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Abstract

Freshly prepared human hepatocytes are considered as the ‘gold standard’ for in vitro testing of drug candidates. However, several

disadvantages are associated with the use of this model system. The availability of hepatocytes is often low and consequently the planning

of the experiments rendered difficult. In addition, the quality of the available cells is in some cases poor. As an alternative, cryopreserved

human hepatocytes were validated as a model to study cytochrome P450 1A2 (CYP1A2) and cytochrome P450 3A4 (CYP3A4) induction.

In a single blinded experiment, hepatocytes from three separate lots were incubated with three concentrations of different compounds, and

compared to non-treated cells and cells incubated with omeprazole or rifampicin. CYP1A2 and CYP3A4 induction was determined by

measuring 7-ethoxyresorufin-O-deethylation activity and 6b-hydroxytestosterone formation, respectively. CYP1A2 and CYP3A4 mRNA

and protein expression were analyzed by TaqMan QRT–PCR and immunodetection. Cells responded well to the prototypical inducers

with a mean 38.8- and 6.2-fold induction of CYP1A2 and CYP3A4 activity, respectively. Similar as with fresh human hepatocytes, high

batch-to-batch variation of CYP1A2 and CYP3A4 induction was observed. Except for 1 and 10 mM rosiglitazone, the glitazones did not

significantly affect CYP1A2. A similar result was observed for CYP3A4 activity although CYP3A4 mRNA and protein expression were

dose-dependently upregulated. In conclusion, cryopreserved human hepatocytes may be a good alternative to fresh hepatocytes to study

CYP1A and 3A induction.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Cytochromes P450 (CYP) form a superfamily of mixed-

function monooxygenases involved in the biotransforma-

tion of a variety of chemically diverse substances including

endogenous compounds and xenobiotics like food com-

pounds, pollutants, and drugs. Some of these CYP-genes

are induced several fold by specific drugs, causing variation

in enzymatic activity. As a consequence, variability in the

pharmacokinetics of drugs may appear, as well as drug–

drug interactions, or even therapeutic failure. Although

clinical induction may still be debatable [1], profound

therapeutic consequences have been observed when it

occurs. For instance, woman taking oral contraceptives

lose protection and suffer from menstrual bleeding irregu-

larities caused by induction of CYP3A [2]. In addition,

when the CYP3A inducers carbamazepine or phenytoin

are co-administered with cyclosporine, serious clinical

complications, such as organ rejection, are observed due

to lowered serum concentrations of the immunosuppressant

cyclosporine [3–5]. Likewise, the interaction between war-

farin and phenobarbital, causing disturbed anti-coagulation

effects in patients, is a notorious example in this respect [6].
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For the pharmaceutical industry, clinical CYP-induction

may also have severe financial consequences. The major

part of the expenses to develop a new chemical entity (NCE)

into a marketed drug are made in the clinical phase. Con-

sequently, failure of the NCE in late stages of development or

withdrawal from the market due to clinical CYP-induction

causes a tremendous financial loss. Knowledge of possible

CYP-induction potential of drug candidates in drug discov-

ery or the early preclinical phase of development would

greatly enhance the ability to develop drugs that are free

of CYP-inducing properties, and may thus help in preventing

the industry from investing in the wrong compounds.

In the past, many CYP-induction studies, performed in

various animal species, have proven to be beneficial.

However, in late discovery or early drug development,

these studies are difficult to carry out because of the large

number of animals needed, and compounds to be tested [7].

Moreover, species differences in the induction of CYPs

make the extrapolation from animals to humans difficult or

even impossible in some cases. Therefore, simple, robust,

and reproducible in vitro models to study CYP-induction

would greatly facilitate the ability to develop drugs devoid

of these possible negative traits [7].

At present, several in vitro models are available to study

CYP-induction. Among them, fresh human hepatocytes are

considered as the ‘gold standard’ for in vitro testing of drug

candidates [8]. An extensive number of studies have been

reported demonstrating the soundness of primary cultures

of human hepatocytes for toxicological, metabolic and

pharmacological experiments [9–13]. For research pur-

poses however, human liver tissue is only sparsely avail-

able and the number of sources of healthy tissue limited.

Besides the erratic availability of liver tissue, the supply of

these cells is also unpredictable, and limited by legal and

ethical issues [14]. Moreover, the large amount of hepa-

tocytes isolated from liver (approximately 5 � 106 cells/g

liver) may not be necessarily required for an immediate

use. To allow a better planning of the experiments and a

more efficient use of the available human hepatocytes,

cryopreservation techniques have been developed allowing

a high percentage of viable and plateable hepatocytes after

thawing [15–17]. However, in 1999, an international expert

panel recommended that for in vitro CYP-induction studies

it is advisable not to use cryopreserved human hepatocytes,

because the enzymatic activity of CYPs such as CYP1A2

and CYP3A4 decrease by approximately 50% per day,

stabilizing at 10–20% of the original activity [18].

The present study was undertaken to investigate the

usefulness of cryopreserved human hepatocytes as an

in vitro model to study the induction of CYP1A2 and

CYP3A4. Both CYPs were selected in this study because

they are highly inducible by xenobiotics, and together they

are involved in the metabolism of approximately 70% of all

marketed drugs.

2. Materials and methods

2.1. Materials

For this study, hepatocytes from three separate human

lots were obtained from the cryopreserved hepatocyte bank

maintained at In Vitro Technologies. Hepatocytes from

In Vitro Technologies lots 130, QKR, and XPK (Table 1)

were used and were all obtained from livers that were

donated for research and which could not be used for

transplantation. Complete hepatocyte plating medium,

sandwich medium, incubation medium, and collagen

precoated 48-well plates were all obtained from In Vitro

Technologies. Trypan blue, methanol, dimethylsulfoxide

(DMSO), salicylamide, omeprazole, rifampicin, ethoxyr-

esorufin, resorufin, and Krebs-Henseleit buffer were

obtained from Sigma Chemical Company. 6b-Hydroxy-

testosterone was obtained from Steraloids, Inc.

2.2. Hepatocyte isolation, cryopreservation

and thawing

Hepatocytes were isolated using a two-step collagenase

digestion procedure [19]. After isolation, viability of the

hepatocyte suspensions was measured using Trypan blue

exclusion; only hepatocytes with �70% viability were

used and purified by a Percoll gradient. Subsequently,

the hepatocytes were cryopreserved in a medium contain-

ing 10% DMSO and 90% fetal bovine serum [20,21] using

a controlled rate freezer. Frozen hepatocytes were stored in

liquid nitrogen. Thawing was achieved by shaking the vials

of cryopreserved hepatocytes in a 408 water bath. The vials

were placed immediately on ice as soon as all the ice

crystals disappeared, diluted with plating medium at 48 and

washed by centrifugation at 50 g for 5 min. Viability was

measured using Trypan blue exclusion. The viability of the

cell suspensions was 83.7, 84.8, and 84.1% for lots 130,

QKR and XPK, respectively.

Table 1

Donor demographics of the different hepatocyte lots

Lot Age Sex Race Cause of death Tobacco Alcohol Substances CMV HepB/HIV Medical history

130 2 F C Anoxia N N N þ � None

QKR 35 M C Seizure Y Y Y � � Seizure disorder

XPK 39 M H Head trauma Y Y Y � � Seizure

Age is presented in years. F, female; M, male; C, Caucasian; H, Hispanic; N, no; Y, yes.
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2.3. Establishment of hepatocyte cultures

Isolated hepatocytes were transferred to collagen pre-

coated 48-well plates, each well containing a cell density

of 1:75 � 105 viable cells in 0.25 mL of plating medium.

Plating medium was removed and replaced with sandwich

medium the day after plating. After cultures had been

established, the confluence of the hepatocytes was visually

assessed using phase contrast microscopy. At the time

of dosing, hepatocytes from lot 130 and lot QKR were

�90% confluent, whereas hepatocytes from lot XPK were

70–75% confluent. The cells were then incubated for an

additional day (a total of 48 hr) to establish the cultures.

All incubations were conducted at 37 � 18, 95% air/5%

CO2, and saturating humidity. The sample size was N ¼ 3

replicates for experimental groups and N ¼ 6 replicates for

control groups.

2.4. Hepatocyte incubation and dosing

Following the initial 2-day equilibration phase, the

sandwich medium was removed and the hepatocytes were

dosed with incubation medium including 1, 10, or 50 mM

lansoprazole or 1, 10, or 100 mM dexamethasone, piogli-

tazone, rosiglitazone or troglitazone for 24 � 1:5 hr. Vehi-

cle controls (hepatocytes dosed with incubation medium

without any test article) and positive controls (hepatocytes

dosed with incubation medium containing 50 mM ome-

prazole or 25 mM rifampicin) were also included to

demonstrate the responsiveness of the hepatocytes to

known CYP1A2 and CYP3A4 inducers. The incubation

medium was aspirated and replaced with fresh incubation

medium containing the same concentrations of test or

control articles, and then incubated for an additional

24 � 1:5 hr. The total treatment period with each test or

control article was 48 � 3 hr. To determine the effect of test

and control compounds on CYP1A2 by analysis of enzy-

matic activity, after treatment, the incubation medium was

replaced with 300 mL of Krebs-Henseleit buffer containing

2 mM ethoxyresorufin and 3 mM salicylamide. The hepa-

tocytes were then incubated for 1 hr. Reactions were

terminated with the addition of 300 mL of 2% DMSO in

methanol, and the samples were transferred to cryovials

and stored at �708 until analysis. To determine the effect of

test and control compounds on CYP3A4 by analysis of

enzymatic activity, after treatment, the incubation medium

was replaced with 300 mL of Krebs-Henseleit buffer con-

taining 125 mM testosterone. The hepatocytes were then

incubated for 1 hr. Reactions were terminated with the

addition of 300 mL of cold methanol, and the samples were

transferred to cryovials and stored at 48 until analysis.

2.5. TaqMan QRT–PCR

After 24 hr of incubation with compounds, total cellular

RNA was prepared using the RNeasy method from Qiagen

according to the manufacturer’s instructions and included

an on-column DNase I digestion to minimize genomic

DNA contamination. RNA quantitation was determined

fluorometrically using Ribogreen RNA quantitation

reagent (Molecular Probes) and quality was ascertained

on an Agilent 2100 Bioanalyzer. An aliquot of each RNA

sample was adjusted to a final concentration of 2 ng/mL

and used for subsequent TaqMan quantitative reverse-

transcriptase polymerase chain (TaqMan QRT–PCR)

assays. All RNA samples were stored at �808 until further

use. CYP3A4 and CYP1A2 mRNA levels were determined

using standard TaqMan QRT–PCR methods. Sequence

specific primers and TaqMan probe for CYP3A4 were

synthesized (Applied Biosystems) using nucleotide

sequences reported previously [22] and are as follows:

CYP3A4 forward 50-TCAGCCTGGTGCTCCTCTATC-

TAT-30, CYP3A4 reverse 50-AAGCCCTTATGGTAGGA-

CAAAATATTT-30, CYP3A4 TaqMan probe 50-FAM-

TCCAGGGCCCACACCTCTGCCT-TAMRA-30.CYP1A2

specific primers and probe were purchased as a pre-

developed gene expression assay and used according

to manufacturer’s instructions (Applied Biosystems).

TaqMan one-step RT–PCR assays were performed with

10 ng of each RNA sample in a final reaction volume of

50 mL prepared from TaqMan one-step RT–PCR Master

Mix Reagents Kit (Applied Biosystems). CYP3A4 assays

contained 0.9 mM each of forward and reverse primer and

0.25 mM TaqMan probe. Assays were performed using an

Applied Biosystems’ ABI Prism 7900HT sequence detec-

tion system. An initial RT step occurred for 30 min at 488
and was subsequently followed by heating to 958 for

10 min followed by 40 cycles of 958 for 15 s, 608 for

1 min. Relative quantitation of gene expression levels was

determined by interpolation of threshold cycle (Ct) values

to a standard curve generated from a dilution series of

human liver total RNA.

2.6. Protein isolation

After 48 hr of incubation with compounds, the cell-

culture medium was completely aspirated and the cells

were washed twice with ice-cold phosphate buffered

saline. The cells were placed on ice, 100 mL of ice-cold

homogenization buffer [50 mM Tris–HCl, pH 7.0;

150 mM KCl; 2 mM EDTA] was added and the cells were

scraped with a rubber policeman. After the cell suspension

was transferred to an eppendorf tube, the cells were

sonicated with a Vibra cell sonicator (Sonics and Materials

Inc.) at 40 W for 20 s. The cell homogenate was snap

frozen in liquid nitrogen. The samples were stored at �708
until use.

2.7. SDS–PAGE gelelectrophoresis

The protein concentration of the samples was determined

with the Coomassie Plus assay from Pierce, according to the
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manufacturer’s instructions. Briefly, 300 mL of Coomassie

Plus-reagent was added to 10 mL of sample, mixed for

1 min and incubated at room temperature for 10 min before

spectrophotometric measurement at 595 nm in a Spectra-

max plus 384 spectrophotometer (Molecular Devices).

The protein concentration of the different samples was

determined by comparing the A595 values against a bovine

serum albumine standard curve, ranging from 0 to 1000 mg/

mL.

SDS–PAGE samples were prepared by mixing 2 mg of

total protein of each sample with 4� LDS sample loading

buffer and 10� reducing agent (Invitrogen). The samples

were boiled for 5 min and loaded onto a 4–12% Bis–Tris

Gel from Invitrogen and electrophorized in MOPS SDS

running buffer [50 mM MOPS, 50 mM Tris, 3.5 mM SDS

and 1 mM EDTA] in a Xcell SureLockTM Electrophoresis

Cell from Invitrogen according to the manufacturer’s

instructions.

2.8. Western blot analysis

After electrophoresis, proteins were electroblotted over-

night at 36 Vonto a PVDF membrane in NuPAGE transfer

buffer (25 mM Bis–Tris, 25 mM Bicine, 1 mM EDTA,

1 mM chlorobutanol, 10% methanol and 0.001% antiox-

idant) (Invitrogen).

Membranes were blocked for 1 hr at room temperature

in 5% non-fat milk in Tris buffered saline-Tween 20 (TBS-

T) [25 mM Tris–HCl, pH 7.5; 150 mM NaCl; 0.1% Tween

20]. Blots were incubated with a goat-anti-rat CYP1A1/

1A2 (1:1000), a rabbit-anti-human CYP3A4 (1:500), or a

rabbit-anti-human b-actin (1:2000) antibody in 0.5% non-

fat milk in TBS-T for 1 hr at room temperature. After

washing the membranes for 3 � 5 min in TBS-T, they

were incubated with a secondary HRP-conjugated don-

key-anti-goat (1:60,000) or a HRP-conjugated donkey-

anti-rabbit (1:100,000) antibody in 0.5% non-fat milk

in TBS-T for 1 hr at room temperature. After four final

washes of the membranes for 5 min in TBS-T, protein

expression was detected with a SuperSignal R West Pico

ECL kit from Pierce. Relative quantitation of the target

signals was performed with a Lumi-Imager from Roche.

b-Actin expression was used to normalize relative CYP

protein expression.

2.9. Cytochrome P450 activity assays

The activity of CYP1A2 in hepatocytes was quantified

by adding ethoxyresorufin to the samples and measuring

the formation of its metabolite, resorufin, based on the

procedure described by Burke et al. [23]. Briefly, the

samples were analyzed for fluorescence at 530 nm excita-

tion and 590 nm emission wavelengths. The activity of

CYP3A4 in hepatocytes was quantified by adding testos-

terone to the samples and measuring the formation of its

metabolite, 6b-hydroxytestosterone. The procedures used

were modified from Easterbrook et al. [24]. Briefly, the

samples were centrifuged to remove the cells and the

supernatant was analyzed without extraction using high

pressure liquid chromatography. Testosterone and the

6b-hydroxytestosterone metabolite were separated on a

C18 column and detected at a wavelength of 247 nm.

Enzyme activity for each CYP450 isoform was reported

as specific activity (pmol/min � mg protein) and expressed

as mean � SEM.

3. Results and discussion

3.1. Induction of CYP1A2 in cryopreserved human

hepatocytes

The extent of CYP1A2 induction in cryopreserved

human hepatocytes was performed by measurement of

the CYP1A2 mRNA and protein expression in comparison

with the determination of CYP1A2 enzymatic activity.

Forty-eight hours after seeding, hepatocytes from three

different lots were incubated for an additional 48 hr in the

presence of 1, 10, or 50 mM lansoprazole, or 1, 10, or

100 mM dexamethasone, pioglitazone, rosiglitazone or

troglitazone, respectively. CYP1A2 enzymatic activity in

these cells was compared to the activity in control cells

(0.1% DMSO) or cells incubated in the presence of a

typical CYP1A2 (omeprazole) or CYP3A4 (rifampicin)

inducer. A high batch-to-batch variation was observed in

CYP1A2 inducibility (Fig. 1A) similar to findings using

freshly prepared human hepatocytes. Cells incubated in

the presence of 25 mM omeprazole demonstrated a mean

38.8-fold induction of CYP1A2 activity compared to

control cells (Fig. 2A). CYP1A2 activity varied between

16:4 � 1:8 pmol/min mg and 4:4 � 0:3 pmol/min mg pro-

tein in the three different batches of hepatocytes. In

agreement with a report from Curi-Pedrosa et al. [25]

we also observed that incubation of cryopreserved hepa-

tocytes with 50 mM lansoprazole, a benzimidazole deriva-

tive proton pump inhibitor equipotent to omeprazole,

resulted in a mean 31.5-fold induction of CYP1A2 activity

(Fig. 2A). Incubation of the cells with different concen-

trations of glitazones resulted, albeit not significantly,

in a dose-dependent upregulation of CYP1A2 activity

(Figs. 1 and 2A). Troglitazone and pioglitazone appeared

to be equipotent as CYP1A2 inducer. CYP1A2 activity

increased from 0:23 � 0:06 pmol/min mg at 1 mM to

0:8 � 0:2 pmol/min mg protein at 100 mM pioglitazone

or troglitazone, giving rise to a mean maximal 3.4-fold

induction of CYP1A2 activity. These findings of troglita-

zone and pioglitazone are in agreement with results from

Sahi et al. [26]. They also did not observe any significant

effect of troglitazone on the expression of CYP1A2 in

primary cultures of human and rat hepatocytes. However,

rosiglitazone significantly induced CYP1A2 activity lead-

ing to a mean maximal 36.7-fold induction at 10 mM.
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Fig. 1. CYP1A2 induction in cryopreserved human hepatocytes. Cryopreserved human hepatocytes of three different lots were incubated for 48 hr in the

presence of three concentrations of different compounds as described in Section 3. Control cells (0.1% DMSO) are represented as C, cells stimulated with

25 mM rifampicin as R, and hepatocytes incubated in the presence of 50 mM omeprazole as O. CYP1A2 enzymatic activity was determined by the fluorescent

measurement of the O-deethylation of 7-ethoxyresorufin and represented in the graph as pmol/min mg protein (A). The CYP1A2 mRNA (B) and protein (C)

expression were determined by TaqMan real-time RT–PCR and immunoblotting, respectively. Both the mRNA and protein expression are represented as the

relative expression compared to the control cells (0.1% DMSO) and are plotted in arbitrary units. The error bars represent the SEM and are calculated from

three independent incubations.
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Incubation of the cells with 100 mM rosiglitazone caused a

profound decrease again of the CYP1A2 activity which

was probably due to cytotoxic effects.

In general, quantitation of the CYP1A2 mRNA and

protein expression after 24 and 48 hr of induction of

hepatocytes, respectively, correlated well with CYP1A2

enzymatic activity (Fig. 2D and E). Again, the same large

batch-to-batch variation in CYP1A2 mRNA and protein

expression was observed (Fig. 1B and C). Incubation of

the cells with 50 mM of the typical CYP1A2 inducers

omeprazole and lansoprazole caused a mean 11.5- and

26.0-fold upregulation of CYP1A2 mRNA and a 4.6-

and 32.0-fold induction of CYP1A2 protein expression,

respectively (Fig. 2B and C). In agreement with the deter-

Fig. 2. Mean CYP1A2 induction and correlation of the fold induction values between the three end-points determined. Panels A–C: The mean enzymatic

activity of CYP1A2 and of the CYP1A2 mRNA and protein expression. Data are given as the mean value of three different lots. The enzymatic activities are

presented as pmol/min mg protein (A), while the mRNA (B) and protein (C) expression is represented as the relative expression compared to the control cells

(0.1% DMSO) and plotted in arbitrary units. Control cells are represented as C, cells stimulated with 25 mM rifampicin as R, and hepatocytes incubated in the

presence of 50 mM omeprazole as O. The error bars represent the SEM and are calculated from three independent incubations of each of the three lots. Panels

D–F: Calculation of the correlation coefficients of the fold inductions measured with different techniques. Panel D represents the comparison in fold

induction between CYP1A2 mRNA and the enzymatic activity. A comparison of the fold inductions of the CYP1A2 protein expression vs. the enzymatic

activity is represented in panel E. Panel F represents the comparison in fold induction between CYP1A2 mRNA and the protein expression.
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mination of the CYP1A2 enzymatic activity, the glitazones

ranked in the same order of potency to induce CYP1A2

mRNA and protein. A dose-dependent upregulation of

CYP1A2 mRNA and protein was observed and a mean

maximal 11.0- and 7.0-fold induction of mRNA and protein

was measured, respectively (Fig. 2B and C). Protein expres-

sion of lot XPK could not be analyzed due to a very low

amount of protein available in this sample set.

At present, CYP enzymatic activity is still considered as

the reference parameter to study CYP-induction. However,

some of these assays are time-consuming, and in cases

were mechanistic information is needed on an inducer it is

interesting to know what happens with the mRNA and/or

protein expression of a CYP. Therefore, it was assessed if

CYP mRNA or protein expression analysis is predictive

for investigating CYP-induction by measurement of the

enzymatic activity. Our results demonstrated a correlation

coefficient of approximately 0.69 and 0.36 between the

fold induction of the activity and the fold induction of

mRNA and protein, respectively. In addition, a 0.86 cor-

relation coefficient was observed between mRNA fold

induction and protein fold induction.

The mean basal O-deethylation activity of CYP1A2 was

calculated to be 0.23 pmol/min mg protein in cryopre-

served human hepatocytes. Compared to data in the lit-

erature [27,28], this is between 2.0- and 13.0-fold lower

than in fresh human hepatocytes. Despite this disadvanta-

geous lower basal expression, our data demonstrate that

CYP1A2 induction can be measured precisely.

3.2. Induction of CYP3A4 in cryopreserved human

hepatocytes

In a second set of samples CYP3A4 enzymatic activity

was measured after incubation of cryopreserved human

hepatocytes as described above. Concomitantly, CYP3A4

mRNA and protein expression was determined. As expec-

ted, a large variation of CYP3A4 activity was observed in

cells from the different lots (Fig. 3A). The 6b-hydroxylation

of testosterone varied between 45:6 � 0:8 pmol/min mg

and 757:6 � 18:1 pmol/min mg protein with a mean activity

of 430:1 � 207:5 pmol/min mg protein in cells stimulated

with 25 mM rifampicin. In comparison, the mean CYP3A4

activity in control cells was 68:9 � 23:8 pmol/min mg pro-

tein, which means an approximate mean 6.2-fold induction

of CYP3A4 activity in cells incubated in the presence of

rifampicin (Fig. 4A). When we compare this to the 6b-

hydroxylation activity of CYP3A4 in cell lysates of fresh

human hepatocytes, the measured basal activity is in the

same order of magnitude [27,28]. Compared to measure-

ments in microsome fractions of fresh hepatocytes, of

which is known that they exhibit approximately 5.0-fold

higher 6b-hydroxylation activity than would be detected

in their respective cell lysates [17], the 6b-hydroxylation

activity in our cells is between 3.0- and 16.0-fold [29,30].

In addition, in cells stimulated with 25 mM rifampicin a

mean 10.5- and 4.5-fold upregulation of CYP3A4 mRNA

and protein was observed, respectively (Fig. 4B and C).

Incubation of the cells with 1, 10, and 100 mM dexametha-

sone resulted in a dose-dependent upregulation of CYP3A4

mRNA and protein expression, and 6b-hydroxylation of

testosterone. The mean CYP3A4 activity was increased

from 76:2 � 19:0 pmol/min mg protein in the presence of

1 mM dexamethasone to 214:6 � 88:3 pmol/min mg pro-

tein when 100 mM of the glucocorticoid was administered

to the culture medium. Cells from lot XPK were the least

responsive with a maximum 1.2-fold increase in CYP3A4

activity when the cells were stimulated with 100 mM dex-

amethasone. These results are in accordance with studies

from Lindley et al. [29] and Luo et al. [30] in fresh

hepatocytes who observed a dose-dependent upregulation

of the CYP3A4 activity ranging from approximately 1.5-

fold (2 mM dex) to 6.9-fold (250 mM dex). The mechanism

of dexamethasone induction of CYP3A4 is not completely

clear yet. However, a recent report from Pascussi et al.

[31] demonstrates a biphasic effect of dexamethasone

treatment on CYP3A4 induction in human hepatocytes.

Administration of submicromolar concentrations of dex-

amethasone to the culture medium of the cells results in a

low amplitude (3- to 4-fold) increase in CYP3A4 mRNA,

while addition of supramicromolar concentrations results

in a high amplitude (15- to 30-fold) mRNA increase.

These results were not observed in our study with cryo-

preserved human hepatocytes. Increase of CYP3A4

mRNA was dose-dependent with a maximal 5.3-fold

induction in the presence of 100 mM dexamethasone in

the cell-culture medium (Fig. 3B). This discrepancy may

be explained by subtle changes in the mechanisms

involved in the regulation of CYP3A4 gene activity upon

cryopreservation of human hepatocytes. Alternatively,

due to the low number of lots in the study together with

a large batch-to-batch variation in CYP3A4 expression

and activity, we might not have detected this. A compar-

able dose-dependent upregulation of CYP3A4 protein was

observed when incubating cryopreserved hepatocytes

with dexamethasone (Figs. 3C and 4C). Cells were also

stimulated for 48 hr with the benzimidazole derivatives,

omeprazole and lansoprazole. Incubation of the hepato-

cytes with 50 mM omeprazole did not result in an increase

in CYP3A4 mRNA or protein expression, and activity

(Figs. 3 and 4). Administration of 50 mM lansoprazole to

the culture medium resulted in a moderate 1.4-, 3.2-, and

6.3-fold increase in CYP3A4 activity, protein expression

and mRNA abundance, respectively. These data are in

agreement with a study from Curi-Pedrosa et al. [25]

demonstrating that omeprazole and lansoprazole are

mixed CYP1A- and CYP3A-inducers, and support the

hypothesis stated by these authors that the induction

of CYP3A in response to these molecules could be

polymorphic in humans. The observation that, contrary

to lansoprazole, omeprazole did not induce CYP3A4

could be explained by a difference in potency of both
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Fig. 3. CYP3A4 induction in cryopreserved human hepatocytes. Cryopreserved human hepatocytes of three different lots were incubated for 48 hr in the

presence of three concentrations of different compounds as described in Section 3. Control cells (0.1% DMSO) are represented as C, cells stimulated with

25 mM rifampicin as R, and hepatocytes incubated in the presence of 50 mM omeprazole as O. CYP3A4 enzymatic activity was determined by the radio-

HPLC measurement of the 6b-hydroxylation of testosterone and represented in the graph as pmol/min mg protein (A). The CYP3A4 mRNA (B) and protein

(C) expression were determined by TaqMan real-time RT–PCR and immunoblotting, respectively. Both the mRNA and protein expression are represented as

the relative expression compared to the control cells (0.1% DMSO) and are plotted in arbitrary units. The error bars represent the SEM and are calculated

from three independent incubations.
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Fig. 4. Mean CYP3A4 induction and correlation of the fold induction values between three end-points determined. Panels A–C: The mean enzymatic activity

of CYP3A4 and of the CYP3A4 mRNA and protein expression. Data are given as the mean value of three different lots. The enzymatic activities are

presented as pmol/min mg protein (A), while the mRNA (B) and protein (C) expression is represented as the relative expression compared to the control cells

(0.1% DMSO) and plotted in arbitrary units. Control cells are represented as C, cells stimulated with 25 mM rifampicin as R, and hepatocytes incubated in the

presence of 50 mM omeprazole as O. The error bars represent the SEM and are calculated from three independent incubations of each of the three lots. Panels

D–F: Calculation of the correlation coefficients of the fold inductions measured with different techniques. Panel D represents the comparison in fold

induction between CYP3A4 mRNA and the enzymatic activity. A comparison of the fold inductions of the CYP3A4 protein expression vs. the enzymatic

activity is represented in panel E. Panel F represents the comparison in fold induction between CYP3A4 mRNA and the protein expression.
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compounds to activate a factor necessary in the induction

of CYP3A4.

Cryopreserved human hepatocytes from three different

lots were incubated for 48 hr with different concentrations

of glitazones. A dose-dependent upregulation of both the

mRNA and protein expression was observed. At maximum

dose, a mean 4.3-, 6.2-, and 9.9-fold induction of CYP3A4

mRNA was determined when cells were stimulated with

piolgitazone, rosiglitazone and troglitazone, respectively.

Similarly, CYP3A4 protein expression increased 1.7-, 4.5-,

and 12.3-fold and CYP3A4 activity responded in a com-

parable fashion. However, CYP3A4 activity at the highest

dose of pioglitazone and troglitazone (100 mM) was low,

and is probably due to cytotoxic effects. Interestingly,

lot XPK demonstrated almost no response to glitazone

stimulation. Based on these experiments, the ranking of the

glitazones with respect to their induction potential of

CYP3A4 corresponds to that found in fresh human hepa-

tocytes.1 It should be pointed out that these experiments

were specifically designed to compare the basal and

induced activity of CYP1A2 and CYP3A4 in cryopre-

served human hepatocytes with those in cultures of fresh

cells. In addition, calculation of the plasma concentration

at steady state of lansoprazole in patients dosed daily with

30 mg lansoprazole results in 0.19–0.24 mM in adolescents

and adult, respectively [32]. Patients treated daily with

therapeutically relevant doses of troglitazone (400 mg),

rosiglitazone (8 mg), and pioglitazone (45 mg) demon-

strated plasma concentrations at steady state of 1.1, 0.3

and 1.68 mM, respectively [33–35]. It is clear that when the

CYP-induction potential of a NCE is investigated in cul-

tures of fresh or cryopreserved human hepatocytes, ideally,

one should try to use clinically relevant concentrations.

Finally, correlations in CYP3A4 fold induction between

the different techniques were analyzed. By comparing the

fold induction of the mRNA expression vs. enzymatic

activity, protein expression vs. enzymatic activity, and

mRNA expression vs. protein expression, a correlation

coefficient of 0.66, 0.58 and 0.54 was calculated, respec-

tively (Fig. 4D–F).

In conclusion, compared to previous reports, the basal

enzymatic activity of CYP1A2 is 2.0- to 13.0-fold lower

than in fresh human hepatocytes. In contrast, CYP3A4

basal activity in cryopreserved cells is comparable to that

in fresh hepatocytes. Similar to freshly prepared hepato-

cytes, a large batch-to-batch variation in CYP1A2 and

CYP3A4 expression and inducibility was observed. How-

ever, induction of both CYPs could be precisely measured.

An important advantage of using cryopreserved cells is

that induction studies can be carefully planned, and the

population of cells be chosen in function of the type of

experiment. In conclusion, our data demonstrate that cryo-

preserved human hepatocytes are a useful tool to study

CYP1A2 and CYP3A4 induction.
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[27] Donato MT, Gómez-Lechón MJ, Jover R, Nakamura T, Castell JV.

Human hepatocyte growth factor down-regulates the expression of

cytochrome P450 isoenzymes in human hepatocytes in primary

culture. J Pharmacol Exp Ther 1998;284:760–7.

[28] Guillén MI, Donato MT, Jover R, Castell JV, Fabra R, Trullenque R,
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