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Abstract

1. The aims were to attest whether HepG2-GS-3A4, a cell line into which the human CYP3A4 gene
was introduced, can be used for a screening of chemicals that will inhibit CYP3A4 activity.

2. The capacity of the cells for metabolizing CYP3A4 substrates in vitro was evaluated. Also
determined was the effect of CYP3A4 inhibitors and non-inhibitors on nifedipine hydroxylation.
Western blot, immunohistochemostry and determination of g-nicotinamide adenine dinucleotide
phosphate INADPH)-reductase activity were performed.

3. HepG2-GS-3A4 selectively metabolized substrates of CYP3A4 (diazepam, nordiazepam, lidocaine,
atorvastatin, and nifedipine) to a greater degree than control. The metabolites were easily detected in
the culture medium. Values of V,,,, of HepG2-GS-3A4 were about 30- to 100-fold higher than those
of the control, while values of K, were comparable. Pre-incubation of cimetidine and ketoconazole
significantly inhibited nifedipine hydroxylation, while addition of inhibitors specific to other isoforms
of CYPs had no substantial effect. The HepG2-GS-3A4 expressed a higher amount of CYP3A4
protein and mRNA than control. Most NADPH reductase activity was detected in microsomal
fractions.

4 In conclusion, HepG2-GS-3A4 sufficiently and selectively metabolize substrates of CYP3A4,
and inhibitors of CYP3A4 reduced the metabolism. Because the metabolites were easily detected in
the culture medium, this cell might be useful for the new and easy screening of new drugs for the
evaluation of CYP3A4-inhibiting activity in vitro.
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Introduction

The drug-related adverse reaction is one of the important problems in clinical practice. It is
reported that the incidence of such adverse reactions is increasing with a number of drugs
administered at the same time. Pharmacokinetic drug interaction, which is caused by
competition of an enzyme for drug metabolism, is the most common reason for drug—drug
adverse reactions (Edwards 1997). Cytochrome P450 (CYP) 3A4 is one of the major
enzymes for drug metabolism (Edwards 1997), and many drugs such as calcium channel
blockers (for example, verapamil and nifedipine), anti-anxiety drugs (for example,
diazepam, alprazolam), and macrolide antibiotics (for example, clarithromycin, and
erythromycin) are metabolized by this enzyme (Zhou 2008). To develop a new drug, it is
important to determine whether a candidate of drugs will inhibit CYP3A4 activity (Spilker
1997) because co-administration of several drugs metabolized by CYP3A4 may cause
pharmacokinetic drug—drug interactions (Edwards 1997). Antifungal drugs (for example,
ketoconazole and itraconazole), macrolide antibiotics (for example, clarithromycin and
erythromycin), and anti-ulcer drugs (for example, cimetidine) are well-known examples
which inhibit CYP3A4 activity. Co-administration of such inhibitor and substrate of
CYP3A4 causes intoxication of the substrate (Zhou 2008). In vivo screening and in vitro
screening by human hepatocyte or microsome are currently performed to evaluate inhibition
of CYP3A4 activity. However, these take time and labour, Therefore, an easy method for
evaluation is not available at present.

The authors have previously established a cell line from HepG2, into which genes of
human CYP3A4 and glutamine synthetase (GS), enzyme-metabolizing ammonia, were
introduced. By using the novel cell and new technology for three-dimensional cell culture,
a new bioreactor was developed for the successful treatment of acute liver failure and
concomitant diazepam intoxication in an animal model (Omasa et al. 2005; Wang et al.
2005). Because the capacity of drug metabolism via CYP3A4 is extremely high in the cell
and metabolites in the culture medium can easily be detected, it is speculated here that our
cell might be applied to the new and easy screening of new chemicals that inhibit CYP3A4
activity in vitro.

The purpose of this study was to determine whether the cells, named HepG2-GS-3A4,
can metabolize several chemicals that are known to be substrates of CYP3A4. Also evaluated
by various techniques was the expression of CYP3A4 protein and mRNA. Finally, it was
evaluated whether these cells can be used in the screening of chemicals which possess
CYP3A4-inhibiting activity by using well-known inhibitors of this enzyme.

Materials and methods
Cells (Omasa et al. 2005; Wang et al. 2005)

The HepG2 cell, a cell line that originated from human hepatoblastoma, was obtained from
the RIKEN cell bank (Tsukuba, Japan). HepG2-GS-3A4, a cell transduced from both the
hamster GS gene and the human cytochrome p450 3A4 gene, was established as follows:
pBudCE4 plasmid (Invitrogen, Carlsbad, CA, USA), which had two multicloning sites, with
the human cytomegalovirus gene and the human elongation 1-alpha subunit gene as
promoters, was used for the vector. After ligation with the hamster GS gene and the human

114



Screening method for evaluation of CYP3A4-inhibiting activity 1357

NDZP (pmol/min/mg.prot)
100

5
10 e
1

0.1

0'010 700 200 300 460

DZP (uM)

Figure 1. Formation of nordiazepam (NDZP) from diazepam (DZP) in HepG2-GS-3A4 and control
(HepG2-GS) cells, DZP was applied in the culture medium, and NDZP was detected in the culture
medium. Data are the mean + standard error (SE), n=4-7 in each (HepG2-GS-3A4, (0); and
HepG2-GS, (e)).

cytochrome p450 3A4 gene, it was introduced by lipofection, and a positive clone was
selected as an index of resistance against zeocin. HepG2-GS-3A4 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F-12:Roswell Park Memorial Institute
(RPMI) (1: 1), with 10% foetal calf serum (FCS) + zeocin (200 pgml ") at 37°C with 5%
CO,. HepG2 cells were cultured under the same conditions, except antibiotics were
changed to penicillin (100 pgml™") and streptomycin (100 pug mi™).

Evaluation of CYP3A4 and glutamine synthetase activities

The 10’ cells were inoculated to a 10-cm dish. When cells were nearly confluent, the
medium was replaced by 10ml of medium containing ammonia, diazepam (DZP; at
a concentration of 0.38-385 uM; 0.1-100 ugml™"), nordiazepam (NDZP; 0.38-385 uM;
0.1-100 pgml™"), a metabolite of diazepam (Figure 1), lidocaine (at a concentration of
0.03-7.0 uM), atorvastatin (at a concentration up to 100 uM), nifedipine (at a concentration
of 0.1-114 pM; 0.5-40 pgml™"), or ammonia (0.01-1 mM). Of the samples, 0.25 ml were
collected from the medium sequentially at zero, 1, and 4 h after the incubation at 37°C with
5% CO,. Finally, the medium was replaced by 10 ml of 1 M NaOH to digest the cells for
measurement of protein concentration.

In order to evaluate the inhibitory effect of drugs on nifedipine hydroxylation (as an index
of CYP3A4 activity), cimetidine (up to 0.57 uM; 1.0 pgml™"), ketoconazole (up to 3.96 uM;
0.3 pgml™'), omeprazole (an inhibitor and substrate of CYP 2C19; Quinn and Day 1997;
0.87 uM; 0.3 pg ml~'), fluvoxamine (an inhibitor of CYP1A2; Quinn and Day 1997; 1 pM),
quinidine (an inhibitor of CYP2D6; Quinn and Day 1997; 10 uM), and sulfaphenazole (an
inhibitor of CYP2C9; Quinn and Day 1997); 10 uM) were pre-treated for 1 h. Nifedipine
concentration in the medium for the inhibition assay was 28.5 uM (10 pgml™").

Assays

Concentrations of DZP, lidocaine, nifedipine, atorvastatin, and their metabolites
were measured by high-performance liquid chromatography (HPLC) (Chen et al. 1992;
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Azzam et al, 1998; Jemal et al. 1999; Maezono et al. 2005). The amount of protein in the cell
lysate was measured by spectrophotometry using a protein assay kit (Bio-Rad, Hercules, CA,
USA). Ammonia was measured by Berthehot reactions (Hindriks and Groen 1978).

Western blot analysis and immunohistochemistry for human cytochrome P450 3A4

The 10° cells were disrupted with isotonic buffer by nitrogen cavitation. A total of 20 pg of
protein was resolved by 7% sodium dodecylsulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) electrophoresis, transferred onto nitrocellulose membrane and immuno-
blotted with human CYP3A4 antibody (WB human CYP3A4 kit, BD Genetest, Franklin
Lakes, NJ, USA). Pooled human liver microsome (BD Genetest) was used as a standard.
The chemiluminescence method was used for signal detection. For quantitative measure-
ment, densitometric analysis was performed. Immunohistochemistry was performed with
the same antibody using the LSAB2/HRP (DAB)-kit (DakoCytomation, Glostrup,
Denmark) after fixation of the cells.

Determination of NADPH-cytochrome reductase activity in the microsome

The cell suspension was homogenized and centrifuged at 600¢ for 5min to remove
unhomogenized cells. The supernatant was centrifuged at 10 000 ¢ for 20 min to remove
nuclei and mitochondria. The supernatant was further centrifuged at 105 000 g for 1 h. The
microsomal fraction was suspended to sucrose buffer with glycerol and kept at —80°C until
the assay.

NADPH-cytochrome P450 reductase activity was determined spectrophotometrically as
the reduction rate of cytochrome c, as described elsewhere (Strobel and Dignam 1978).
Briefly, the reaction mixture contained 40 nmol 1"! cytochrome ¢, 100 nmol 17! NADPH,
270 umol 17! potassium phosphate, and protein (70-172 pg) in 100 pl, with pH 7.7. The
reaction was started by the addition of NADPH and detected the increase of absorbance at
550 nm at room temperature. The activity was calculated using an extinction coefficient of
21cm™'mmol 17,

Statistics

Values were expressed as the mean + standard error (SE). Analysis of variance (ANOVA)
and a Student’s t-test were used as appropriate for statistical comparison. p<0.05 was
regarded as being statistically significant.

Results
Merabolism of DZB, lidocaine, atorvastatin, and ammonia by HepG2-GS-3A4 cells in vitro

After the incubation of HepG2-GS-3A4 cells with DZP, time- and concentration-dependent
reductions were observed from 0.38 to 385 uM (0.1-100 pgml ™) of DZP. At the same time,
NDZP and temazepam (TZP; the metabolites of DZP) were also detected. The production
of NDZP was higher than that of TZP, and it was the main metabolite in this system. The
amounts of these metabolites appearing in the medium were time- and DZP concentration-
dependent. Such capacities were significantly higher in HepG2-GS-3A4 than in HepG2
cells (Figure 1). Also evaluated was the metabolism of NDZP using the same cells. NDZP in
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Table I. Mean values of K;, and V,,, of drugs in HepG2-GS-3A4 and HepG2-GS cells.?

HepG2-GS HepG2-GS-3A4
Vinax (pmol min ™' mg™' Vimax (pmol min~! mg™!
K., uM) protein) K, (0M) protein)

Diazepam N-desmethylation 14.97 2.48 24.05 106.90
Diazepam 3-hydroxylation 39.63 0.13 42.26 85.13
Nordiazepam dehydroxylation 21.92 0.05 22.28 1.49
Lidocaine monodeethylation 3.9 209 5.8 5722
Atrrovastatin acid 2-hydroxylation nd.? n.d. 58.7 1852
Atorvastatin lactone 167 68 175 62
Nifedipine hydroxylation n.d. n.d. 21.4 136

*Concentrations of metabolites in the culture medium were measured; n=5-7 in each.
n.d., Concentrations of 2-hydroxyl-atrovastatin acid and hydroxyl-nifedipine in the medium of HepG2-GS cells
were less than the detection limit of the assay; therefore K, and V.., for HepG2-GS cells were not obtained.
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Figure 2. Formation of monoethylglycylxylodide (MEGX) from lidocaine in HepG2-GS-3A4 and
control (HepG2-GS) cells. Lidocaine was applied in the culture medium, and MEGX was detected in
the culture medium. Data are the mean =+ standard error (SE), n=4-7 in each (HepG2-GS-3A4, (0);
and HepG2-GS, (e)).

the medium significantly decreased and oxazepam (OZP), a metabolite of NDZP, increased
in the medium in a concentration- and time-dependent manner. These capacities were
significantly higher in HepG2-GS-3A4 than in control cells. K, - and V,,,-values for DZP
metabolism in HepG2-GS-3A4 were 24.05uM and 106.90 pmol min~'mg™' protein
for DZP N-demethylation, and 42.26 yM and 85.13 pmol min~' mg™" protein for DZP
3-hydroxylation, respectively (Table I). Compared with HepG2-GS, Vi.«-values of
diazepam metabolism in HepG2-GS-3A4 were more than ten-fold higher than those in
HepG2-GS, while K -values were rather comparable (Table I).

The metabolite lidocaine, another substrate of CYP3A4, was also detected in the
medium. The formation was also significantly higher in HepG2-GS-3A4 cells than in the
control cells (Figure 2). Formation of 2-hydroxyl atorvastatin acid was also significantly
higher in the HepG2-GS-3A4 cells than in the control cells (Table I). The formation was
increased in a concentration- and time-dependent manner. K- and V,,.-values were
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Figure 3. Formation of hydroxylated nifedipine from nifedipine in HepG2-GS-3A4 cells. Nifedipine
was applied in the culture medium, and hydroxy-nifedipine was detected in the culture medium. Data
are the mean + standard error (SE), » =4-7 in each. Hydroxyl-nifedipine in control (HepG2-GS) cells
was less than the detection limit of the assay at all concentrations (HepG2-GS-3A4, (0)).

58.7uM and 1852 pmol h™'mg™' protein. On the other hand, formation of atorvastain
lactone, the metabolite of atorvastatin via several CYPs, was not different between the two
cell groups (Table I). Metabolism of nifedipine, a substrate of CYP3A4, was also evaluated.
Formation of hydroxyl-nifedipine in HepG2-GS-3A4 cells was time- and concentration-
dependent. K- and V,,.-values were 21.4 M and 136 pmol h~ ! mg™! protein, respectively
(Figure 3 and Table I). In the medium of the HepG2-GS cells, concentrations of
hydroxylated nifedipine and hydroxylated atorvastatin were less than the detection limit
in all experiments. The ammonia concentration was decreased with a time of incubation
up to 4h. The reduction rate was not different between HepG2-GS-3A4 and HepG2-GS
cells (40.7+1.62 (95% confidence interval (CI)=36.7 and 44.2) and 39.5+2.47
(95% CI=34.8 and 44.9) mg mg~' protein h™!, respectively). Because the reduction was
not saturated up to 1 mM, K- and V,.-values were not obtained.

Inhibition of nifedipine hydroxylation by ketoconazole, cimetidine and non-CYP3A4 inhibitors
in HepG2-GS-3A4 cells

Next, the effect of pretreatment of several drugs known to be inhibitors of CYP3A4 activity
on nifedipine hydroxylation was evaluated. Nifedipine was used at a concentration of
28.5uM (10pg ml™"). As shown in Figure 4, pretreatment of cimetidine (as a non-selective
inhibitor of CYPs) and ketoconazole (as an inhibitor of CYP3A4) for 1h inhibited the
formation of hydroxyl-nifedipine in a concentration-dependent manner only in HepG2-
GS-3A4 cells. These effects were not observed in HepG2-GS cells because hydroxylated
nifedipine was not detected. On the other hand, pretreatment of 0.87 uM (0.3 pgml™") of
omeprazole (an inhibitor and substrate of CYP 2C19), 1 uM of fluvoxamine (an inhibitor
of CYP1A2), 10 uM of quinidine (an inhibitor of CYP2D6), and 10 uM of sulfaphenazole
(an inhibitor of CYP2C9), for 1h did not affect the formation of hydroxyl-nifedipine — the
transforming rate of hydroxyl nifedipine with the addition of 28.5uM nifedipine =
133.8+8.6 (95% CI=118.5 and 142.8; n=6), 131.7+9.0 (95% CI=114.5 and 141.1;
n=6), 124.8+9.3 (95% CI=112.0 and 140.2) n=4), 121.0+9.7 (95% CI=115.8 and
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