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Abstract 

 

Cytochrome P4502C19 (CYP2C19) is an important drug metabolizing enzyme involved in the 

biotransformation of e.g. proton pump inhibitors and antidepressants. Several in vivo studies 

have shown that the CYP2C19 activity is inhibited by oral contraceptives which can cause 

important drug interactions. The underlying molecular mechanism has been suggested to be 

competitive inhibition. However, the results presented here indicate that estradiol derivatives 

downregulate CYP2C19 expression via estrogen receptor α (ERα) which interacts with the newly 

identified ER-binding half site (ERE) at the position -151/-147 in the CYP2C19 promoter. In 

gene reporter experiments in Huh-7 hepatoma cells the activity of the luciferase construct 

carrying a 1.6 kb long CYP2C19 promoter fragment co-transfected with ERα was down 

regulated upon treatment with 17β-estradiol (EE) or 17α-ethinylestradiol (ETE) at half maximum 

concentrations of 10-7 M and 10-8 M, respectively. Mutations introduced into the ERE half site -

151/-147 significantly inhibited these ligand dependent effects. Electrophoretic mobility shift 

assays and quantitative chromatin immunoprecipitation experiments revealed that estrogen 

receptor α binds to this element. A significant suppression of CYP2C19 transcription by female 

sex steroids was confirmed by RT PCR after hormonal treatment of human hepatocytes. 

Inhibition experiments using a stable HEK293 CYP2C19 cell line revealed competitive 

inhibition at much higher concentrations of EE and ETE as compared to those required for 

transcriptional inhibition. These results indicate that both EE and ETE inhibit CYP2C19 

expression via an ERα-dependent regulatory pathway, thus providing a new insight into the 

molecular mechanism behind the inhibitory effect of oral contraceptives on CYP2C19 activity.  
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Introduction 

 

Cytochrome P4502C19 (CYP2C19) is the main enzyme for the metabolism of many important 

drugs including protein pump inhibitors such as omeprazole, diazepam, the antidepressant 

escitalopram, the platelet aggregation inhibitor clopidogrel and the antimalaria drug proguanil 

(Desta et al., 2002; Kirchheiner et al., 2004; Klotz, 2009). CYP2C19 is known to be 

polymorphically expressed which strongly influences the effect of drug treatment efficacy (Sim 

et al., 2006). The enzyme is mainly present in the liver and intestine (Klose et al., 1999; Lapple 

et al., 2003; Wu et al., 2006). In addition, its activity is also affected by different drugs which 

may potentially lead to unwanted drug-drug interactions associated with a higher risk of drug 

side effects or with a failure of therapeutic efficacy (Ingelman-Sundberg, 2008; Ingelman-

Sundberg et al., 2007). Several reports have shown that oral contraceptive (OC) formulations 

substantially decrease CYP2C19 activity (Hagg et al., 2001; Palovaara et al., 2003). The 

mechanisms behind has been suggested to be drug-drug interactions at the enzyme active site 

(Laine et al., 2000) . A modulatory effect of exogenous female sex steroids is not only confirmed 

for CYP2C19, but has also been shown for the enzymes CYP2A6 and CYP2C9 in vitro and in 

vivo (Benowitz et al., 2006; Higashi et al., 2007; Sandberg et al., 2004). Despite the fact that 

annually around 70 million women worldwide are taking such pills (Belle et al., 2002), the 

mechanism how estrogen derivatives affect CYP2C19 activity has not been yet elucidated. Such 

regulation might be also important with respect to gender differences in drug metabolism as 

observed with other CYP enzymes (Wolbold et al., 2003). 
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17α-ethinylestradiol (ETE) and estradiol (EE) are the major estrogens used in oral contraceptives 

and hormone replacement therapy. In clinical use these estrogens are commonly combined with 

progestins to obtain better hormonal cycle control (Laine et al., 2003). It has been shown that 

OCs double the area under the curve of the CYP2C19 substrate omeprazole and the metabolic 

ratio of mephenytoin (Hagg et al., 2001; Tamminga et al., 1999) . Both substances are the most 

commonly used markers of CYP2C19 activity. Recently it was demonstrated that the inhibiting 

effect on CYP2C19 activity is exerted by the OC compound 17α-ethinylestradiol and not by 

progestins, which are also included in OC formulations  (Palovaara et al., 2003). 

Estrogenic and antiestrogenic effects are mediated through two related estrogen receptors ERα 

and ERβ (van de Stolpe et al., 2004). The ERs exert their transcriptional control upon interaction 

of the active receptor dimer with specific DNA binding sites, such as classical estrogen 

responsive elements (EREs, consensus sequence 5´-AGGTCAnnnTGACCT-3´, (Couse et al., 

1997; Driscoll et al., 1998) or estrogen receptor binding half sites (ERE-half sites (van de Stolpe 

et al., 2004)). Antiestrogens can act as pure estrogen antagonists (e.g. ICI 182) or as partial 

agonists (also known as agonists/antagonists or selective estrogen receptor modulators (SERMs)) 

like tamoxifen, its potent metabolite 4-hydroxytamoxifen (4-OHT) or raloxifene (R), which exert 

tissue-selective estrogen-like effects. The mechanism how these compounds induce tissue- and 

gene-dependent effects remains unraveled (Fournier et al., 2001). In addition to the ligand 

dependent activation of ERα, ligand independent activation pathways of  ERα (most likely 

through phosphorylation of the N-terminus of the receptor) have been described (Ignar-

Trowbridge et al., 1992; Ignar-Trowbridge et al., 1996) The estrogen interaction with CYP2C19 

might also be important for breast cancer and breast cancer treatment since individuals carrying 
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the CYP2C19 *17 allele, which is more highly expressed than the wild type allele (Sim et al., 

2006), are protected from breast cancer (Justenhoven et al., 2008) and CYP2C19*17 carrying 

breast cancer patients are at better prognosis after treatment with tamoxifen (Schroth et al., 

2007). 

In the current study we experimentally tested the hypothesis that the decline in CYP2C19 

activity in women using steroid oral contraceptives is caused by a transcriptional down-

regulation of CYP2C19 gene expression, rather than direct steroid-CYP2C19 protein interaction.  

Indeed, results from different experimental approaches indicate that both EE and ETE are able to 

induce binding of ligand-activated ERα to the identified specific ERE consensus half site within 

CYP2C19 promoter with the ensuing inhibition of CYP2C19 expression at physiological 

hormone concentrations, which are significantly lower than those required for competitive 

inhibition using stably CYP2C19 enzyme expressing cells. 
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Materials and Methods 

 

Plasmid constructs and chemicals. A 1.6 kb long fragment of CYP2C19 5’-flanking region was 

subcloned into the MluI/XhoI site of pGL3basic vector (Promega) upstream of the luciferase 

gene (construct 2C19wt, table 1, figure 1b). A construct containing destructive mutations at the 

possible ERE half site at position (-151/-147) was generated from the parental 2C19_-1.6kb_wt 

construct using GeneTailor Mutagenesis kit (Invitrogen) (construct 2C19_-1.6_mut Table 1, 

Figure 1b). 

The expression vector encoding human estrogen receptor α (pSG5-hERα) was a kind gift of Dr. 

P. Chambon (Strasbourg, France). The ERα insert was recloned into the EcoRI site of pcDNA3.1 

empty vector (Invitrogen). Chemicals (17α-ethinylestradiol, 17β-estradiol, 4-hydroxytamoifen, 

raloxifene) were purchased from Sigma. 

 

Electrophoretic Mobility Shift Assay (EMSA). Nuclear protein extracts were prepared from 

human derived hepatoma cell lines Huh-7 and HepG2  as previously described with slight 

modifications (Dignam et al., 1983; Nakabayashi et al., 1991). ERα was ιn vitro translated using 

pcDNA3.1/ERa vector in the Clontech’s TNT® T7 Coupled Reticulocyte Lysate System (results 

shown in the supplement). 

Three different double stranded (ds) oligonucleotides comprising 30 bp of the CYP2C19 

promoter in wild type or in mutated form at the putative ERE half site were generated by 

annealing sense and antisense oligonucleotides (Table 1). Double stranded oligonucleotides were 
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32P-labeled (GE Healthcare) using the T4 DNA polynucleotide kinase system (Invitrogen) in a 

final reaction volume of 25 µl.  

The labeling reaction was carried out at 37˚C for 15 min. The reaction was stopped with 5 µl of 

0.2 M Na2EDTA. Binding reactions were carried out in 4 % glycerol, 8 mM N-[2-hydroxyethyl] 

piperozire – N’ – [2-ethanesulfone acid] (HEPES;  Sigma Chemical Co, St Louis, Mo) pH-7.9, 

0.6 mM MgCl2, 50 mM NaCl, 2 µg of polydeoxyinosine:deoxycytosine (Poly[dI-dC].poly[dI-

DC]), 12.8 fmol of 32P-labeled double-stranded probe (approx. 20’000 cpm), and 16 µg of 

HepG2 cell NE or Huh-7 cell NE in a total volume of 25 µl.   

Mixtures with nuclear extract were pre-incubated at 37˚C for 15 min followed by addition of the 

respective labeled double stranded oligonucleotide. The complete mixture was incubated again at 

37˚C for 15 min. For competition experiments, 100-fold and 200-fold excess of the respective 

unlabeled double stranded oligonucleotide was added to the probe prior to the addition of 32P-

labeled double stranded oligonucleotides. For supershift experiments, 2 µg of ERα or ERβ 

antibody (sc-543X, sc-20X, Santa Cruz) was added to the binding reaction and samples were 

incubated on ice for 45 min before the incubation with labeled oligonucleotides. Five µl of 

loading buffer were added and protein-bound as well as unbound DNA was resolved on a 4% 

none denaturing polyacrylamide gel. Dried gels were subjected to autoradiography using 

phosphoimager (Fujifilm BAS-1800). oligonucleotide containing the ERE site from the 

CYP2C19 promoter.   
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Transient transfections. Huh-7 cells were grown at 37°C in a humidified atmosphere with 5 % 

CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum  and 1% penicillin/streptomycin (Invitrogen).  One day prior to transient transfection 2 x 

105 Huh-7 cells were plated into 12-well plates. Two µg of the pGL3basic expression vector 

CYP2C19-1.6kb (wild type or mutated form) or pGl3basic were co-transfected with 0.5 µg of 

human pcDNA3.1-ERα or 0.5 µg pcDNA3.1 empty vector (negative control). Transient 

transfections were carried out in plain medium using LipofectamineTM 2000 (Invitrogen) as to 

manufacturer’s recommendations. 24 hours after transfection medium was replaced to complete 

medium and cells were treated (as indicated in each figure) with final concentrations of 10-10 to 

10-6 M of 4-OHT, R, EE or ETE. Substrates were diluted in 95% ethanol (vehicle) and applied at 

a final concentration of 0.2% (v/v) vehicle per well. Cells were harvested and analyzed for 

luciferase activity 24 hours after treatment. In each transfection mixture 6 ng of pRL-TK vector 

(Promega) was included as an internal control for transfection efficiency. Luciferase activity is 

expressed therefore as a ratio of firefly luciferase activity (in arbitrary units) to the corresponding 

activity of the pRL-TK. All experiments were performed in triplicates and repeated three times. 

 

ChIP analysis. The assay was carried out using ChIP assay kit (Active motif, Cat. No. 53018) 

according to the manufacturer’s protocol. In summary, Huh7 cells were grown to 80% 

confluence in two 75cm2 flasks for each treatment. Proteins were crosslinked in 1% 

formaldehyde, washed with PBS, fixed in glycine solution and scraped into 2 ml of PBS 

supplemented with PMSF. Cells were lysed, homogenized and enzymatically sheared with a 

subsequent immunoprecipitation using ERα  antibodies (Santa Cruz, sc-542X) or control IgG 
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(sc-2025, negative control). The resulting immunoprecipitates were subjected to PCR using a 

primer set (Table I) that amplifies a 305 bp fragment of CYP2C19 promoter encompassing the 

putative ERE half site at position -151/-147. The PCR was carried out for thirty five cycles using 

an annealing temperature of 58 ºC.  Quantitative evaluation of the PCR products was done by 

real time PCR on the 7500 Fast Real-Time PCR system using a custom TaqMan® Gene 

Expression assay (Applied Biosystems). The assay was constructed and validated by Applied 

Biosystems using the same proximal promoter fragment as a template. 

 

Establishment of CYP2C19 stable cell line. The Flp-In™ system (Invitrogen) was used for the 

construction of the stable cell line expressing CYP2C19. Cells were maintained in high-glucose 

Dulbecco´s modified Eagle´s medium (DMEM) supplemented with 10 % fetal bovine serum and 

1 % penicillin/streptomycin (Invitrogen) at 37° C in a humidified atmosphere with 5 % CO2. 

Prior to transfections Zeocin™ (Invitrogen) was added to the cell culture medium at a final 

concentration of 100 µg/ml. CYP2C19 cDNA was inserted into the pcDNA5/FRT plasmid and 

used in transfections of Flp-In™- 293 cells. The CYP2C19-pcDNA5/FRT plasmid was co-

transfected with the Flp recombinase expression plasmid pOG44 using LipofectamineTM 2000 

(Invitrogen) according to manufacturer’s protocol. Single colonies resistant to Hygromycin B 

(Invitrogen) were selected and subcultured. Selection of positive clones was performed by 

detection of CYP2C19 mRNA and enzyme activity as described below. Mock cells were 

transfected with pcDNA5/FRT and pOG44 plasmids and prepared as described above.  
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Hormone treatment of human hepatocytes. Human hepatocytes were obtained from 

CellzDirectTM, Invitrogen. Cells were seeded into 24 well plates at 105 cells/well using Williams 

Medium E without Phenol Red supplemented with FBS, plating cocktail solution and 

dexamethasone. After 5 hours cells were treated with EE and ETE at concentrations of 10-10 to 

10-6M using ethanol as vehicle. Cells were maintained in estrogen treatment for 24 hours until 

harvesting. 

 

Detection of mRNA by RT-PCR. Total RNA was isolated from cultured Flp-In™- 

293/CYP2C19 cells or from human hepatocytes  with RNeasy® Mini Kit (Qiagen) according to 

the manufacturer’s protocol. cDNA was prepared from the extracted RNA using reverse 

transcriptase reaction with SuperScript II RT (Invitrogen). mRNA levels of pcDNA5/FRT-

CYP2C19 cells or human hepatocytes were determined by quantitative PCR on a 7500 Fast 

Real-Time PCR system using SYBR® Green (Applied Biosystems) approach with the following 

CYP2C19 specific primer set: 5´-GAAAAATTGAATGAAAACATCAGGATTG (forward), 5´-

CGAGGGTTGTTGATGTCCATC (reverse). As internal control TBP mRNA levels were co-

determined using the primer pair 5′- GAA ACG CCG AAT ATA ATC CCA (forward), 3′-GCT 

GGA AAA CCC AAC TTC TG (reverse). 

 

Detection of enzyme activity by P450-Glo™ Assay. Flp-In™- 293/CYP2C19 cells were seeded 

in 96-well plates and measurements were made at a confluence of approximately 80 %. Cells 

were incubated with 20 µM of the CYP2C19 substrate Luciferin-H EGE for 30 min at 37° C. 

Inhibitors were added to cells 5 min prior to substrate incubation. Luminescence produced is 
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proportional to CYP2C19 activity and was measured in the cell medium according to 

manufacturer’s protocol (P450 Glo™ Assay, Promega) using a TD-20/20 Luminometer (Turner 

Designs).  

 

CYP2C19 enzyme activity in microsomes. CYP2C19 enzyme activity and IC50 were measured in 

the microsomes from the insect cells overexpressing CYP2C19 using the CYP2C19/CEC High 

Throughput Inhibitor Screening Kit (BD Biosciences). 

 

Statistical analysis. Statistical differences in reporter gene activity among CYP2C19 promoter 

constructs and in mRNA levels in human hepatocytes were determined by one sample t-test 

using GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California 

USA. A p-value threshold of <0.05 was considered as statistically significant in all analyses. 

 

 

Results 

 

ERα binds specifically to an ERE half site located at -151/-147 in the CYP2C19 promoter. 

Analysis of the first 1.8 kb of CYP2C19 promoter revealed four different putative ERE half sites 

at positions (-151/-147), (-1117/-1113), (-1515/1511) and (-1611/-1607), (Figure 1A). We have 

tested whether ERα or ERβ can interact with any of these sites using EMSA. Four different 32P-

labeled double stranded oligonucleotides (Table 1) carrying putative ERE half sites where 

incubated with nuclear extracts from Huh-7 cells and HepG2 cells. A specific protein-DNA 
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complex was formed only with oligonucleotide 2C19_wt_site I using both HepG2 (Figure 2A, 

lane 2) and Huh-7 cell nuclear extracts (Figure 2B, lane 1). No specific complexes were 

observed with oligonucleotides 2C19_wt_site II to IV (data not shown).  The migration of site I 

specific complex was shifted using an antibody against ERα (Figure 2A, lane 8, 2B, lane 7). An 

antibody against ERβ however, failed to produce any band shifts confirming that ERβ that 

recognizes the same consensus sequence as ERα does not bind to ERE half site I (Figure 2A, 

lane 9, 2B lane 8). The specificity of the protein/DNA complex at locus -151/-147 (site I) was 

confirmed in competition experiments using non labeled oligonucleotides and also 

oligonucleotide comprising an ERE consensus cis-element (Figure 2 A, B). Moreover, no or 

reduced specific binding activity could be observed after incubation of nuclear extracts from 

Huh-7 cells or HepG2 cells with oligonucleotides mutated at the hypothetical ERα binding half 

site I (Figure 2A, B). ERα interaction with the CYP2C19 promoter was also confirmed in  

EMSA experiments where the labeled oligonucleotide 2C19_wt_site I  was incubated with the in 

vitro translated receptor (results shown in the supplement). Overall, these results suggest that 

ERα but not ERβ is capable of binding to the potential ERE site at the position -151/-147 of 

CYP2C19 promoter.  

 

Estradiol and 17α-ethinylestradiol inhibit CYP2C19 promoter activity via the ERα dependent 

transactivation. The functional interaction of ERα with the CYP2C19 promoter was evaluated 

using reporter plasmids transfected into human hepatoma Huh-7 cells. A plasmid construct 

carrying 1.6 kb of the CYP2C19 promoter (Figure 1B) upstream of the reporter luciferase gene 

was transiently transfected together with ERα expression vector and the cells were treated with 
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increasing amounts of the ERα ligands ETE, EE, 4-OHT or R.  The results shown in Figure 3 

demonstrate a strong and dose-dependent down regulation of reporter luciferase activity upon 

treatment with EE or ETE. The half maximal inhibitory effect of EE and ETE was observed at 10 

–7 and 10 –8 M, respectively, and the extent of inhibition at 10-6 M was about 70% using both 

steroids.  Contrary to these results, 4-OHT and R were unable to affect the CYP2C19 promoter 

activity in this system (data not shown).  

To investigate whether the ERE half site I is indeed responsible for the observed estrogen 

dependent down regulation of CYP2C19 promoter activity, as suggested by EMSA experiments, 

a luciferase construct carrying a mutant form of ERE half site I (Figure 1B) was tested in the 

gene reporter experimental setup using ERα ligands at the highest effective concentration (10-6 

M). As shown in Figure 4, the inhibitory effect of EE and ETE was partly abolished upon 

transfection of the mutated construct. These results support the hypothesis of a ligand-activated 

ERα effect in the suppression of CYP2C19 promoter. 

 

Estradiol and 17α-ethinylestradiol suppress CYP2C19 mRNA expression in hepatocytes. To 

further examine the effects of estrogen derivatives on hepatic CYP2C19 expression we 

determined the CYP2C19 mRNA levels in dependency of estradiol or 17α-ethinylestradiol 

treatments using three different batches of human hepatocytes. Cells were either treated with 

vehicle (ethanol), EE or ETE. As shown in Figure 5, real-time RT-PCR revealed that CYP2C19 

mRNA levels were significantly suppressed by treatments with EE at concentrations of 10-7M. 

The effect of EE was found to be stronger compared to the effect seen with ETE. These results 

show that estrogen derivatives are indeed able to significantly inhibit CYP2C19 expression in 
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human hepatocytes, most likely via the proposed ERα-dependent promoter-regulatory pathway, 

although one has to bear in mind that during cultivation the hepatocytes lose their ability to 

express P450s and the system might not be optimal for this reason. 

   

ERα is associated with CYP2C19 promoter in Huh-7 cells. EMSA analysis and gene reporter 

data suggest that CYP2C19 expression might be regulated by ER-dependent transcriptional 

mechanisms. To investigate whether ERα is indeed associated with the putative cis-element in 

CYP2C19 promoter and whether ER ligands could enhance such binding as it occurs in the 

classical scenario of the nuclear receptor mediated modulation of transcriptional activity, we 

utilized the advantage of the chromatin immunoprecipitation (ChIP) technology. Genomic DNA 

from intact Huh-7 cells, which were either non treated or treated with ETE or 4-OHT, was 

isolated, crosslinked, sonicated and immunoprecipitated with ERα antibody. The resulting DNA 

fragments  were amplified by PCR using a primer set encompassing ERE half site I at position (-

151/-147) (Table 1, Figure 1A). As shown in Figure 6 (upper panel) the primer set generates a 

PCR product of the predicted size with DNA from vehicle and ETE treated cells whereas the 

OHT treatment resulted in the loss of the band. These results were quantitavely supported by real 

time PCR using a custom made Taqman assay that was constructed on the basis of the same 

promoter fragment (Figure 6, lower panel). The amount of PCR product from the ETE treated 

cells was 2.3 fold higher as compared to the control (vehicle) with negligible amounts detected in 

the OHT treated cells. This is consistent with the EMSA results that demonstrated interaction of 

the ERE oligonucleotides with the nuclear ERα from the intact cells. Stimulation of Huh-7 cells 

with ETE resulted in the 2.3-fold increase of the PCR product (Figure 6). Interestingly, the 4-
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OHT treatment apparently abolishes the ERα binding as judged by the sharp drop in the amount 

of the expected PCR product. These results are in good agreement with the gene reporter and 

EMSA data indicating that ERα may indeed interact with CYP2C19 promoter in vivo and that 

this binding is regulated by ER ligands. 

 

High concentrations of 17α-ethinylestradiol (ETE) and estradiol (EE) directly inhibit 

CYP2C19 enzyme activity. Clinical data on the lower activity of CYP2C19 in women using OCs 

were previously interpreted as a direct inhibitory action of steroids on the CYP2C19 enzyme 

(Laine et al., 2000). To investigate such scenario we tested the effects of ETE and EE on 

CYP2C19 activity in HEK-293 cells stably expressing CYP2C19. CYP2C19 expression was 

confirmed by both the mRNA (results not shown) and enzyme activity levels (Figure 7A, B). EE 

and ETE were found to inhibit CYP2C19 activity with IC50 values of 16 and 6.0 µM, 

respectively, as shown on figure 7C. This effect was confirmed by using CYP2C19 inhibitor 

screening kit from BD Biosciences. IC50 measurements using microsomes from insect cells 

overexpressing CYP2C19 showed lower levels (0.6 and 0.4 µM for ETE and EE, respectively, 

Figure 7D), which might be connected with the better availability of inhibitors. However, both in 

cells and in the recombinant system these values are 1-2 orders of magnitude higher as compared 

to the above mentioned data on the transcriptional effects of steroids. 

 

 

 

Discussion  
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In the present study we present evidence for that estrogen receptor α, activated by its ligands EE 

and ETE, is able to inhibit CYP2C19 expression via a newly identified  ERE binding half site at 

position (-151/-147) in the CYP2C19 promoter. This is the first study showing that estradiol and 

its derivatives are able to modulate CYP2C19 promoter activity, and this occurs via the classical 

ERE-dependent pathway. Hence our data suggest a novel molecular mechanism for the 

inhibitory effect of ETE on CYP2C19 activity that has been observed in several clinical studies 

(Palovaara et al., 2003; Shelepova et al., 2005). This effect has been previously explained by a 

competitive inhibition at the active site of the enzyme (Laine et al., 2000).  

In silico analysis of the first 1.8 kb of the 5´-upstream region of the CYP2C19 gene revealed 

four putative ERE half sites. While ERβ did not bind to any of the hypothetical ERE consensus 

sequences which showed protein binding in EMSA analysis, a specific binding of ERα to 

CYP2C19 promoter at position (-151/-147) was confirmed by both EMSA and ChIP analysis 

using  Huh-7 cells.  

It is known that estrogen receptor α and β mediate their effects through at least four different 

pathways. In the so called classical estrogen dependent pathway, the hormone binds to the ER 

leading to conformational changes and  dimerization of the receptor, which allows an interaction 

with co-modulators and an eventual binding of ligand-receptor complex to the specific estrogen 

response elements (EREs) in the regulatory regions of target genes (McDevitt et al., 2008). In 

addition, there are three other known mechanisms of ER activation, including second-messenger 

dependent regulation of a membrane-associated ER and interaction with other transcription 

factors (McDevitt et al., 2008; Safe and Kim, 2008). Our results, especially those obtained in 
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EMSA and ChIP, strongly support the important role of the classical regulatory pathway of 

estrogen dependent CYP2C19 gene regulation. However, the destructive mutations in ERE half 

site I were only partly able to abolish the inhibitory effects of ETE and EE using the reporter 

constructs in Huh-7 cells (cf. Figure 4). Therefore, we cannot completely exclude the possibility 

that other, non classical ER dependent pathways may also play a role in CYP2C19 regulation or 

that other, not yet detected ERE sites are also involved in the estrogen dependent regulation of 

CYP2C19.  

CYP2C19 is not the only enzyme of the cytochrome P450 family that is known to be influenced 

by female sex steroids. For example, CYP2C9, which is very important for metabolism and 

dosing of e.g warfarin and antiepileptics, is strongly inhibited by estrogen derivates (Laine et al., 

2003; Sandberg et al., 2004). Indeed comparative sequencing analysis of the  CYP2C9 promoter 

revealed, that this enzyme carries  a similar ERE as here identified in the CYP2C19 gene, and it 

might be that the same mechanism also is relevant for estrogen-dependent CYP2C9 inhibition as 

here described for CYP2C19. In contrast, Benowitz et al. reported a significantly higher 

metabolism rate for the CYP2A6 substrates nicotine and cotinine in women compared to men 

and especially in women taking OCs (Benowitz et al., 2006). Similar results were obtained by 

Higashi et al., who proved experimentally that EE is able to induce CYP2A6 via an ERE element 

in CYP2A6 promoter (Higashi et al., 2007).  The modulatory factors determining enhanced or 

decreased promoter activity of the CYP genes in response to ER have to be identified. Our 

findings of an inhibitory effect of estrogens on CYP2C19 are well in line with earlier in vivo 

reports showing clinically relevant decreased metabolism of CYP2C19 specific substrates in 

women who are regularly taking pills containing estradiol derivatives. This thus leads to 
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important pharmacokinetic drug-drug interactions with other CYP2C19 substrates (Zhang et al., 

2007).  

 

As mentioned, it has been proposed that the estrogen dependent CYP2C19 inhibition may occur 

due to the competitive action of ETE on CYP2C19 enzyme (Laine et al., 2000; Laine et al., 

2003). Here we show that ETE and EE have indeed the potential to directly inhibit CYP2C19 

enzyme activity in intact cells overexpressing CYP2C19 or in microsomes, but at much higher 

concentrations than required for transcriptional inhibition. These results are well in line with 

earlier observations (Laine et al., 2000; Laine et al., 2003), showing an effective in vitro 

inhibition of omeprazole 5-hydroxylation only at very high EE concentrations (> 10-6 M). In 

contrast, transcriptional inhibition of CYP2C19 expression, as shown in this study, was exerted 

at much lower concentrations of EE and ETE, with IC50 at 10-7 to 10-8 M in luciferase gene 

reporter assay, and maximum inhibitory effects on CYP2C19 mRNA levels at 10-7 M in human 

hepatocytes. This indicates that the mechanisms of OC dependent inhibition of CYP2C19 

activity in vivo would mainly be exerted by inhibition of CYP2C19 gene transcription rather than 

by competitive inhibition and the results indicate for the first time an estrogen dependent 

transcriptional regulation of this gene.   

In conclusion, our results suggest a new regulatory mechanism that explains how exogenous 

estrogen derivatives unfold their inhibitory potential on CYP2C19. It could be also suggested 

that similar molecular mechanisms underlie the known inhibitory effects of female sex steroids 

on the activity of other P450s, e.g. CYP2C9 (Laine et al., 2003; Sandberg et al., 2004).  
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Figure legends 

 

Figure 1. Schematic representation of ERE half site motifs and luciferase reporter 

constructs. A. The DNA sequence surrounding the putative ERE half sites of CYP2C19 gene 

promoter. The A of the first codon, ATG is numbered as +1. The sequences of sites I-IV core 

regions are indicated in italic, underlined and highlighted in bold. B. Schematic overview of 

CYP2C19 promoter fragments subcloned upstream to luciferase reporter gene. Numbers refer to 

the fragment length or location of putative ERE binding motifs. Mutated ERE half site is 

indicated in italic. The binding sites for the forward (FW) and reverse (RV) primers used in ChIP 

analysis are indicated by arrows. 

 

Figure 2. ERα interacts with oligonucleotides containing ERE half site motifs. EMSA was 

performed with a double stranded oligonucleotide (Table 1) comprising the putative ERE half 

site I (-151/-147). This oligonucleotide formed a positive DNA-protein-complex with nuclear 

extract from HepG2 (A, lane 2 white arrow) or Huh7 cells (B, lane 1, white arrow). Competition 

experiments were performed with the respective non labeled wild type oligonucleotide (A, lane 3 

and 4, B lane 2 and 3) and an oligonucleotide comprising a representative ERE consensus 

sequence (12), (A, lane 5 and 6, B, lane 4 and 5). Supershifts were observed with both HepG2 

and Huh-7 NE at ERE half site I using ERα antibody (indicated by black arrows, A, lane 8 and 

B, lane 7). No band shifts were generated with ERβ antibody (A, lane 9, B lane 8).  

-, control incubation without labeled oligonucleotide. C, DNA-protein complex; Comp, 

competition reactions with wild type oligonucleotide; ERE cons, competition reactions using an 
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oligonucleotide carrying a representative ERE consensus sequence; 2C19 mut oligo, 

oligonucleotide with destructive mutations in ERE half site I; anti-ERα and anti-ERβ, antibodies 

against the respective receptors; NE, nuclear extract. 

 

Figure 3. ERa ligands, ETE and EE down regulate the luciferase activity of CYP2C19 

promoter constructs in Huh-7 cells. Relative luciferase activities of -1.6 kb long CYP2C19 

promoter fragment subcloned into pGL3basic vector. Data are shown as fold changes of 

luciferase activity relative to the activity of wild type construct treated with vehicle after co-

transfection with pcDNA3.1-ERα or mock (pcDNA3.1) and stimulation with ETE (A) or EE (B). 

*** - p≤0.001 for 2C19_wt treated with vehicle compared to 2C19_wt treated with ETE (10-6 M, 

A) and EE (10-7 M, B), respectively.  ** - p≤0.01 for 2C19_wt treated with vehicle compared to 

2C19_wt treated with ETE (10-7 or 10-6 M, A) and EE (10-6 M, B), respectively. * - p≤0.05 for 

2C19_wt treated with vehicle compared to 2C19_wt treated with ETE (10-8 M, A) and EE (10-8 

M, B), respectively. Data are presented as mean values ± SD of three independent experiments. 

Each experiment was performed in triplicate.  

 

Figure 4. Mutation in the ERE half site I partly abolishes the inhibitory effects of ETE and 

EE on the luciferase activity of CYP2C19 promoter construct in Huh-7 cells. Relative 

luciferase activities of -1.6 kb long CYP2C19 promoter fragment subcloned into pGL3basic 

vector. Data are shown as fold changes of luciferase activity of the construct mutated at ERE half 

site I relative to the activity of the wild type construct after co-transfection with pcDNA3.1-ERα 

or mock (pcDNA3.1) and treatment with ETE 10-6 M (A) or EE 10-6 M (B) or vehicle. A and B: 
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*** - p≤0.001 for 2C19_wt treated with vehicle compared to 2C19_wt treated with ETE (10-6 M, 

A) or EE (10-6 M, B). ** - p≤0.01 and * - p≤0.05 for CYP2C19_M1 treated with vehicle against 

2C19_M1 treated with ETE (10-6 M, A) or EE (10-6 M, B).   ** - p≤0.01 for 2C19_wt treated 

with ETE (10-6 M, A) or EE (10-6 M, B) compared to 2C19_M1 treated with ETE (10-6 M, A) or 

EE (10-6 M, B). Data are presented as mean values ± SD of three independent experiments. Each 

experiment was performed in triplicate. 

 

Figure 5. ERα ligands ETE and EE down regulate mRNA expression of CYP2C19 in 

human hepatocytes. Human hepatocytes were treated with  EE or ETE or with vehicle for 24 

hours. The expression levels of CYP2C19 mRNA were determined by real-time RT PCR. Values 

of CYP2C19 mRNA levels were normalized with TBP mRNA levels and compared to the ratios 

obtained in vehicle treated cells. Each column represents the mean ± SD of three independent 

mRNA measurements. **- p≤0.01. 

 

Figure 6. ERα is associated with CYP2C19 promoter at ERE half site I in Huh7 cells. ERα 

binding to CYP2C19 promoter was analyzed using ChIP assay. Upper panel, immune complexes 

generated by  anti-ERα  and control IgG were PCR amplified (35 cycles) using the primer set for 

ChIP indicated in Table 1 and Figure 1B targeting ERE half site I in CYP2C19 promoter.  

Agarose gel electrophoresis of PCR products demonstrates a predicted amplicon size of around 

300 bp. Lower panel, real time PCR using the same template as above and a standard cycling 

program suggested by Applied Biosystems for the amplifications with Taqman probes (Materials 
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and Methods). Results are expressed as a difference between the Ct (cycle threshold) for the PCR 

product from the control IgG immunoprecipitate and anti-ERα immunoprecipitate (target).   

Input is a positive PCR control (same fragments amplified from the starting material before the 

immunoprecipitation). V, vehicle; IP, immunoprecipitation.  

 

 

Figure 7. High concentrations of ETE and EE directly inhibit CYP2C19 enzyme activity.  

Flp-In™- 293/CYP2C19 cells were incubated with increasing concentrations of Luciferin-HEGE 

(CYP2C19 substrate) (A) or with 20 µM Luciferin-HEGE (measurements at various time points) 

(B). CYP2C19 activity in the cell medium was measured by the P450-Glo™ assay and expressed 

as mean arbitrary units of luminescence±SEM. (C) Inhibition of CYP2C19 activity in Flp-In™- 

293/CYP2C19 cells by ETE or EE. As optimized in the experiments shown in (A) and (B) the 

substrate concentration was set to 20 µM and incubation time to 30 min. ETE and EE were 

added 5 min prior to the enzyme assay. Enzyme activity is expressed relative to the activity of 

samples lacking ETE or EE.  Data are presented as mean values±SEM. All experiments were 

performed in triplicate. (D) Inhibition curve of CYP2C19 activity as measured by CYP2C19 

High Throughput Inhibitor Screening Kit. Data are presented as in (C).
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Table 1. Oligonucleotides used for cloning, EMSA and ChIP experiments. Primers for PCR 

cloning were designed based on the CYP2C19 sequence (GenBank accession number 

gi|27498938:1708014-1877575). Fragments for the reporter constructs were PCR amplified from 

genomic DNA. Nonsense mutations in ERE half site I were introduced using Gene tailor 

mutagenesis kit (Invitrogen). Mutated nucleotides in ERE half site I are highlighted in bold and 

underlined. 2C19_wt_site I: EMSA oligonucleotide containing the wild type form at ERE half 

site I; 2C19_mut_site I: EMSA oligonucleotide carrying disruptive mutations at ERE half site I. 

ERE cons: oligonucleotide comprising a representative ERE consensus sequence shown to bind 

ERα (12). ERE half sites and mutations at ERE half sites are highlighted in bold and underlined. 

The ChIP primer pair generates  305 bp long PCR fragment including ERE half site I. FW, 

forward; RV, reverse primers. 

 

Primer  Sequence 

  

Cloning primers  

CYP2C19_-1.6kb fw 5´ - CAGACGCGTATTGAGAGATTCCAAAGGGAT 

CYP2C19_RV 5´ - CAGCTCGAGTGAAGCCTTCTCCTCTTGTTAA 

  

Primers for mutagenesis   

CYP2C9_mut_ERE_I_FW 

 

5´ - TTTATCTCTATCAGTGTTTTTAAGTCCTTTCA 

CYP2C9_mut_ERE_I_RV 5´ - CACTGATAGAGATAAAAATAAAATGTCCTTTG 
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EMSA oligonucleotides   

2C19_wt_site I 5´ -  ATCTCTATCAGTGGGTCAAAGTCCTTTCAG 

2C19_mut_siteI 5’ -  ATCTCTATCAGTGTTTTTAAGTCCTTTCAG 

ERE consensus  5´ – ACGGGTAGAGGTCACTGTGACCTCTACCCG  

  
ChIP primers  

ChIP primer set       
FW:      5’ - ACGGTGCATT GGAACCACTT 

RV:      5’ - TGAAGCCTTCTCCTCTTG 
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EMSA analysis of the in vitro translated ERa interaction with the oligonucleotide containing the ERE site from 
the CYP2C19 promoter. ERα was translated using the pcDNA3.1/ERα plasmid in the Clontech’s TNT® T7 
Coupled Reticulocyte Lysate System. Translation fidelity was confirmed by immunoblotting (results not shown). 
5 or 10 ml of the reaction mix were used instead of the nuclear extract in EMSA analysis. RT, control 
reticulocytes. Arrow indicates the ERα/oligo complex. 
 


