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Introduction 

Cytochrome P450 (P450) enzymes play a central role in biotransformation and elimination of 

various xenobiotics (drugs, pesticides, food additives and chemical pollutants). P450 enzymes are 

expressed mainly in the liver. The activities and the levels of P450 enzymes in human liver display 

substantial interindividual variation leading to differences in drug metabolism in the population. The 

activity of P450 enzymes can determine the patient’s response to a drug. Any change in the activity of 

P450 isoforms influences the rate of activation or inactivation of drugs. Individual drug-metabolizing 

capacity is determined mainly by genetic factors. The genetically determined variance (polymorphism) 

in metabolic capacity of P450 system is further modulated by internal (age, gender, starvation, 

diseases) and environmental factors (nutrition, smoking, alcohol consumption, co-medication), 

resulting in different drug-metabolism phenotypes. Drugs (rifampicine, dexamethasone, phenobarbital, 

omeprazole) or other xenobiotics often interfere with P450 enzymes for example by receptor-mediated 

induction, leading to significant drug interactions. Metabolic drug interactions are responsible for 

approximately 20 % of adverse drug reactions and they are therefore of great clinical interest. The 

induction of P450 function resulting an increased elimination of a drug, which leads to the loss of the 

pharmacological effect. 

 The actual hormonal status and steroid type compounds are used in drug therapy might cause 

important changes in P450 gene expression and enzyme protein level. Therefore to examine the effect 

of steroid type compounds on regulation of P450 expression can explain several pharmacological and 

toxicological consequences of P450 induction. 

Aims 

• The aim of our present work was to establish whether the synthetic glucocorticoid 

dexamethasone is capable to act synergistically with 3-methylcholanthrene in CYP1A1 

induction in adult human hepatocytes. We also wished to contrast CYP1A1 expression 

in adult human and rat liver cells. 

• Furthermore we examine the P450-inducing capacity of the steroid hormone precursor 

dehydroepiandrosterone (DHEA) in primary culture of human hepatocytes. We also 

attempted to elucidate the role of nuclear receptors pregnane X receptor (PXR) and 

constitutive androstane receptor (CAR) in the induction of P450s by DHEA. 

Methods 

• Isolation and culture of primary hepatocytes 

Human livers were obtained from kidney transplant donors at the Transplantation and Surgery 

Clinic, Semmelweis University (Budapest, Hungary). Permission of the Hungarian Regional 

Committee of Science and Research Ethics was obtained to use human tissues. Experiments were 

carried out by using hepatocytes prepared from male Wistar rats weighing ~200g. Liver cells were 

isolated by a two-step collagenase method as described elsewhere. After overnight culture, the 
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medium was replaced by serum free medium. 48 hours after serum deprivation, cells were cultured in 

the presence or absence of inducers. 

Human hepatocytes were treated as follows: 

1., During CYP1A induction studies hepatocytes were exposed to either 3-methylcholanthrene 

(3.7 µM), dexamethasone (0-10 µM) or RU-486 (1 and 10 µM) alone or in combination (3-

methylcholanthrene+dexamethasone, 3-methylcholantrene+RU-486+dexamethasone) for 24 h and 48 

h. To observe the effect of other glucocorticoids liver cells were co-treated with 3-methylcholanthrene 

(3.7 µM) and hydrocortisone, cortisone, corticosterone or deoxicorticosterone 1 and 10 µM (3-

methylcholanthrene+hydrocortisone, 3-methylcholanthrene+cortisone, 3-

methylcholanthrene+corticosterone, 3-methylcholanthrene+deoxicorticosterone). 

2., To examine the effect of DHEA on P450s expression hepatocytes were treated for 48 h 

with DHEA (50µM), 7α-OH-DHEA (50 µM), 7-oxo-DHEA (50 µM) or dexamethasone as reference 

(1 and 10 µM). The concentration of the vehicle dimethyl-sulfoxide never exceeded 0.1 v/v %. 

Preparation and culture of primary mouse hepatocytes were carried out in Laboratory of Prof. U. 

A. Meyer (Biozentrum, University of Basel, Basel, Switzerland). Primary hepatocytes of control 

(CAR+/+) and CAR knockout (CAR-/-) mice were prepared by a two-step collagenase perfusion 

method. Hepatocytes were exposed for 24 h to TCPOBOP (10 µM) or DHEA (25 µM) in absence or 

presence of androstanol (0, 1 and 10 µM). 

• P450 enzyme assays 

Microsomal fraction from cultured hepatocytes was prepared by differential centrifugation (van 

der Hoeven és Coon). Protein content of microsomes was determined by the method of Lowry et al. 

with bovine serum albumin as the standard. Published methods were followed to determine selective 

P450 enzyme activities: phenacetin O-deethylation/CYP1A2, mephenytoin N-demethylation/CYP2B6, 

tolbutamide 4-hydroxylation/CYP2C9, mephenytoin 4’-hydroxylation/CYP2C19, midazolam 1’- and 

4-hydroxylation/CYP3A4/5, nifedipine oxidation/CYP3A4/5. The metabolic extraction procedures 

and HPLC/UV (ELITE, LaChrom, Merck, Germany) analyses were performed according to the 

published methods. 

After various periods of treatment in culture, the medium was removed and the hepatocyte 

monolayers were washed with Hank’s balanced salt solution (HBSS). The cells were immediately 

assayed for 7-ethoxyresorufin O-deethylase activity of CYP1A in situ using a kinetic assay. The assay 

was initiated by adding HBSS containing 7-ethoxyresorufin (5 µM final concentration) and dicumarol 

(10 µM final concentration). The fluorescence of resorufin formed and released into the extracellular 

medium was quantified at 550 nm excitation and 589 emission wavelength (RF-5301PS 

spectrofluorophotometer, Shimadzu, Japan). 

Enzyme activities are presented as pmol/4x106 cells/min (CYP1A) or pmol/mg microsomal 

protein/min (CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP3A4/5). Results are reported as means of 

activities measured 4-6 cultures±SD. For comparison among untreated and treated groups, statistical 
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analysis of the results was carried out using a two-tailed t test with p< 0.05 as the criterion for 

significance. 

• Western blot analysis 

CYP1A1 amount of hepatocytes was determined by Western blot analysis (10 µg microsomal 

protein/lane) using anti-rat CYP1A1 raised in rabbit (primary antibody) and anti-rabbit IgG raised in 

goat (secondary antibody) labeled with horseradish peroxidase. The polyclonal anti-rat CYP1A1 

antisera recognized only CYP1A1 on immunoblots and no cross-reactivity with CYP1A2 was 

observed. Immunoreactive proteins were visualized by the enhanced chemiluminescence method. 

Protein band intensities were measured by densitometry using Un-Scan-It-gel software version 5.1 

(Silk Scientific Inc., Orem, UT, USA). 

• Northern blot analysis 

Northern blot analysis was carried out together with Laboratory of Prof. R. A. Prough 

(University of Louisville, Louisville, Kentucky, USA). RNA (12 µg/lane) was subjected to 

electrophoresis on a 1 w/v % agarose/formaldehyde denaturating gel, transferred onto a nylon 

membrane and hybridized with radiolabeled cDNA probes specific for CYP1A1 or β-actin. The filters 

were washed, exposed to phosphorscreens and quantified using PhosphorImager and ImageQuant 

software (Molecular Dynamics, Sunnyvale, CA, USA). 

• Quantitative real-time PCR analysis of P450 mRNA levels 

Total RNA was isolated from human and mouse hepatocytes using Trizol reagent. RNA (3 µg) 

was reverse-transcribed into single stranded cDNA. The following P450 mRNA levels were quantified 

by real-time PCR: GAPDH, CYP2B6, CYP2C9, CYP2C19 and CYP3A4 (LightCycler 2.0 Real-Time 

PCR System, Roche Applied Science, Switzerland). Real-time PCR with human cDNA was 

performed using FastStart TaqDNA polymerase and Universal Probe Library (UPL) probes (0.1 µM 

final concentration). Final primer concentrations were 0.2 µM. 

Mouse cDNA was analysed with FAM-labeled Taq probe for Cyp2b10 using AmpliTaq DNA 

polymerase. The quantity of target RNA relative to that of housekeeping gene GAPDH was 

determined. 

• Role of nuclear receptors in the induction of P450s 

o Transient transfections (role of PXR) 

Transient transfection experiments were carried out collaboration with Laboratory of J.-M. 

Pascussi (INSERM, Université Montpellier, Montpellier, France). Hepatocellular carcinoma cell line 

(HuH7) were transiently transfected with: pSG5, pSG5-hPXR, pGL3(CYP3A4/XREM[-7800/-7200]/-

262/+11)LUC (where XREM is: -7800/-7200 and CYP3A4 promoter region: -262/+11) and pSV-β-

galactosidase. For riporter assays, 5x105 HuH7 cells were transiently transfected with 10 ng of pSG5 

or pSG5-hPXR expression plasmid together with 100 ng of luciferase reporter constructs 

pGL3(CYP3A4/XREM[-7800/-7200]/-262/+11)LUC and 50 ng of pSV-β-galactosidase expression 

plasmid (quality control). After 16 h, cells were treated with DHEA (1, 10 and 50 µM), SR-12813 (1 
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µM) or solvent dymethyl-sulfoxide 0.1 v/v %. After 24 h of incubation, luciferase and β-galactosidase 

activities were measured as described previously. Values are expressed as mean±SD for four 

experiments in triplicate and represent luciferase activity divided by β-galactosidase activity. 

o Nuclear translocation assay (role of CAR) 

Nuclear translocation assay was performed with collaboration of Laboratory of Prof. U. A. 

Meyer (Biozentrum, University of Basel, Basel, Switzerland). Mouse hepatocytes were cultured on 

glass coverslips coated with collagen. After 4 h attachment, transfection was carried out using 

Lipofectamine 2000 transfection reagent. Cells were incubated with pEGFP-cl-hCAR plasmid kindly 

provided by Prof. M. Negishi (Laboratory of Reproductive and Developmental Toxicology, National 

Institute of Environmental Health Sciences, Research Triangle Park, NC, USA). 18 h after 

transfection, hepatocytes were exposed to DHEA (50 µM) or CITCO (100 nM) for 4 h, then washed 

with phosphate-buffered saline and fixed in 4 w/v % paraformaldehyde. Cells were stained with 4’-6-

diamidino-2-phenylindole (DAPI). The intracellular localization of CAR-GFP fusion protein was 

determined by fluorescence microscopy using a Leica DM5000B microscope (Leica Microsystems, 

Wetzlar GmbH, Germany) and AnalySIS Pro software (SoftImaging System GmbH, Münster, 

Germany). 

• Statistical analysis 

For comparison among several groups, statistical analysis of the results obtained in experiments 

with human and mouse hepatocytes and in cell line transfection was carried out using a paired two-

tailed t test with p<0.05 as the criterion for significance (GraphPad InStat version 3.00, GraphPad 

Software, San Diego, CA, USA). Due to high variation in basic P450 activities of human hepatocytes, 

the entire experiment was repeated in five to six donors to confirm the results. 

Results 

• The effect of dexamethasone on CYP1A1 inducibility 

Previous works have clearly demonstrated a potentiating role for glucocorticoids in the 

induction of CYP1A1 by polycyclic aromatic hydrocarbons (PAHs) such as 1,2-benzanthracene or 3-

methylcholanthrene in the liver of fetal or neonatal rats. It has also been proved that glucocorticoids 

act synergistically with PAHs in increasing mRNA and protein levels of CYP1A1 in fetal human 

hepatocytes. 

In the present work, the actions of synthetic glucocorticoid, dexamethasone, to modify CYP1A1 

induction have been investigated in adult human hepatocytes. We also compare CYP1A1 expression 

in adult human and rat liver cells. 

Consistent with previous reports, CYP1A1 activity was potently induced by 3-

methylcholanthrene both in rat and adult human hepatocytes. The induction of CYP1A1 protein and 

catalytic activity in adult rat liver cells was potentiated by dexamethasone. CYP1A1 induction was 

enhanced 3- to 4-fold in the presence of dexamethasone at as low concentration as 10 nM. The degree 

of potentiation changed over time, being more pronounced at 48 h than at 24 h.  
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The molecular mechanism for the potentiation of PAH-dependent induction of CYP1A1 by 

glucocorticoids involves the function of glucocorticoid responsive element (GRE) sequences located 

in the first intron of CYP1A1 gene. Binding of ligand-activated glucocorticoid receptor (GR) as 

homodimer to GREs interacts with the initiation complex on the promoter of CYP1A1 gene and 

enhances the level of induction of CYP1A1 enzyme by PAHs at the transcriptional level. GREs are 

conserved within the first intron of rat, mouse and human CYP1A1. The mechanism for 

glucocorticoid-dependent potentiation of CYP1A1 induction has been characterized both in fetal rat 

and human hepatocytes. 

In contrast to rat, dexamethasone-mediated potentiation of CYP1A1 induction in adult human 

hepatocytes was not observed at all. 3-Methylcholanthrene potently activated CYP1A1 gene resulting 

in the production of high amount of CYP1A1 mRNA. However, the addition of dexamethasone did 

not bring about further enhancement of CYP1A1 transcription. In spite of fact that human CYP1A1 

gene contains GRE sequences in the first intron, the presence of dexamethasone did not alter CYP1A1 

induction by 3-methylcholanthrene at transcriptional level. It has been previously reported that the 

expression of arylhydrocarbon receptor (AhR) is suppressed by dexamethasone in primary rat breast 

fibroblast cells. However, 3-methylcholanthrene-mediated transcription of CYP1A1 in adult human 

hepatocytes was not modified in the presence of dexamethasone. It might be supposed that the amount 

of AhR was sufficient for the maximal activation of CYP1A1 by 3-methylcholanthrene, even if its 

expression was lowered by dexamethasone. On the other hand, CYP1A1 expression in adult human 

hepatocytes was negatively regulated by dexamethasone at protein level. 7-Ethoxyresorufin O-

deethylation activity was substantially reduced by about 50-60 % in the cells exposed to 3-

methylcholanthrene and dexamethasone in combination relative to 3-methylcholanthrene treated ones. 

Downregulation of CYP1A1 enzyme was demonstrated in response to dexamethasone in dose-

dependent manner. Dexamethasone at a concentration of as low as 0.01 nM was able to decrease 

significantly CYP1A1 activity, and 0.1 µM was required for maximal repression. The marked decrease 

of CYP1A1 protein content of human hepatocytes treated with dexamethasone and 3-

methylcholanthrene corresponded to the reduction of CYP1A1 activity, indicating that translation or 

protein stability may control CYP1A1 protein levels. This may reflect the partial inhibition of de novo 

synthesis of CYP1A1 enzyme by dexamethasone or faster degradation of CYP1A1 protein. 

The suppression by dexamethasone also occured in the presence of the GR antagonist, RU-486, 

providing evidence for no role of the GR in dexamethasone-mediated downregulation of CYP1A1 

induction. It should also be emphasized that the changes in 7-ethoxyresorufin O-deethylase activity 

caused by dexamethasone were due to the reduced amount of CYP1A1 enzyme. CYP1A2 activity was 

inducible by 3-methylcholanthrene, but was not affected by the presence of dexamethasone. 

In summary, it has been shown that the effect of dexamethasone on the induction of CYP1A1 

was different in adult rat and human hepatocytes. Dexamethasone potentiated CYP1A1 induction by 

3-methylcholanthrene in rat cells. In human hepatocytes, it had no effect on the transcription of 
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CYP1A1 gene, while strongly reduced the activity and the amount of CYP1A1 enzyme. Evidence 

presented here suggested that dexamethasone suppressed CYP1A1 induction at protein level. 

• P450 induction by DHEA in human hepatocytes 

DHEA administration to rats affects the expression of several P450 genes. DHEA has been 

shown to increase the levels of CYP4As and CYP3A23 and to suppress the expression of CYP2C11. 

Nuclear receptors, such as peroxisome proliferator-activated receptor α and PXR appear to be involved 

in DHEA action in rats. In addition, 7-oxidized metabolites of DHEA also induce CYP4A1 message 

and protein levels in rat hepatocytes contributing to the effect of the parent compound. 

In the present study, we therefore investigated the induction of P450s by DHEA and two of its 

oxidative metabolites in primary cultures of human hepatocytes and, in particular, the role of nuclear 

receptors PXR and CAR in DHEA action. 

Human hepatocytes in culture as induction system were validated by testing the classical inducer 

compound, the synthetic glucocorticoid dexamethasone, on P450 gene expression. Concentrations of 

dexamethasone equal to or above 1 µM potently increased both the activities and mRNA levels of 

CYP3A4 and, to a lesser extent, of CYP2C9, CYP2C19 and CYP2B6. 

DHEA treatment also elevated the expression and activities of CYP3A4, CYP2C9, CYP2C19 

and CYP2B6 similar to those of dexamethasone. In addition, the DHEA metabolites 7α-hydroxy-

DHEA and 7-oxo-DHEA resulted in the same inducing action as did the parent compound. This means 

that biotransformation does not lead to inactivation of DHEA as P450 inducer.  

The finding that DHEA potently induced CYP3A4 in human hepatocytes was consistent with 

previous studies in rats. PXR activation has been proposed to mediate the increase in CYP3A 

expression. But in contrast to studies in rats, DHEA did not mediate suppression of CYP2Cs in human 

hepatocytes. Moreover, DHEA treatment led to upregulation of both CYP2C9 and CYP2C19, 

suggesting the involvement of PXR. DHEA was able to activate human PXR in a concentration-

dependent manner, although it appeared to be a weak PXR activator compared with the well-known 

PXR agonist SR-12813. 

DHEA-mediated transcription of CYP2B has not been unequivocally shown in previous studies. 

The current study demonstrated an efficient CYP2B6 induction exerted by DHEA in primary cultures 

of human hepatocytes. Experiments carried out in hepatocytes of CAR knockout mice demonstrated 

that ablated levels of CAR reduced, but did not abolish, response to DHEA. Partial inhibition of 

DHEA-mediated Cyp2b10 induction by the inverse mouse CAR agonist androstanol presented further 

evidence for the contribution of CAR to the enhancement of Cyp2b10 expression. 

The inactive nuclear receptor CAR which is cytoplasmic in hepatocytes, undergoes rapid 

nuclear translocation upon treatment with human CAR activators such as phenobarbital or CITCO. 

CAR translocation to the nucleus is the limiting step in the CAR activation process, followed by 

CAR/RXR heterodimer formation and binding of the proteins to the DNA of target genes. The 

activation of CAR by DHEA was demonstrated in in vitro nuclear translocation assays. Using primary 
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cultures of mouse hepatocytes expressing human CAR, the effect of DHEA on cytoplasmic/nuclear 

shuttling of CAR was compared with that of CITCO a human CAR agonist. The occurence of 

translocation of human CAR from cytoplasm into the nucleus after CITCO treatment was well 

recognized. DHEA treatment also induced CAR translocation into the nucleus, presenting further 

evidence for CAR activation by DHEA. These findings suggested that CAR was required for maximal 

induction of Cyp2b10 by DHEA. However, in the absence of CAR, there is still an apparent receptor-

mediated induction of P450 mRNA, protein and activity that could be due to PXR or other yet 

unidentified transcriptional factors. 

In conclusion, we provide evidence for the induction of several P450s (CYP3A4, CYP2C9, 

CYP2C19, CYP2B6) by DHEA and two of its oxidative metabolites in human hepatocytes. Our 

results also provide convincing evidence for the activation of human PXR and human CAR by DHEA 

as prerequisite for the transcriptional activation of these P450 genes. CAR activation and subsequent 

induction of CYP2B6 by DHEA present an additional mechanism by which DHEA a widely used 

nutriceutical, can modify the expression of P450s. Because the inductive response of the PXR and 

CAR system is associated with changes in the kinetics of numerous drugs and steroids and includes 

drug-drug interactions and adverse drug effects, the unrestricted use of DHEA as a panacea for various 

health problems should be carefully considered. 

Conclusions 

The effect of dexamethasone on CYP1A1 inducibility 

• CYP1A1 both in adult rat and human hepatocytes was highly induced by treatment with 3-

methylcholanthrene. 

• The 3-methylcholanthrene-mediated induction of CYP1A1 protein and catalytic activity in 

adult rat hepatocytes was potentiated by dexamethasone.  

• In rat hepatocytes the potentiation of CYP1A1 induction by dexamethasone changed in a 

concentration-dependent manner. 

• In contrast to rats, dexamethasone reduced 7-ethoxyresorufin O-deethylase (CYP1A) activity 

in adult human liver cells. 

• In human hepatocytes dexamethasone markedly reduced 3-methylcholanthrene-mediated 

CYP1A1 induction on enzyme protein level, however it did not affect the transcription 

of CYP1A1 gene. 

• 3-Methylcholanthrene treatment increased phenacetin O-deethylation of CYP1A2 but 

dexamethasone did not change CYP1A2 induction by 3-methylcholanthrene in human 

hepatocytes.  

• The dexamethasone-mediated repression of CYP1A1 induction showed a concentration-

dependence. Addition of dexamethasone caused a simple monotonic decline in 3-

methylcholanthrene inducible CYP1A1 activity in the concentration range between 
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10-11 and 10-6 M. The maximal repression of CYP1A1 induction was observed at 10-7 

M dexamethasone concentration. 

• Dexamethasone was able to reduce CYP1A1 induction by 3-methylcholanthrene in the 

presence of a strong GR antagonist, RU-486, establishing no role for the GR in 

mediating suppression by dexamethasone. 

P450 induction by DHEA in human hepatocytes 

• Treatment of hepatocytes with DHEA produced nearly 2- to 3-fold increases both in enzyme 

activities and mRNA levels of CYP3A4, CYP2C9, CYP2C19 and CYP2B6. 

• In contrast to rat, where DHEA suppresses the expression of CYP2C11, we found that DHEA 

treatment led to the up-regulation of CYP2C9 and CYP2C19 in human liver cells. 

• We proved and characterized first the induction of CYP2B6 by DHEA in human hepatocytes. 

• The metabolites of DHEA, 7α-OH-DHEA and 7-oxo-DHEA resulted the same inducing action 

as did the parent compound. This means that biotransformation does not lead to the 

inactivation of DHEA as a P450 inducer. 

Role of nuclear receptors in the induction of P450s 

• DHEA induces CYP3A4, CYP2C9, CYPC19 and CYP2B6 expressions through activation of 

human PXR and CAR. 

o DHEA activates human PXR in a concentration-dependent manner. 

o We provided evidence for a role of CAR in the induction of CYP2B6 by DHEA. 

o Androstanol, the inverse agonist of mouse CAR was able to reduce the induction of 

Cyp2b10 by DHEA. It is demonstrated evidence that DHEA activates human CAR in 

a direct ligand-dependent manner. 

o DHEA treatment induced CAR translocation into the nucleus, presenting further 

evidence for CAR activation by DHEA.  

• The effect of DHEA on the activation of xenosensors, PXR and CAR and the consequent 

potential for adverse drug interactions should be considered in humans treated with this 

nutriceutical agent.  
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