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SUMMARY
Prednisone, prednisolone, and methylprednisolone are currently
administered in association with cyclosporin A in the postoper-
ative treatment of transplant patients. The aim of this work was
to evaluate the effects of these corticosteroids on the expression
of several forms of cytochromes P450 (P450), including P450
lA2, 2D6, 2El , and 3A, and on cyclosporin A oxidase activity in
human liver. For this purpose, human hepatocytes prepared from
lobectomies were maintained in culture in a serum-free medium,
in collagen-coated dishes, for 96-144 hr, in the absence or
presence of 50-1 00 �tM corticosteroids, rifampicin, or dexameth-
asone. To mimic more closely the current clinical protocol, he-
patocyte cultures were also co-treated with corticosteroids and
cyclosporin A or ketoconazole (a selective inhibitor of P450 3A).
Cyclosporin A oxidase activity, intracellular retention of cyclo-
sponn A oxidized metabolites within hepatocytes, accumulation
of P450 proteins and corresponding messages, and de novo
synthesis and half-lives of these P450 were measured in parallel
in these cultures. Our results, obtained from seven different
hepatocyte cultures, showed that 1 ) dexamethasone and pred-

nisone, but not prednisolone or methylprednisolone, were induc-
ers of P450 3A, at the level of protein and mRNA accumulation,
as well as of cyclosporin A oxidase activity, known to be pre-
dominantly catalyzed by these P450; 2) although corticosteroids
are known to be metabolized in human liver, notably by P450
3A, partial or total inhibition of this P450 by cyclosporin or
ketoconazole, respectively, did not affect the inducing efficiency
of these molecules; 3) corticosteroids did not affect the half-life
of P450 3A or the accumulation of other forms of P450, including
1A2, 2D6, and 2E1 ; 4) chronic treatment of cells with cyclosporin
did not affect P450 3A accumulation; 5) corticosteroids were all
competitive inhibitors of cyclosporin A oxidase in human liver
microsomes, with K, values of 61 ± 12, 1 25 ± 25, 1 90 ± 38,
and 21 0 ± 42 �tM for dexamethasone, prednisolone, prednisone,
and methylprednisolone, respectively; and 6) chronic treatment
of cells with corticosteroids did not influence the excretion of
oxidized metabolites of cyclosporin from the cells. These results
support most of clinical reports dealing with mutual interactions
between cyclosporin A and corticosteroids.

CsA is widely used as an immunosuppressant in organ trans-

plantation (1). We and others have demonstrated (2-5) that

this drug is predominantly metabolized in human liver by one

or several forms of the P450 3A subfamily,’ most likely P450

3A4. It was suspected and subsequently shown (7) that drugs

that induce or inhibit P450 3A forms affect the metabolism of

CsA and eventually its pharmacological effect. These drug

interactions might reduce the serum concentration of CsA, with

the risk of graft rejection, or increase it, with the risk of

This work was supported in part by the Fondation pour Ia Recherche M#{233}dicale

Fran#{231}aise.
1 P450 recommended nomenclature (6) is used throughout this paper. The

human P450 3A subfamily appears to comprise at least five genes, encoding
proteins whose primary sequences exhibit at least 82% similarity. Polyclonal
antibodies directed against P450(CsA oxidase) are, therefore, expected to cross-

react with all members of the subfamily. We shall accordingly use the term P450

3A to designate the form(s) of P450 detected in Western blot, immunoprecipitated
by anti-P450 3A antibodies, and involved in CsA oxidase activity.

nephrotoxicity (8, 9). Clinically, CsA is administered in asso-

ciation with prednisone, prednisolone, or methylprednisolone.

These corticosteroids are used chronically at low dose to com-

plement the immunosupressive action of CsA and occasionally

at high dose (bolus) to treat acute graft rejection. A number of

reports have been published concerning the interaction between

CsA and corticosteroids, with conflicting results and conclu-

sions. Some authors observed an increased serum concentration

of CsA after administration of high or low doses of corticoster-

oid (10-13). These results were interpreted as reflecting an

inhibitory effect ofthe corticosteroid on the hepatic metabolism

of CsA. In contrast, other investigators observed an increased

clearance of CsA, using an HPLC assay instead of radio-

immunoassay, suggesting an inducing effect of corticosteroids

on the hepatic metabolism of CsA (14).

Steroids, including corticosteroids, are metabolized by P450

in animal and human liver. Regioselective and stereospecific
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hydroxylation of these molecules in positions 2, 6, 7, 15, 16,

and 21 has been studied in detail and shown to be catalyzed by
several forms of P450 from families 1, 2, and 3 in rats (15, 16)
and 3 and 4 in humans (17-19). Besides dexamethasone, which
has been characterized as a typical inducer of P450 3A in rats,

prednisolone and methylprednisolone have been reported to be

inducers of these P450 in cultures of rat hepatocyte (20, 21).
However, there has been no extensive study on the effects of
these corticosteroids on the expression and/or activities of P450

from human liver.
We have shown that primary cultures of human hepatocytes

could be used as an alternative in vitro model to investigate the

effect of drugs on P450 gene expression or to assess drug
metabolism in human liver (7, 22, 23). During a previous

investigation, preliminary results with corticosteroids indicated

that these compounds behaved as inducers and inhibitors of

CsA oxidase in such cultures (7). The aim of the present work

was to extend our investigation further, to establish the molec-

ular basis of the interaction between CsA and prednisone,

prednisolone, or methylprednisolone, using primary cultures of

human hepatocytes to mimic the various clinical protocols of
coadministration of these drugs. Here we report the effects of

these molecules on CsA oxidase activity, intracellular retention

of CsA metabolites, accumulation of P450 3A proteins and

mRNA, and de novo synthesis and half-lives of these P450

determined in these cultures.

Drugs and Materials

Materials and Methods

CsA and [mebmt-13-3H] CsA (specific radioactivity, 11 Ci/mmol)

from Amersham (Amersham, England) were generously supplied by
Sandoz Ltd (Reuil Malmaison, France, and Basel, Switzerland). Pred-

nisone and prednisolone were from Houd#{233}(Paris, France), methylpred-

nisolone from Upjohn (Paris, France), rifampicin from Merrel-Dow,

Lepetit (Paris, France), and dexamethasone from Merck Sharp and
Dohme-Chibret (Paris, France). Ham F-12 and Williams E. culture

media, culture medium additives, dimethylsulfoxide, NADPH, and
horseradish peroxidase-labeled antibodies were from Sigma (Saint

Louis, MO). Acetonitrile used for the HPLC analysis of CsA was from

Merck (Darmstadt, Germany). Fetal calf serum was from GIBCO

(Paisley, Scotland). Bovine serum albumin (fraction V) for Western

and Northern blots was from Boehringer-Mannhein France (Meylan,
France). Nitrocellulose and Zeta probe filters were from Bio-Rad (Rich-
mond, CA). [4,5’H]Leucine (130 Ci/mmol) and [5--y-32PJATP (3000

Ci/mmol) were from Amersham. T4 polynucleotide kinase was from

Appligene (Illkrich, France).

Human Liver Samples
Patient FH6 was a 55-year-old female who became a renal donor

after cerebral anoxia owing to acute heart failure. Patient 61289 was a
60-year-old male who became a kidney donor after rupture of a cerebral

aneurysm. He had been treated with captopril. These livers could not
be used for transplantion owing to an elevated steatosis; their use for

scientific research was accordingly authorized by the French National

Ethics Committee. Patient FT2 was a 57-year-old male who underwent

a right hepatic lobectomy for metastatic gastric carcinoma. Treatment
with 5-fluorouracil was stopped 1 month before surgery, hut the patient

was receiving piracetam (1-2 g/day) at the time of operation. Patient

FT7 was a 77-year-old female who underwent left lobectomy for a
hepatocellular carcinoma. She had no cirrhosis and was receiving no
medication. Patient FT1O and FT12 were 32- and 55-year-old females,
respectively, who underwent elective resection for hepatic angiomas.

Patient FT21 was a 65-year-old male who underwent left lobe plus
segment IV resection for metastatic rectal carcinoma. Patient HTL27

was a 54-year-old female who underwent left lobectomy for metastatic

colorectal cancer. She was not receiving any medication before surgery.

Patient HTL28 was a 60-year-old female who underwent left lobe

resection for metastatic cancer of the ileum. Patient HTL37 was a 54-

year-old female who underwent right lobectomy for metastatic breast

cancer.

Preparation and Primary Cultures of Human Hepatocytes

Samples from patients FH6, FT2, FT1O, FT12, FT21, HTL28, and

HTL37 were used for hepatocyte preparation. After washing of the

tissue with Eurocollins (2.05 g/liter NaHCO3, 35 g/liter glucose, pH
7.3), hepatocytes were prepared as described before, using collagenase

perfusion (7, 22, 23). Yield and viability, determined using the trypan

blue exclusion test, were between 0.9 and 2.8 x i0� cells and 71 and

95%, respectively. Four million cells in 3 ml of culture medium were

placed in 60-mm plastic dishes precoated with 50 gag of rat tail collagen.
The culture medium consisted of a 1:1 mixture of Ham F-12 and

Williams E, supplemented as recommended by Isom and Georgoff (24).

During the first 4 hr, medium was supplemented with 5% fetal calf

serum, to favor the plating. The medium was then changed and there-

after renewed every 24 hr in the absence of serum. Cultures were

maintained at 37’ in a humid atmosphere of air and 5% carbon dioxide.

Preparation of Human Liver Microsomes
Samples from patients 61289, HTL27, and HTL28 were used to

prepare liver microsomes, as described previously (22). Microsomes

and cell lysates were also prepared from three and two plates of
hepatocytes cultures, respectively, as described before (22). Protein

concentration was determined by the bicinconinic acid method, accord-

ing to the protocol provided by the manufacturer (Pierce Chemical Co,

Rockford, IL); bovine serum albumin (Pierce Chemical Co) was used

as the standard.

Metabolism of CsA in Primary Cultures of Human
Hepatocytes

Conditions for induction. Two protocols were used to test the
inducer effect of corticosteroids. In protocol I, human hepatocytes were

maintained in culture for 96-144 hr in the absence or presence of 50

�aM rifampicin, a typical inducer of the P450 3A subfamily in humans

(7), or 50 or 100 �tM prednisone, prednisolone, methylprednisolone, or

dexamethasone. The medium and the inducer, when present, were

renewed every 24 hr. These molecules were added as a l000x solution
in dimethylsulfoxide; untreated cultures received the same amount of

solvent (0.1%). At the end ofthe induction treatment, the medium was

renewed in the absence of the inducer and in the presence of 5 �zM CsA

and 0.5 MCi of I’HICsA, and the cells were maintained in culture for

24 hr under normal conditions. At 2, 4, 6, and 24 hr, 1O0-�sl aliquots of

extracellular medium were collected, immediately mixed with an equal
volume of acetonitrile, and stored at -20’ until further analysis. At the

same time, cells were washed with phosphate-buffered saline and

scraped in a 1 :1 mixture of water and acetonitrile. A lysate was prepared

by sonication (100 W) for 45 sec on ice and was stored at -20’ until

further analysis. In protocol II, conditions were as in protocol I, except

that 5 pM CsA or ketoconazole was present during the induction period.
Conditions for inhibition. Two different protocols were used to

test the inhibitory effect of corticosteroids. In protocol III, the inhibi-
tory effect was evaluated on young cultures, that is, under conditions

reflecting the in vivo P450 3A status of the patient (half-life of P450

3A is on the order of 40 hr; see below). Twelve-hour-old cultures were

exposed to 5 MM CsA and 0.5 pCi of [‘HJCsA, in the absence or presence

of 100, 200, or 300 gM corticosteroids. In protocol IV, the inhibitory
effect was evaluated on P450 3A4 preinduced by rifampicin. For this

purpose, hepatocytes were maintained in culture for 72-96 hr in the

presence of 50 MM rifampicin. At this time, medium was renewed in the

absence of the inducer and cells were exposed to 5 �aM CsA and 0.5 gCi

of [‘HJCsA, in the absence or presence of 5, 25, or 100 �aM corticoster-

oids. Aliquots of extracellular medium and cell lysate were collected

and prepared at 2, 4, 6, and 24 hr.
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CsA Oxidase Activity of Human Liver Microsomes

Liver microsomes (500 tag) were resuspended in 500 �l of 0.1 M

potassium phosphate buffer, pH 7.4, in the presence of 2.5-10 gM CsA,

in the absence or presence of 0-200 �zM corticosteroids; 0.5 �tCi of [3HJ

CsA was used as radiotracer. After a 3-mm incubation at 37� , the

reaction was initiated by the addition of 1 mM NADPH and quenched

15 mm later (under conditions of linear kinetics) by mixing with an

equal volume of acetonitrile. After centrifugation, 100 � of supernatant

were analyzed by HPLC. CsA oxidase activity was expressed as nanom-

oles of total metabolites produced per minute per milligram of protein.

Inhibition by the corticosteroids was characterized by Lineweaver-

Burk plot analysis. Inhibitory constant K was determined from the
plot of apparent Km versus inhibitor concentration.

HPLC Analysis of CsA and Metabolites

CsA and metabolites were separated and quantitated by the HPLC

procedure described in a previous paper (7). Briefly, 100-gl aliquots of

1:1 mixture of extracellular medium or cell lysate and acetonitrile were

loaded on a Beckman (San Ramon, CA) Ultra-Sepharose ODS column
(5 mm, 4.6 mm X 25 cm), protected with a precolumn of same phase,

and were eluted at 70’ with a mobile phase consisting of a mixture of

water and acetonitrile, whose composition was programmed according

to the following steps: 1) water/acetonitrile, 41:59, from 0 to 5 mm; 2)

linear acetonitrile gradient from 59 to 62% from 5 to 7 mm; 3) water/

acetonitrile, 38:62, from 7 to 14 mm; 4) linear acetonitrile gradient

from 62 to 82% from 14 to 20 mm; and 5) water/acetonitrile, 18:82,

from 20 to 35 mm. Under these conditions, CsA eluted at 23 mm and

metabolites eluted as three main groups collected between 2 and 8 mm,

8 and 12 mm, and 12 and 20 mm, consisting of dihydroxy, monohy-

droxy, and N-demethylated derivatives, respectively, as shown previ-
ously (2, 7). Radioactivity of the effluent from the HPLC column was

analyzed in a LB 506-Cl radioactivity monitor (Berthold, Wildbad,

Germany), after mixing, in a 1:3 ratio, with scintillation cocktail

(Quickszint Flow 302; Zinsser, Maidenhead, England). Radioactivity

peaks were integrated with a Copam PC 286 C 100 computer and

converted to molar concentrations of CsA and metabolites. In most
cases, CsA oxidase activity was expressed as the amount of total

metabolites produced versus time. In some experiments, this activity

was evaluated as the molar ratio of di- to monohydroxy derivatives.

Relative uncertainty of ±15% was estimated from measurements in

triplicate on several different preparations.

Immunoquantitation of P450

P450 from the 1A, 2D, 2E, and 3A subfamilies were quantitated by
Western blot using polyclonal or monoclonal antibodies, as described
previously (22). In this study, 100 gg of cell lysate, prepared from

hepatocytes in primary culture after various treatments, were subjected

to electrophoresis on SDS-10% polyacrylamide gels before transfer to

nitrocellulose. Blots were developed using diaminobenzidine and by-

drogen peroxide as the horseradish peroxidase substrates. The relative
amount of P450 3A was estimated from densitometric analysis of the

blot with a scanner (Shimadzu, Japan); purified P450 (CsA oxidase)

was used as a standard.

Determination of De Novo Synthesis of P450 3A
The level of de novo P450 3A synthesis was determined as described

previously (22). Briefly, hepatocytes maintained in primary culture in
the absence or presence of various inducers were labeled for 3 hr with

10 jzCi/plate of [4,5-3Hjleucine, in a leucine-free culture medium. After
washing of the cells, lysate was prepared from two plates. The de novo

synthesis of total protein was evaluated by measuring the radioactivity

of the trichloroacetic acid precipitate of an aliquot of cell lysate. The

level of de novo synthesis of P450 3A was determined by a radio-

immunoassay, with the following steps: 1 ) immunoprecipitation of an
aliquot ofcell lysate with specific anti-P450 3A antibodies; 2) resolution

ofthe immunoprecipitate on a SDS-10% polyacrylamide gel; 3) slicing

(2 mm) of the gel; and 4) determination of the radioactivity associated

with the slices containing P450 3A. The de novo synthesis of P450 3A

was evaluated as the percentage of radioactivity associated with P450

3A, with respect to the radioactivity associated with total protein in

the same aliquot of cell lysate. Relative uncertainty of ±25% was

estimated from measurements in triplicate on several different prepa-

rations.

Half-life Evaluation of P450 3A

Hepatocytes were induced for 72 hr with 50 �zM rifampicin, and cells

were pulse-labeled for 4 hr with 20 �aCi/plate of [4,5-3H]leucine, in a

leucine-free medium. After several washes, to eliminate the inducer,

the medium was renewed, in the absence or presence of 50 �sM rifam-

picmn or 100 � corticosteroids, and the chase was continued for 96 hr.

At 24, 48, 72, and 96 hr, cultures were washed, cells were harvested,

and lysate was prepared from two plates. The radioactivity associated

with P450 3A was determined by the radioimmunoassay described

above. The half-life of P450 3A was calculated from linear regression

analysis of the plot of logarithm of radioactivity associated with P450

3A per plate versus time.

Preparation of PoIy(A) RNA from Cell Cultures and Northern
Blot Analysis

Total RNA was isolated from 15 plates, and poly(A) RNA was

purified by one cycle ofabsorption and elution from oligo(dT)-cellulose,

as described (22). Four micrograms of poly(A) RNA were size fraction-

ated on a 1.2% agarose gel, under denaturing conditions, and were

blotted onto a Zeta Probe filter (BioRad, Richmond, CA). Oligonucle-

otide 87-27, complementary to nucleotides 132-161 of P450 3A4 mRNA

(25) (T1 = 78’), was labeled with [-y-32P]ATP (3000 Ci/mmol) and T4

polynucleotide kinase and used as a probe. Hybridization was per-

formed in 7% SDS, 1% bovine serum albumin, 0.5 M sodium phosphate,

pH 7.4, 1 mM EDTA, at 55, for 18 hr. Washes were performed in 5%

SDS, 0.5% bovine serum albumin, 40 mM sodium phosphate, pH 7.4,

at 55� for 1 hr. The blot was exposed overnight to Kodak X-Omat AR

film, with an amplifying screen, at -70’ . Control experiments to assess

the quality of poly(A) RNA preparations were carried out using glycer-

aldehyde phosphate dehydrogenase cDNA as a probe.

Results

Primary cultures of human hepatocytes constitute a partic-

ularly useful experimental model that allows direct examination

of the inducing or inhibitory effects of compounds that cannot

ethically be tested in vivo. In the present work, these cultures

were prepared from hepatic tissue collected either from healthy

subjects (organ donors) or from patients with hepatocellular

carcinoma, liver metastasis from extrahepatic tumors, or an-

gioma. Previously published comparative studies demonstrated

that, in such cultures, no essential difference was apparent in

terms of electron microscopy, P450 induction, or drug metab-

olism (7, 22, 23, 26).

Corticosteroids as inducers of P450 3A and CsA oxi-

dose in primary cultures of human hepatocytes. Twelve

hours after plating, human hepatocytes were maintained in

culture for 96 hr in the absence or in the presence of 50 �M
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2 Steroids. including corticosteroids. produce both specific pharmacological

effects and side effects. ‘I’he krmer are likely to occur at very low concentrations,

both in tiL’o and in hepatocyte cultures i.e., <I pM). The latter, notably inter-

actions with drug metabolism systems like P450, occur at higher concentrations.

In this l)aper, we are interested in these side effects. ‘I’his is the reason why

concentrations used here may appear rather high. in comparison with those giving

rise to the corticoid specific effects. At these concentrations, corticoids were not

toxic to the cells, as evidenced fron#{236}measurement of de not’o protein synthesis

and other tests carried out in this work, and were soluble in the culture medium.
Other investigators (20, 21) have used similar ranges ofconcentrations to evaluate

the effect of these compounds on the expression of P45() in rat liver in t’,t’o and
in hepatocyte cultures. Accordingly, the terms “induction” or ‘inducer” used in

this paper strictly refer to the corticosteroid-mediated increased expression of

l’450 3A: this process should not l)e confused with the classical glucocorticoid-
induced expression of genes t hrotigh the glucocorticoiti receptor-dependent mech-

anism.
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Fig. 1. Experimental protocols
used in this work. Protocols I and
II were used to test the inducer
effects of corticosteroids on P450
expression and CsA oxidase activ-
ity. Protocols Ill and IV were used
to test the inhibitory effects of cor-
ticosteroids on CsA oxidase activ-
ity. Rif, rifampicin; KT, ketocona-
zole; prep, time of preparation of
the culture.

rifampicin or of 50 or 100 �iM corticosteroids,2 including pred-

nisone, prednisolone, methylprednisolone, or dexamethasone

(protocol I) (Fig. 1). At the end of the treatment, some cells

were harvested for preparation of microsomes, RNA, and cell

lysate after 3 hr of pulse-labeling with 10 pCi/plate of [4,5-H]

leucine (for measurement of the de novo synthesis), whereas

some were maintained in culture for determination of the CsA

oxidase activity. The effects of the corticosteroids on the CsA

oxidase activity, on the accumulation of both P450 3A protein

and mRNA, and on the de nova synthesis of P450 3A could,

therefore, be evaluated in parallel. In these experiments, rifam-

picin and dexamethasone were used as reference compounds,

rifampicin because it is the best inducer of P450 3A (7) and

dexamethasone because it has been shown previously to be an

inducer of P450 3A1 in rats (20, 21) and of P450 3A in human

hepatocytes (7). The results obtained with culture FT1O, but.

representative of cultures HTL28, FT12, and FH6, are shown

in Figs. 2 and 4. CsA oxidase activity, determined from the

amount of oxidized metabolites of CsA released into the ex-

tracellular medium 4 hr after addition of CsA to the culture,

was clearly increased in cells treated with rifampicin, dexa-

methasone, or prednisone, with respect to untreated, predniso-

lone-treated, or methylprednisolone-treated cells (Fig. 2A). The

accumulation of P450 3A in these cultures, revealed by Western

blot analysis of cell lysates, is shown in Fig. 2B. The induction

factor ofthis P450 was 7.6, 4.6, 3.5, 1.5, and 1.6 with rifampicin,

prednisone, dexamet.hasone, prednisolone, and methylprednis-

olone, respectively. Fig. 2 shows that CsA oxidase activity and

P450 3A were correlated in these hepatocytes; the greatest

increase was obtained with rifampicin, followed by dexameth-

asone and prednisone, whereas neither prednisolone nor meth-

ylprednisolone affected these parameters. This is in close agree-

ment with the previous finding that, in human liver, oxidation

of CsA is predominantly catalyzed by one or several P450 from

the 3A subfamily (2-5). However, the magnitude ofthe increase

of P450 3A accumulation was larger than that of the increase

of CsA oxidase activity. This disagreement could result from

several contributions, including 1) imbalance between de nova

synthesized P450 3A apoproteins and the heme pool, 2) steric

hinderance on the endoplasmic reticulum due to high accumu-

lation of P450 3A, resulting in impaired electron transfer from

the reductase to the P450, 3) induction of several forms of P450

3A that contribute to CsA activit.y to varying extents, or 4) a

basal level of CsA oxidase activity in uninduced cells, resulting

in part from the contribution of non-3A P450.

As it appears from Western blots presented in Fig. 3, the

accumulation of the other forms of P450 tested in this work,

including P450 1A2, 2D6, and 2E1, was not modified signifi-

cant.ly in these cultures.

The comparative effects of rifampicin and corticosteroids on
de nova P450 3A synthesis, determined by a radioimmunoassay,

and P450 3A4 mRNA accumulation, determined with a P450

3A4-specific oligonucleot.ide under conditions ofprotocol I (Fig.

1), are shown in Fig. 4. In Northern blots, CYP3A probes were

previously shown to reveal two mRNAs, at 2.2 and 3 kilobases,
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Fig. 2. Corticosteroids as inducers of GsA oxidase activity and P450 3A
accumulation in primary cultures of human hepatocytes. Human hepa-
tocytes were maintained in culture for 96 hr in the absence (UT) or
presence of 100 MM dexamethasone (DEX), methylprednisolone (MP),
prednisolone (PL), or prednisone (PN) or 50 �M rifampicin (RIF), under
conditions of protocol I. At this time, cells were treated as described for
A and B. A, Medium was renewed in the absence of inducer but in the
presence of 5 zM CsA and 0.1 �Ci of [3H]C5A. GsA oxidase activity was
then determined by HPLC analysis of extra- and intracellular media at
various time intervals between 2 and 24 hr. The amount (in MM) (±10%)

of oxidized GsA metabolites released in the extracellular medium after 4
hr is reported here for the various treatments. B, Cell lysates were
prepared and 100 �zg of protein were analyzed by Western blot, using
anti-P450 3A6 polyclonal antibodies. Std 3A, 1 pmol of purified P450
3A6. These results obtained with culture FT1O are representative of
cultures HTL28, FT12, and FH6.

that differed in the length of their 3’ noncoding region (25). As

Fig. 4 shows, de nova P450 3A synthesis and accumulation of

specific messages were closely correlated. Here again, rifampi-

cm was the strongest inducer, followed by dexamethasone and

prednisone, whereas prednisolone and methylprednisolone had
no effect. Glucocorticoids are known to affect the expression of

genes in a number of ways. Besides transcriptional and post-

transcriptional effects, alteration ofthe post-translational proc-
essing of proteins has been shown (27). We, therefore, raised

the question of whether these molecules could affect the half-
life of P450 3A in our culture system, using the leucine-chase
assay designed for this purpose. Neither of these compounds

significantly affected the half-life of P450 3A, which was 44 hr

in untreated cultures and 32, 55, 44, and 28 hr (±10 hr) in

rifampicin-, prednisolone-, prednisone-, and methylpredniso-
lone-treated cells, respectively. In comparison, the half-life of

the pool of hepatocyte proteins was 120 hr (±20 hr) under these
conditions and was not affected by the inducers. Thus, chronic

UT RIF PN PL MP

Fig. 3. Effectofcorticosteroids on P450 1A2, 206, and 2E1 accumulation
in primary culture of human hepatocytes. Human hepatocytes were
maintained in culture for 96 hr in absence (UT) or presence of 100 �M

methylprednisolone (MP), prednisolone (PL), or prednisone (PN) or 50
gaM nfampicin (RIF), under conditions of protocol I. At this time, micro-
somes were prepared and 10 (1 A2) or 50 �g (206 and 2E1) of protein
were analyzed by Western blot, using anti-P450 1A2 (Mab 28) (A), 206
(B), or 2E (C) polyclonal antibodies. These results obtained with culture
HTL28 are representative of cultures FT12, FT21 , and FH6. On the
Western blot of P450 2E1 (C), note that anti-P450 2E1 antibodies slightly
cross-react with P450 3A.

treatment of human hepatocytes in culture with dexametha-

sone or prednisone results in a significant induction of P450

3A protein, mRNA, and related CsA oxidase activity, whereas
prednisolone and methylprednisolone are not inducers. This

induction process probably results from a pretranslational ef-

fect, because both P450 3A message accumulation and de nova
synthesis were increased in parallel with the protein accumu-
lation. It should be noted that, in all cultures examined in this

study, rifampicin was a stronger inducer of P450 3A than was

dexamethasone or prednisone. In addition, all cultures tested
here exhibited homogeneous behavior, i.e., they all responded

to dexamethasone and prednisone but not to prednisolone or

methylprednisolone, in terms of P450 3A increased expression.

Steroid hormones and corticoids are biotransformed in the

liver through P450-mediated hydroxylation reactions (15, 16).

In fact, P450 3A has been shown to be involved in the 6fl-

hydroxylation of steroids and corticosteroids (17-19). We,

therefore, questioned whether the metabolism of corticoids

could interfere with their inducing capacity. For this purpose,

hepatocytes were induced for 96-144 hr with corticoids, under

conditions where P450 3A was partly (5 � CsA) or totally (5

�zM ketoconazole) inhibited (protocol II) (Fig. 1). Ketoconazole
was used in these experiments because this compound was

demonstrated to be a strong (K, < 1 �zM) and selective inhibitor

of P450 3A from human liver (28). This protocol was designed

to be relevant to clinical conditions, in which CsA and corticoids

are usually coadministered. Comparative analysis at the level

of P450 3A protein and mRNA accumulation (data not shown)

indicated that neither CsA nor ketoconazole affected the in-
ducing efficacy of the corticosteroids or of rifampicin. This
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G::� in the presence of rifampicin, to induce P450 3A. Resultsobtained with culture FH6, but representative of cultures FT12and HTL37, are shown in Fig. 5, upper (protocol III) and lower

(protocol IV).’ In all cases, corticosteroids were found to be

inhibitors of CsA oxidase activity, calculated from the amount

of metabolites released in the extracellular medium. However,

this inhibition was weak, in comparison with that observed

with well known inhibitors such as ketoconazole (7, 28). Sig-
nificant inhibitory effects became apparent for concentrations

higher than 100 �M in untreated cells (Fig. 5, upper) or higher
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suggests that either the metabolism of these molecules is very

slow or it does not affect their capacity to induce P450 3A. In

addition, these experiments show that chronic treatment of

human hepatocytes with CsA does not affect the accumulation

of P450 3A.

Corticosteroids as inhibitors of CsA oxidase activity
in primary cultures of human hepatocytes and in human
liver microsomes. Two different protocols were used to in-

vestigate the inhibitory effect of corticoids on the metabolism

of CsA. In protocol III (Fig. 1), the CsA oxidase activity was

determined over a period of 24 hr, on 12-hr-old cultures, in the

absence or presence of increasing concentrations of corticoids.

Because P450 3A half-life was found to be in the range of 40

hr in these cultures, these conditions allowed us to evaluate the

effects of these compounds on the “natural” P450 3A, reflecting

the P450 3A status of the patient from whom hepatocytes had

been prepared. In protocol IV (Fig. 1), the same experiments

were repeated with cultures that had been treated for 72-96 hr
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UT RIF DEX MP PL PN

i3 Kb

I 2.2 Kb

Fig. 4. Corticosteroids as inducers of P450 3A de novo synthesis and
mRNA accumulation in primary cultures of human hepatocytes. Human
hepatocytes were maintained in culture for 96 hr in the absence (UT) or
presence of 100 �aM dexamethasone (DEX), methylprednisolone (MP),
prednisolone (PL), or prednisone (PN) or 50 �zM rifampicin (A/F), under
conditions of protocol I. At this time, cells were treated as described for
A and B. A, Cells were labeled for 3 hr with 10 �zCi of [4,5-3H]leucine, in
a leucine-free culture medium, and a lysate was prepared. An aliquot of
100 �tl of lysate was immunoprecipitated with anti-P450 3A6 antibodies,
and the radioactivity associated with de novo synthesized P450 3A was
determined from SDS-polyacrylamide gel electrophoresis of the immu-
noprecipitate. Relative de novo synthesis of P450 3A was expressed as
percentage of total protein synthesis, determined from trichloroacetic
acid precipitation of a 15-�zl aliquot of cell lysate. B, Poly(A)RNA was
extracted and 4 �g were analyzed by Northern blot, using a P450 3A4-
specific oligonucleotide radiolabeled with [-y-32P]ATP and T4 polynucle-
otide kinase. These results obtained with culture FT1 0 are representative
of culture FH6.
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Fig. 5. Corticosteroids as inhibitors of CsA oxidase activity in primary
cultures of human hepatocytes. Upper, CsA oxidase activity was deter-
mined, as indicated in the legend to Fig. 2, in freshly plated hepatocytes,
in the absence (UT) or presence of 100, 200, or 300 �M methylprednis-

olone (MP), prednisolone (PL), prednisone (PN), or dexamethasone
(DEX), under conditions of protocol Ill. The amount (in pM) (±10%) of
oxidized CsA metabolites released in the extracellular medium after 4 hr
is reported here for the various treatments. Lower, human hepatocytes
were maintained for 96 hr in the absence (UT) or presence of 50 �M
rifampicin (A/F). At this time, CsA oxidase activity was determined, as
indicated in the legend to Fig. 2, in the RIF-induced cultures, in the
absence or in the presence of 5, 25, or 1 00 gM methylprednisolone (MP),
prednisone (PN), or prednisolone (PL), under conditions of protocol IV.
UT, CsA oxidase activity in uninduced culture in the absence of cortico-
steroids. Due to a high level of metabolism of CsA in these cultures, the
ratio of dihydroxy to monohydroxy derivatives of CsA, reflecting the
production of second-generation metabolites (dihydroxy derivatives), is
presented here after 4 hr. These results obtained with culture FH6 are
representative of cultures FT1 2 and HTL37.

., The experiments presented in Fig. 5B have been carried out on rifampicin-

induced hepatocytes. The CsA oxidase activity was so high in these cells that

measurement of the total amount of oxidized metabolites (our standard assay)
was not adequate to visualize inhibitory effects. Under these conditions, the ratio

of dihydroxy to monohydroxy derivatives was used as a suitable marker of CsA

oxidase activity, because previous investigations (2) have shown that dihydroxy-
lated metabolites ofCsA are produced from monohydroxy derivatives by the same

P450.
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than 25 �M in rifampicin-treated cells. The rank order of

decreasing inhibitory effect was dexamethasone, prednisolone,

prednisone, and methylprednisolone. This was similar under

both protocols III and IV, except that the amplitude of the

effect was larger in rifampicin-treated cells, where the level of

P450 3A was increased. Some authors suspected that cortico-

steroids could interfere with the metabolism of CsA by blocking

the release of oxidized metabolites from hepatocytes (14).

Analysis of the intracellular medium of cultures chronically

treated for 96 hr with rifampicin or corticoids, 4 and 24 hr after

incubation with CsA, is presented in Fig. 6. These results show

that the amounts of intracellular metabolites were much

smaller than those of their extracellular counterparts at both 4

and 24 hr. In addition, the amounts of intracellular metabolites

decreased with time in cells treated with corticoids or with

rifampicin, which is not an inhibitor. These experiments sug-

gest that the inhibitory effect of corticoids is not related to a

defect in excretion of metabolites from the cells. This inhibitory

effect of corticoids was further characterized by Lineweaver-

Burk plot analysis of CsA oxidase activity in human liver
microsomes (data not shown). Dexamethasone, prednisolone,

prednisone, and methylprednisolone were found to be compet-
itive inhibitors, with K, values of 61 ± 12, 125 ± 25, 190 ± 38,

and 210 ± 42 �M, respectively. These values are in good

agreement with those determined in a preliminary study, except

for prednisolone, for which a K, of 210 �zM had been previously

determined (7). These relatively high K, values explain the

weak inhibition observed in culture (Fig. 5) at the concentra-

tions tested in this work.

Despite prednisone, prednisolone, and methylprednisolone

having been used in clinical practice for more than 20 years,

and now being coadministered with CsA for the treatment of

transplant patients, relatively little data on their effects on the

expression of drug-metabolizing enzyme systems from animal

and human liver have been reported. The aim of this work was,

therefore, to evaluate the effects of these molecules, as well as

that of dexamethasone for comparison, on the expression of

6

S U 411

r4 2411

4

3

CsA met CsA met CsA met CsA met CsA met CsA met

UT RIF PN PL MP DEX

Fig. 6. Effect of chronic treatment with corticosteroids on the intracellular
content of CsA and of oxidized CsA metabolites in human hepatocytes.
Human hepatocytes (FT21) were maintained in culture for 140 hr in the
absence (UT) or the presence of 1 00 MM dexamethasone (DEX), meth-
ylprednisolone (MP), prednisolone (PL), or prednisone (PN) or 50 �

rifampicin (A/F), under conditions of protocol I. At this time, cells were
exposed for 4 or 24 hr to 5 �aM CsA, and CsA and its oxidized metabolites
were quantitated by HPLC analysis of extra- and intracellular media.
Intracellular content of both CsA and oxidized metabolites (in nmol) (±
1 O%) is shown here for the various treatments.

several forms of P450, including P450 3A, and on CsA oxidase

in human liver. For this purpose, primary cultures of human

hepatocytes, previously shown to retain liver-specific P450 gene
expression (7, 22, 23), have been used. Our results from seven

different hepatocyte cultures (prepared from seven different

patients) demonstrated the following points: 1) dexamethasone

and prednisone are inducers of P450 3A, increasing the accu-

mulation of mRNA, protein, and CsA oxidase activity; 2) nei-

ther of the tested molecules affect the half-life of P450 3A or

the accumulation ofP45O 1A2, 2D6, and 2E1; 3) these molecules

are competitive inhibitors of CsA oxidase in human liver mi-

crosomes, with K, values of 61-210 �M; and 4) they do not

affect the excretion of oxidized metabolites from the cells.

Dexamethasone and pregnenolone 1&t-carbonitrile have

been recognized for some time as inducers of P450 from animal
liver microsomes. Guzelian and co-workers (20) first demon-
strated that these compounds constituted a “new class” of

inducers, in that they stimulated the expression of P450 3A

genes in rat liver. These observations were extended to other

steroids, notably prednisolone and methylprednisolone, in rat

liver and rat hepatocytes in culture (21). These authors con-

cluded that synthesis of P450 3A was a specific glucocorticoid-

responsive liver function, involving a novel mechanism, that

was readily distinguishable from the classical glucocorticoid

receptor pathway. Our observations are only in partial agree-

ment with those made using rat liver. Although dexamethasone

appears to be the best glucocorticoid inducer of P450 3A in

both rat and human hepatocytes, methylprednisolone and pred-

nisolone were not inducers in human hepatocytes, whereas in

rats they exhibited inducing efficacy 62% and 43%, respectively,

that of dexamethasone (prednisone was not tested by these

authors) (21). Such interspecies differences between rats and

humans, concerning the specificity and efficiency of P450 3A

inducers, are not new. Previously documented examples include

rifampicin, a strong inducer in humans and not in rats, and

pregnenolone 16a-carbonitrile, for which the opposite is oh-

served (29). The finding that dexamethasone and prednisone
are inducers of P450 3A in human hepatocytes needs further

comment. A high level of P450 3A was previously observed in

critically ill patients receiving dexamethasone (30). However,

phenobarbital and phenytoin, two drugs that were shown to be

inducers of P450 3A in our culture system, were coadministered

with dexamethasone in all these patients. It was, accordingly,

not possible to conclude unequivocally that P450 3A was in-

duced by this corticoid in vivo. Our results confirm this point.
Prednisone is known to be converted to prednisolone through

a reductive pathway in human liver (31). Our finding that

prednisone but not prednisolone was an inducer in primary

culture of human hepatocytes suggests either that this conver-

sion did not occur in our culture system or that it occured at a

very low rate, in comparison with the timing of P450 3A

induction. Whatever the explanation, these results suggest that

clinically relevant induction of P450 3A (CsA oxidase) by

prednisone, prednisolone, or methylprednisolone is unlikely.

This is in good agreement with clinical reports on the effects

of these compounds on the metabolism of CsA (8, 9). Indeed,

there is only one paper that reports a modest inducing effect of

corticoids on CsA metabolism (14). These authors measured

CsA levels, by HPLC, in the serum of patients receiving CsA

in association with a low maintenance dose of prednisone (20

mg/day), before and after a bolus of methylprednisolone (250

Effect of Corticoids on P450 3A and CsA Oxidase 1053
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mg, intravenously). They found increased clearance of CsA

(from 5.5 to 6.6 ml/min/kg) after the high dose of methylpred-

nisolone. Their conclusion that this observation resulted from

an inducing effect of methylprednisolone on the metabolism of

CsA is unlikely, in view of the present results. Indeed, we had

no evidence of induction of either P450 3A or CsA oxidase

activity in several different preparations of human hepatocytes

treated with methylprednisolone. Several explanations could

be proposed for this disagreement. 1 ) Our in vitro culture system

did not emulate the in viva situation. This is unlikely, because

P450 3A genes responded not only to rifampicin but also to
dexamethasone and prednisone in this culture system. 2) Coad-

ministration of CsA and corticosteroids is known to result in

decreased metabolism of both drugs, by mutual competitive

inhibition (see below). In this case, corticosteroids would ac-

cumulate sufficiently in the liver to induce P450 3A. This is

again unlikely, in view of our results obtained using protocol
II, in which the inducing effect of corticosteroids was shown to

be unaffected by the presence of CsA or of ketoconazole, a

selective inhibitor of P450 3A (28). 3) High doses of methyl-

prednisolone would inhibit or slow the conversion of prednisone

to prednisolone, allowing this compound to accumulate suffi-

ciently within hepatocytes to induce P450 3A. This latter

hypothesis remains to be tested in viva. In a preliminary study

of these molecules as inducers of P450 3A, we observed a weak

inducing effect of prednisolone in one of three hepatocyte

cultures tested. This observation could not be reproduced in

the present work, at the level of either protein or mRNA.

However, similar observations were made recently with other
putative weak inducers, suggesting that interindividual varia-

bility in the response of human CYP3A genes to these molecules

should be considered as an additional factor (32).

In primary cultures of rat hepatocytes, we demonstrated that
troleandomycin, a substrate with high affinity for P450 3A1,

was able to induce this isozyme by increasing its half-life (from
14 to 60 hr), presumably by binding tightly to the protein active

site and, thus, blocking its degradation (33). Such a stabilizing

effect was suspected to occur with corticoids and we, therefore,
investigated the effect of these molecules on the half-life of

P450 3A in our human hepatocyte culture system. In contrast

to the rat experiments with troleandomycin, neither of the

corticoids tested in this work affected this parameter signifi-

cantly. These molecules are, therefore, not likely to interfere

with the P450 3A degradation process in human hepatocytes.

Numerous authors reported that corticosteroids, including

prednisolone, prednisone, and methylprednisolone, were able

to increase the serum half-life of CsA and to decrease its

clearance in viva in humans (8-13). Our results support these

observations. Dexamethasone, prednisolone, prednisone, and

methylprednisolone were all characterized in this work as com-

petitive inhibitors of CsA oxidase from human liver micro-

somes; the K, values were 61, 125, 190, and 210 �cM, respectively.

This inhibitory effect occured both in freshly isolated hepato-

cytes (constitutive P450 3A) and after induction of P450 3A by

rifampicin (protocols III and IV). In addition, neither impair-

ment of CsA metabolite excretion from hepatocytes by these

molecules nor decreased levels of P450 3A after chronic treat-

ment with CsA were demonstrated. These observations raise

the question of whether glucocorticoids are substrates of P450

3A. Several reports from the literature suggest that this could
be the case. 1) Steroids, including corticosteroids, have been

shown to be hydroxylated at various positions by P450 from

liver microsomes. In particular, hydroxylation at position 6� of

these molecules was shown to be catalyzed predominantly by

the P450 3A forms in humans (17-19). 2) CsA was reported to
interfere with corticosteroid metabolism in humans by increas-

ing the half-lives of the corticosteroids and, in parallel, decreas-

ing their clearance (12, 34-36). 3) Rifampicin, phenytoin, and

phenobarbital, all known as inducers of P450 3A in human

hepatocytes (7, 29), were reported to accelerate the metabolism

ofcorticosteroids (36, 37). Together, these observations and the

results reported here strongly suggest that corticosteroids could

be metabolized, at least in part, by P450 3A in human liver.
However, direct studies of the metabolism of these compounds

by liver microsomal P450 will be necessary to confirm this

point.

The Michaelis-Menten equations indicate that, in the case
of competitive inhibition, the magnitude of the inhibition de-

pends on the term KY/K, X I/S, where Km and K, are the

dissociation constants for substrate and inhibitor and I and S

are the concentrations of inhibitor and substrate, respectively.

In practice, the dose of CsA ranges from 120 to 900 mg/day,
depending on the clinical protocols, whereas the dose of corti-

costeroids is, on average, 20 mg/day for maintenance treatment

and 250 mg/day to 1.5 g/day as a bolus dose during acute
rejection episodes. The actual concentrations of these molecules

within liver cells are not known with certainty. They depend

not only on the dose administered but also on several other

factors, including adsorption and tissue distribution. The fact

that the K�, of CsA (5 �M) is much lower than the K1 of

corticosteroids suggests that, in the case where both drugs are

present at similar concentrations within the liver cells, the

competition for the P450 3A active site should favor CsA. This

could be what was observed in renal transplant patients who

developed cushingoid features, despite the use of low doses of

corticosteroids, while receiving CsA (12). However, when high

doses of corticosteroids (0.5-1.5 g/day, intravenously), such as

those currently administered in rejection episodes, are given,

the moderate affinity of corticosteroids for the enzyme active

site could be compensated for by their higher concentrations

in the liver. This might explain the increased half-life or

decreased clearance of CsA repeatedly observed after bolus

treatments ofpatients with corticosteroids (10). This inhibitory

effect may not be limited to CsA but may affect all molecules

that are oxidized by P450 3A. At present, these include eryth-

romycin, midazolam, nifedipin, diltiazem, ethynylestradiol,

progesterone, cortisol (7), tamoxifen (38), and lovastatine (39).

Similarly, there is a risk of corticosteroid-related side effects in

patients needing steroids while receiving one of these drugs.
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