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Introduction 

Cytochrome P450 enzymes (P450s) play an important role in biotransformation of a wide 

range of structurally diverse xenobiotics, including drugs, pesticides, food additives and chemical 

pollutants. Members of the P450 superfamily, which are enzymes of CYP1-3, are responsible for 

the metabolism and disposition of more than 90% of the commercially available therapeutics. 

The different P450s vary in terms of their catalytic specificity, regulation of expression and 

sensitivity to inhibitors. The inhibition or the induction of P450 enzymes by xenobiotics can alter 

the patient’s response to foreign compounds that may result in changes in the pharmacological or 

toxicological action. The metabolites of a drug can be inactive or less active than the parent 

compound, although some biotransformation products display enhanced toxicological activity.  

Investigations of P450 catalytic activity usually involve the conversion of the isoform 

selective substrates to the respective metabolites. Selective enzyme assays provide a useful tool 

in the in vitro measurements of individual P450 activities. Fluorescence-based methods offer 

highly sensitive and rapid assays for in vitro drug interaction studies that do not require 

metabolite separation, which allows for the parallel monitoring of large reaction arrays on plate 

readers, thus enhancing the sample throughput. CYP2C9 is one of the most abundant CYP2Cs 

and is involved in a number of clinically-significant drug interactions. 7-Methoxy-4-

trifluoromethylcoumarin (MFC) has been reported to be a marker substrate for CYP2C9. The 

reliability of MFO O-demethylation as a fluorogenic probe for CYP2C9 was determined by 

several approaches, including the use of biological systems of human liver microsomes and 

cDNA-expressed individual P450 enzymes. 

CYP1A enzymes (CYP1A1 and CYP1A2) play dual roles in the metabolism of 

xenobiotics, inactivating therapeutic agents and potential carcinogens as well as metabolically 

activating pro-mutagenic or pro-carcinogenic chemicals. Any changes in CYP1A expression may 

have consequences in the cellular response, potentially resulting in mutagenic and carcinogenic 

processes. The inhibition of CYP1A enzymes by inhibiting either the enzyme activity or the 

expression as a strategy of chemoprevention has been intensively investigated. A 

pharmacological dosage of DHEA protects chemically induced carcinogenesis. 

 

 



2 

 

Aims 

I. Applicabiality of MFC as a CYP2C9 selective substrate 

 The present study were to investigate both the catalytic selectivity of CYP2C9 and the 

relative contribution of human P450s to MFC O-demethylation.  

 Our further aim was to estimate the applicability of MFC as a fluorogenic probe substrate 

for CYP2C9, using human liver microsomes and recombinant enzymes. 

 

II. The effect of DHEA on CYP1A2 induction  

 The goal of the present study was to examine the inhibitory potential of DHEA in PAH 

(polycyclic aromatic hydrocarbons)-mediated CYP1A induction in human hepatocytes. 

The computational model of CYP1A2 induction kinetics and CYP1A2 mRNA 

degradation was developed to simulate the cumulative and particular effects of 

experimentally confirmed and hypothetical regulatory mechanisms involved in the 

regulation of CYP1A2 expression relevant to the study. 

 We deciphered the roles of receptors in DHEA-mediated modification of CYP1A2 

expression. 

 

Materials and methods 

Applicabiality of MFC as a CYP2C9 selective substrate 

 Experimental models 

Human liver microsomes: Human liver tissues from transplant donors were from the 

Transplantation and Surgical Clinic, Semmelweis University (Budapest, Hungary). Permission of 

the Hungarian Regional Committee of Science and Research Ethics was obtained to use human 

tissues for scientific purposes. Human liver tissues were homogenized in a 0.1 M Tris-HCl buffer 

(pH 7.4) containing 1 mM EDTA and 154 mM KCl. The hepatic microsomal fraction was 

prepared by differential centrifugation.  All procedures of preparation were performed at 0–4 °C. 

Protein content of microsomes was determined by the method of Lowry et al., using bovine 

serum albumin as the standard. 

 Determination of enzyme activities and inhibition studies 
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P450 marker assays: Published methods were followed to determine the following selective 

enzyme activities: coumarin 7-hydroxylation for CYP2A6, mephenytoin N-demethylation for 

CYP2B6, tolbutamide 4-hydroxylation for CYP2C9, mephenytoin 4’-hydroxylation for 

CYP2C19, chlorzoxazone 6-hydroxylation for CYP2E1, nifedipine oxidation, midazolam 4, 1’-

hydroxylation for CYP3A4/5. The incubation mixture contained the NADPH-generating system 

(1 mM NADPH, 10 mM glucose 6-phosphate, 5 mM MgCl2 and 2 units/ml glucose 6-phosphate 

dehydrogenase), human liver microsomes and the various selective substrates for P450 forms (7-

ethoxyresorufin , coumarin, mephenytoin, tolbutamide, chlorzoxazone, midazolam, nifedipine or 

phenacetin). P450 enzyme assays were performed in triplicate and the rates of enzyme activities 

were determined under linear conditions for the microsomal protein concentration and for the 

incubation time. HPLC and fluorometric analyses were performed according to published 

methods.  

 MFC kinetic and inhibition studies: MFC O-demethylation activity was determined in 

human liver microsomes from thirty-two donors and in microsomes containing cDNA-expressed 

P450 enzymes (Supersomes CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2E1, CYP3A4 

obtained from BD Bioscience, Woburn, MA, USA). The incubation mixture contained the 

NADPH-generating system (1 mM NADPH, 10 mM glucose 6-phosphate, 5 mM MgCl2 and 2 

units/ml glucose 6-phosphate-dehydrogenase), human liver microsomes or cDNA-expressed 

P450s and MFC at various concentrations (3.25–100 mM). After incubating for 10 to 30 min, the 

reactions were terminated by the addition of ice-cold methanol. The amount of 7-hydroxy-4-

trifluoromethylcoumarin (HFC) produced was determined by fluorometric analysis at an 

excitation wavelength of 405 nm and an emission wavelength of 535 nm using an RF-5301PC 

fluorometer (Shimadzu, Kyoto, Japan). Kinetic data were calculated according to the procedures 

by the graphical analysis of Hanes’ plots. Inhibition of MFC O-demethylation was carried out in 

the absence or presence of various P450 inhibitors. (α-naphthoflavone for CYP1A2, 8-

methoxypsoralen for CYP2A6, pentoxyresorufin for CYP2B6, sulfaphenazole for CYP2C9, 

tranylcypromine for CYP2C19, quinidine for CYP2D6, diethyl-dithiocarbamate for CYP2E1, 

ketoconazole for CYP3A4/5). For those P450 inhibitors that were able to significantly decrease 

MFC O-demethylation. The Ki values (inhibition constants) were determined by using different 

concentrations of MFC and inhibitors (0.1–200 µM). The Ki values were calculated from Dixon 
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plots of velocity–1 versus inhibitor concentration at the three MFC concentrations. The apparent 

Ki values were estimated from the intercept of the three lines of Dixon plots.  

The effect of DHEA on CYP1A2 induction  

Human hepatocytes: The liver cells were isolated using the method of Bayliss and Skett. 

Hepatocytes having a viability of better than 90%, as determined by trypan blue exclusion, were 

used in the experiments. The cells were plated in collagen-precoated dishes in the medium 

described by Ferrini. After an overnight attachment and 24-h serum deprivation, the cells were 

exposed to MC (3.7 µM) and DHEA (50 µM) alone or in combination for 48 h. The receptor 

antagonists were used at concentrations of 5 µM for RU-486 (glucocorticoid receptor (GR) 

antagonist), 10 µM for bicalutamide (BR) androgen receptor (AR) antagonist) and 10 µM for 

ICI-164,384 (estrogen receptor (ERα) antagonist). The control cultures received the same volume 

of the vehicle (dimethyl sulfoxide) as the treated cultures. 

MCF-7 and LNCaP cell cultures: MCF-7 human breast cancer cells (ECACC86012803) 

and LNCaP prostate-cancer cells (ECACC-89110211) (Health Protection Agency Culture 

Collections, Salisbury, UK) were grown in Dulbecco’s modified Eagle’s medium and in RPMI-

1640, respectively, containing 10% fetal calf serum. The cells were cultured for 24- h, then were 

exposed to MC (3.7 µM), DHEA (50 µM) and bicalutamide (10 µM) alone or in combination for 

0–24 h. CYP1A2 mRNA degradation was investigated in separate experiments. After a 4-h 

treatment with MC and DHEA, the cells were additionally exposed to actinomycin D (8 µM) for 

0–8 h to block mRNA synthesis. 

P450 marker assays: Published methods were followed to determine the following selective 

enzyme activities: 7-ethoxyresorufin-O-dealkylase for CYP1A1/2, phenacetin-O-deethylase for 

CYP1A2. HPLC and fluorometric analyses were performed according to published methods.  
 

 Determination of mRNA levels: The total RNA was isolated from human hepatocytes, 

MCF-7 and LNCaP cells using TRIzol  reagent (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. The RNA (3 µg) was reverse transcribed using iScript cDNA 

synthesis kit (Bio-Rad Laboratories, Hercules, CA), and real time-PCR with cDNA was 

performed with FastStart Taq DNA polymerase and UPL probes for CYP1A1 and CYP1A2 

(Roche Diagnostics GmbH, Mannheim,Germany). The quantity of target RNA was determined 

relative to glyceraldehyde 3-phosphate dehydrogenase. The cDNA samples were also analyzed 
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for estrogen and androgen receptors using EvaGreen dye (SsoFast EvaGreen Supermix, Bio-Rad 

Laboratories).  

Statistical analysis: Statistically significant contribution of respective P450 activity to 

MFC O-demethylation was considered if the p value of multiple correlation analysis was lower 

than 0.01. The experiments with cell lines were repeated three times to confirm the results. For 

comparison among the groups, a statistical analysis of the results was carried out using one-way 

analysis of variance, followed by a two-tailed Student’s t-test (GraphPad InStat v 3.05, GraphPad 

Software, San Diego, CA). The results were considered statistically significant at p < 0.05. 

 

Results 

I. 7-methoxy-4-trifluormethylcoumarin (MFC) as a CYP2C9 selective substrate 

1. Enzyme kinetics of MFC O-demethylation: Michaelis-Menten kinetic parameters for 

the fluorescence assay of MFC O-demethylation were determined using human liver microsomes. 

MFC was intensively demethylated with an apparent Km value of 7.76 ± 0.73 µM in human liver 

microsomes. The Michaelis-Menten constant for hepatic microsomes was much lower than for 

microsomes containing cDNA-expressed CYP2C9 (55 µM) or in cells expressing CYP2C9 (50.7 

µM). The maximal rate of MFC O-demethylation, determined in the hepatic microsomes of 

thirty-two human donors, was found to be 778.5 ± 471.4 pmol mg-1 protein min-1 (range: 164.6–

2173.1 pmol mg-1 protein min-1.  

2. Inhibition studies of MFC O-demethylation: The participation of P450 enzymes in 

MFC O-demethylation was determined using well known chemical inhibitors selective for P450 

enzymes. A significant decrease in MFC O-demethylation was observed in the presence of 

sulfaphenazol, which is selective for CYP2C9. This is fairly consistent with the preceding studies 

that reported MFC to be a probe substrate for CYP2C9. However, 8-methoxypsoralen (for 

CYP2A6), pentoxyresorufin (for CYP2B6), tranylcypromine (for CYP2C19), diethyl-

dithiocarbamate (for CYP2E1), and ketoconazole (for CYP3A4/5) were also able to substantially 

reduce the microsomal MFC O-demethylation activity. The inhibition constants (apparent Ki 

values) of these compounds were found to be in a micromolar range similar to that of 

sulfaphenazole. The inhibition of CYP1A2 and CYP2D6 (by α-naphthoflavone and quinidine, 

respectively) had no effect on the O-demethylation step of MFC metabolism. These results 
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indicate the involvement of several P450s (CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2E1 

and CYP3A4/5) in microsomal MFC O-demethylation. It should be noted, that a high 

concentration of diethyl-dithiocarbamate (>100 µM) also inhibits other P450s (CYP1A2, 

CYP2A6, CYP2B6 and CYP3A4/5).  However, decreasing the concentration of diethyl-

dithiocarbamate to 10 µM leads to the inhibition of CYP2A6 and CYP2B6. Therefore, additional 

studies were required to evaluate whether the inhibition of MFC O-dealkylation by diethyl-

dithiocarbamate indicates the participation of CYP2E1 or/and some other P450s (e.g., CYP2A6, 

CYP2B6).  

3. Correlation analyses between MFC O-demethylation and classical P450 marker 

reactions: MFC O-demethylation activity and P450 selective marker reactions were compared in 

a panel of liver microsomes from thirty-two individual donors. The O-dealkylase activity for 

MFC did not display a strong correlation (r=0.5461) with tolbutamide 4-hydroxylation, which is 

considered to be the marker reaction of CYP2C9. On the other hand, the results of simple 

correlation analysis predicted a significant correlation between MFC O-demethylation and 

mephenytoin N-demethylation activity of CYP2B6 or chlorzoxazone 6-hydroxylation of CYP2E1 

(r > 0.75, p < 0.0001). These findings were confirmed by the results of multiple correlation 

analyses accounting for the potential participation of all P450s investigated. Since the overall p 

value of the multiple correlation model was extremely low (p < 0.0001), the question arose which 

individual P450 activity was influencing MFC O-dealkylation. Significant contributions of 

CYP2B6 and CYP2E1 to MFC O-demethylation were indicated by the multiple model (p < 0.01) 

The results of the correlation analysis did not support the significant contribution of CYP3A4. 

The results of MFC O-dealkylation in cDNA-expressed P450 enzymes also assumed that the 

participation of CYP3A4/5 in this reaction was rather questionable. 

4. MFC O-demethylation activites in cDNS-expressed P450s: cDNA-expressed CYP2E1 and 

CYP2C19 showed some preference for MFC, but these enzymes metabolized MFC at a rate 

about four to six times lower than observed for CYP2B6. Although CYP2C9 could also O-

dealkylate MFC, it did not seem to be efficient in MFC metabolism (0.31 ± 0.026 min-1). 

Furthermore, MFC was hardly considered to be a high affinity substrate for cDNA-expressed 

CYP2A6 and CYP3A4. The contribution of CYP2E1 to the O-demethylation in liver microsomes 

was relatively greater than that of CYP2B6, even if the catalytic activity of CYP2B6 was higher 
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than that of CYP2E1. Our results verify that several P450s are involved in MFC O-

demethylation. Moreover, CYP2E1 may be considered as the primary catalyst. 

 

 

II. DHEA post-transcriptionally modifies CYP1A2 induction involving AR 

1. Effect of DHEA on CYP1A induction in human hepatocytes: 7-Ethoxyresorufin O-

dealkylase activity of MC+DHEA-treated cells was reduced by about 30%, as compared to the 

activity of MC-treated cells. The presence of DHEA decreased phenacetin O-deethylation 

activity of CYP1A2 in MC-induced hepatocytes by more than 50%. In MC-induced hepatocytes, 

the exposure to DHEA considerably reduced CYP1A2 mRNA levels (by 45%), while it did not 

influence the mRNA amounts of CYP1A1 and CYP1B1. The decrease in 7-ethoxyresorufin O-

dealkylation and phenacetin O-deethylation upon DHEA-treatment was considered to be the 

consequence of the inhibition of CYP1A2 induction. 

2. Role of glucocorticoid (GR), estrogen (ERα) and androgen receptor (AR) in 

inhibitory action of DHEA: Glucocorticoid, estrogen and androgen receptors have been 

characterized as modulators of PAH-induced CYP1A2 expression. The involvement of receptors 

in DHEA action was investigated using antagonists for glucocorticoid (RU-486), estrogen (ICI-

164,384) and androgen (bicalutamide) receptors. The co-administration of RU-486 or ICI-

164,384 with MC did not influence DHEA-mediated modulation of CYP1A2 expression and 

CYP1A2 activities. In contrast, bicalutamide ameliorated CYP1A2 inducibility and abolished the 

inhibitory effect of DHEA on 7-ethoxyresorufin O-dealkylase and phenacetin O-deethylase 

activities as well as on CYP1A2 expression. From these results, we concluded that androgen 

receptor was involved in DHEA-mediated down-regulation of CYP1A2 induction. 

3. Kinetics of CYP1A2 induction in MCF-7 and LNCaP cells: The androgen receptor is 

expressed in both cell lines, while MCF-7 cells contain estrogen receptor as well. These findings 

were confirmed by our results. The exposure of MCF-7 cells to MC resulted in the substantial 

induction of CYP1A2 with a 27-fold maximal increase after 12 h treatment. In the presence of 

DHEA, CYP1A2 induction was diminished to an approximately 12-fold maximal increase after 

12 h treatment with MC+DHEA. The androgen receptor antagonist, bicalutamide was able to 

overcome the inhibition by DHEA to some extent, resulting in an 18-fold maximal CYP1A2 
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induction. The inducibility of CYP1A2 by MC was much higher in LNCaP than in MCF-7 cells. 

The bicalutamide treatment significantly abolished the DHEA-mediated down-regulation of 

CYP1A2 expression, resulting in an about 200-fold increase of CYP1A2 mRNA. 

4. Effect of DHEA on CYP1A2 mRNA stability: The model predicted the involvement of 

the post-transcriptional mechanism, thus, the effect of DHEA on the stability of CYP1A2 mRNA 

was estimated in MCF-7 and LNCaP cells induced by MC. After a 4-h pretreatment with MC, the 

cells were exposed to actinomycin D to block the transcription of CYP1A2. CYP1A2 mRNA 

levels were reduced by 35% and 31% in MC-treated MCF-7and LNCaP cells. The kinetic 

parameters of mRNA degradation demonstrated that the degradation of CYP1A2 mRNA was 

faster in LNCaP than in MCF-7 cells. The calculated degradation rates of CYP1A2 mRNA were 

significantly higher in MC+DHEA-treated than in MC-treated cells after the transcription was 

blocked by actinomycin D. This means that DHEA was able to modify CYP1A2 expression post-

transcriptionally through decreasing the stability of CYP1A2 mRNA. Bicalutamide abolished 

DHEA effect and significantly ameliorated the stability of CYP1A2 mRNA, resulting in an 

elimination half-life and degradation constant for CYP1A2 mRNA similar to the degradation 

kinetic parameters calculated in MC-treated cells. 

 

Discussion 

Assays that make the use of P450 specific substrates that produce fluorescent metabolites, do 

not require metabolite separation and facilitate higher sample throughput. Important question 

may arise whether fluorescence-based assays can offer a reliable replacement of the conventional 

P450-selective marker reactions. MFC O-demethylation has been reported to be catalysed by 

CYP2C9 in microsomes containing cDNA-expressed P450 or in intact cells expressing individual 

P450s.  

 The results of P450 inhibition studies supported the potential participation of several P450 

enzymes (CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2E1 and CYP3A4/5) in MFC O-

dealkylation in human liver microsomes. 

 Correlation analysis between MFC O-demethylation and classical P450 marker activities 

provided further evidence for the contribution of CYP2B6 and CYP2E1. 

 MFC metabolism by cDNA-expressed P450s seemed CYP2B6 to be the most active in MFC 

O-demethylation. 
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 To estimate the contribution of P450 isoforms to MFC O-dealkylation in liver microsomes 

on the basis of enzyme activities in cDNA-expressed P450s, the contribution of CYP2E1 to 

the O-demethylation in liver microsomes was relatively greater than that of CYP2B6. 

The activities of CYP1A enzymes strongly influence the rate of reactive metabolite formation, 

and consequently the susceptibility of individuals to cancers initiated by these deleterious 

compounds. The present work investigated whether the chemoprevention by DHEA was due to 

the reduction of transcriptional induction of CYP1A genes or to the post-transcriptional 

modulation of CYP1A expression. 

 Our findings in human hepatocytes clearly demonstrated the inhibitory potential of DHEA 

on CYP1A2 expression. 

 The reduction of 7-ethoxyresorufin O-dealkylase and phenacetin O-deethylase activities 

upon DHEA treatment was attributed to the inhibition of CYP1A2 induction. 

 The presence of the androgen receptor antagonist bicalutamide attenuated the DHEA-

mediated down-regulation of CYP1A2 induction. 

 The computational modelling and simulation of CYP1A2 induction kinetics and CYP1A2 

mRNA degradation proposed a post-transcriptional mechanism. 

 By the actinomycin D-chase experiments in MCF-7 and LNCaP cells, displaying that the 

degradation rates of CYP1A2 mRNA were significantly higher in the cells exposed to 

DHEA. 
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