Pred, respec-
tively. Data represent the means6S.D. (n53—9 dishes). *, p,0.05; **, p,0.01 and
***, p,0.001: significantly different from treatment with prednisolone alone (d).

Fig. 6. Effects of Verapamil on Induction of CYP3A4 mRNA by Pred-
nisolone

, DMSO treatment; , prednisolone treatment (1.83 mmol/l); , prednisolone
treatment (9.15 mmol/l); , verapamil treatment (100 mmol/l); and , treatment with
both prednisolone (1.83 mmol/l) and verapamil (100 mmol/l). Data represent the
means6S.D. (n53—6 dishes). ***, p,0.001: significantly different from prednisolone
treatment (1.83 mM).



more 3 to 6-fold by treatment with prednisolone, rifampicin,
carbamazepine, phenytoin and phenobarbital in comparison
with controls. Prednisolone, rifampicin and carbamazepine
increased the expression of CYP3A4 mRNA rapidly, al-
though the effect of phenytoin and phenobarbital was slow.
Therefore, when prednisolone, rifampicin and/or carba-
mazepine were administered, the early detection of blood
concentrations of drugs that are rapidly metabolized by
CYP3A4 may be necessary.26—28) For example, blood con-
centrations of indinavir, saquinavir and nerfinavir were de-
creased by 80 to 90% when taken together with these drugs.
Phenytoin induced CYP3A5 mRNA expression. Anti-epilep-
tics are administered to prevent convulsions and/or seizures
in patients with brain tumors. When anti-tumor drugs that are
rapidly metabolized by CYP3A5, such as docetaxel, pacli-
taxel, vincristine and vindesine, are administered to patients
treated with phenytoin, the anti-tumor effects of these drugs
may be markedly decreased.27,29) All drugs investigated in the
present study, weakly induced CYP3A7 mRNA expression.
CYP3A7 is the major CYP isoform detected in the human
embryonic, fetal and newborn liver, although its levels are
much lower than those of CYP3A4 in the adult liver.5) Nu-
clear receptors CAR and PXR play key roles in regulating
CYP3A7 expression from early gestation until the perinatal
period, when there is a switch in expression to CYP3A4.30)

Ogg et al. have reported that induction of CYP3A7 is only
observed following co-transfection of plasmids containing
components of the 59-flanking region of CYP3A7 and encod-
ing the hGR into the hepatoma cell line HuH-7.31) Thus,
CYP3A7 is induced by overexpression of hGR. Therefore,
the induction of CYP3A7 mRNA following treatment with
rifampicin and ciclosporin may have been activated by in-
creased levels of hGRa mRNA expression by these drugs.

The induction patterns of CYP3As and hGRa mRNA by
these drugs were analyzed by the tree clustering method.
This statistical method interprets a large volume of informa-
tion and organizes observed data into meaningful structures,
that is, to develop taxonomies. This technique has success-
fully been applied to unravel latent similarities among gene
expression profiles and microarray data.32—34) The linkage
distance between the carbamazepine and rifampicin clusters
was shorter than that of the other drugs. This result suggests

that carbamazepine and rifampicin may possess the same or
a closely related induction mechanism(s). The cluster of car-
bamazepine–rifampicin and that of phenobarbital–phenytoin
are linked. Furthermore, the induction patterns of CYP3As
and hGRa mRNA by these drugs were classified into four
major clusters: i.e. the cluster of phenobarbital–phenytoin,
that of ciclosporin–clotrimazole, that of prednisolone alone
and that of carbamazepine–rifampicin. The relationship be-
tween the cluster of phenobarbital–phenytoin and that of car-
bamazepine–rifampicin was closer than that of prednisolone,
and the cluster of ciclosporin–clotrimazole had the longest
linkage distance to other clusters. Indeed, two nuclear recep-
tors, PXR and CAR, have recently been proposed to mediate
CYP3As gene induction in response to xenobiotics, as the
transactivated DNA nuclear response elements located in the
promoter region of this gene.14,35,36) PXR and CAR are acti-
vated by rifampicin and phenobarbital, respectively.37,38) This
result suggests that drugs in closely grouped clusters may
possess similar induction mechanisms compared with drugs
in other clusters with greater linkage distances. Therefore,
reciprocal and complex interactions may occur when drugs
belonging to different clusters are co-administered.

The level of hGRa mRNA expression was reduced by
treatment with phenytoin in comparison with controls, al-
though phenytoin did not induce the expression of hGRb
mRNA. When both hGRa and hGRb isoforms are expressed
in the same cell, hGRb potentially functions as a dominant
negative inhibitor of hGRa activity.39—41) Therefore, we
speculated that degradation of hGRb may be prevented by
phenytoin. However, the nuclear basis for these variations in
hGRa mRNA expression is poorly understood.

We examined the relationship between ciclosporin-induced
hGRa mRNA expression and prednisolone-induced CYP3A4
mRNA expression. Prednisolone and ciclosporin are admin-
istered simultaneously to prevent rejection after tissue trans-
plantation. Also, prednisolone and/or other anticancer drugs
are used with ciclosporin in the treatment of some kinds of
leukemia associated with MDR1.21,22) We demonstrated an
association between the induction of expression of hGRa
mRNA by ciclosporin and that of CYP3A4 mRNA by pred-
nisolone. Treatment with prednisolone strongly and rapidly
induced the level of CYP3A4 mRNA in a dose-dependent
manner, although the effect of ciclosporin was negligible. On
the other hand, treatment with ciclosporin significantly in-
duced the expression of hGRa mRNA, while prednisolone
did not. Many members of the orphan nuclear receptor su-
perfamily mediate the expression of CYP3As.14) hGR is a
good candidate for a CYP3A-induced mediator.17) Further-
more, a member of the human CYP3A gene subfamily con-
tains an enhancer that binds hGR, and this binding is critical
for transcriptional activation.9,15)

No synergistic effects of dual treatment with prednisolone
and ciclosporin on the induction of CYP3A4 mRNA were
observed from the first to the third day. However, the expres-
sion level increased significantly on the fourth and fifth days
in comparison with cultures treated with prednisolone alone.
Treatment with ciclosporin followed by prednisolone from
the second day resulted in a significant increase in the level
of CYP3A4 mRNA expression on the fifth day only. In con-
trast, treatment with prednisolone followed by ciclosporin
from the second day resulted in a marked and rapid increase
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Fig. 7. Correlation between Expression of CYP3A4 and hGRa mRNA

——, CYP3A450.652* hGR10.303, R50.462; - - - - -, 95% CI and p,0.001. Data
points (n566) show levels of CYP3A4 mRNA and hGRa mRNA expression in cul-
tures treated with prednisolone alone on the second day (Fig. 1), on the fifth day (Figs.
4B, 5B), and on the third to fifth day (Figs. 4C, 5C).



in the level of CYP3A4 mRNA expression in comparison
with ciclosporin treatment only on the first to third day, and
expression levels on the third and fifth days were signifi-
cantly higher than those observed with prednisolone treat-
ment only from the first to third day. However, the level of
CYP3A4 mRNA expression on the fourth day was signifi-
cantly lower than those observed with prednisolone-only
treatment. We speculated that the reduction of CYP3A4
mRNA expression may occur as a result of the major con-
sumption of hGRa following the addition of prednisolone.

The levels of CYP3A4 mRNA expression and hGRa
mRNA, increased by dual treatment with prednisolone and
ciclosporin, decreased after stopping ciclosporin treatment. A
significant increase in the expression of hGRa mRNA in-
duced by ciclosporin was observed with a lag-time of ap-
proximately 2 d. Therefore, ciclosporin affected the expres-
sion of CYP3A4 mRNA induced by prednisolone, and this
effect required approximately 3 d. Moreover, hGRa mRNA
expressed in the absence of hormone and xenobiotics is lo-
cated in the cell cytoplasm as part of a large multiprotein
complex. This complex has been identified as being either a
chaperone (hsp70, hsp90), co-chaperone (hsp40, p60/hop),
immunophilin (FKBP59, Cyp40) or another compound
(p23).42,43) Ciclosporin, an immunophilin binding exclusively
to cyp40, was able to potentiate the dexamethasone effect ap-
proximately 3- to 4-fold.44,45) This complex dissociated in re-
sponse to hormonal and xenobiotic stimuli and translocates
to the nucleus. Hence, our results suggest that potentiation of
prednisolone action by ciclosporin may proceed through en-
hanced hGRa nuclear translocation.

A positive correlation (p,0.001) was observed between
the levels of CYP3A4 mRNA and hGRa mRNA expression.
These observations indicate that the ciclosporin-induced
hGRa mRNA expression affects the expression of CYP3A4
mRNA induced by prednisolone. Ogg et al. have shown that
hGR is involved in the induction of CYP3A4 gene expres-
sion by some CYP3A4 inducers using cells transfected with
a plasmid encoding hGR, and RU-486, an antagonist of the
glucocorticoid receptor, completely blocks the expression of
the reporter gene for CYP3A4.31) Furthermore, a study of
cells transfected with expression plasmids encoding hGR
and/or hPXR alone or in combination suggested that hydro-
cortisone functions as a regulator of basal expression via
hGR and hPXR.16) In contrast, a functional PXR element is
present in the CYP3A7 gene promoter, and PXR may regu-
late the expression of CYP3A7 mRNA.46)

Ciclosporin has been shown to be a substrate of CYP3A4
and a modulator of P-glycoprotein.47) Ciclosporin and its de-
rivatives are used for P-glycoprotein-mediated exclusion of
anticancer drugs from tumors with MDR1.21) It is possible
that the concentration of prednisolone in HepG2 cells is in-
creased by the effect of ciclosporin on P-glycoprotein. How-
ever, verapamil, which is a strong modulator of P-glycopro-
tein, had no effect on prednisolone-induced CYP3A4 mRNA
expression in this study. Methylprednisolone and dexametha-
sone transport have been reported to be affected by both ver-
apamil and ciclosporin.48,49) However, a 6 a-methyl group in
the steroid structure seems to be a prerequisite for substrates
of intestinal P-glycoprotein.50) Ciclosporin regulates expres-
sion of many cytokines to affect many immunocompetent
cells in vivo. In this in vitro study, ciclosporin may not have

been affected by cytokines because the hepatoma cell line
HepG2 was used. Pascussi et al. have demonstrated the
down-regulation of P450s CYP by cytokines.51) Interleukin-6
(IL-6) rapidly and markedly decreases the expression of PXR
and constitutively activated receptor mRNAs, but does not af-
fect the levels of dioxin receptor or glucocorticoid receptor
mRNA. IL-6 decreases both rifampicin- and phenobarbital-
mediated induction of CYP2B6, CYP2C8, CYP2C9, and
CYP3A4. These observations indicate that the synergistic ef-
fects of ciclosporin on the prednisolone-induced expression
of CYP3A4 mRNA are not due to the inhibition of P-glyco-
protein or cytokines. The present results indicate that the reg-
ulation of CYP3A4 gene expression may be hGRa-depen-
dent and that ciclosporin may function as a regulator of the
expression via hGRa . The present results indicating that
hGRa regulates CYP3A4 gene expression provides a basis
for the efficient identification and elimination of candidate
drugs that may interact with other treatments.
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