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Abstract
Chalepensin, a furanocoumarin, is present in several medicinal Rutaceae plants and causes a mechanism-based inhibition of human and mouse cytochrome P450 (P450, CYP) 2A in vitro. To address the in vivo effect, we investigated the effects of chalepensin on multiple hepatic P450 enzymes in C57BL/6JNarl mice. Oral administration of 10 mg/kg chalepensin to mice for 7 days significantly decreased hepatic coumarin 7-hydroxylation (Cyp2a) and increased 7-pentoxyresorufin O-dealkylation (Cyp2b) activities, whereas activities of Cyp1a, Cyp2c, Cyp2e1, and Cyp3a were not affected. Without affecting its mRNA level, the decreased Cyp2a activity was accompanied by an increase in the immunodetected Cyp2a5 protein level. In chalepensin-treated mice, microsomal Cyp2a5 was less susceptible to ATP-fortified cytosolic degradation than that in control mice, resulting in the elevated protein level. The in vitro inactivation through NADPH-fortified pre-incubation with chalepensin also protected microsomal Cyp2a5 against protein degradation. Using cell-based reporter systems, chalepensin at a concentration near unbound plasma concentration activated mouse constitutive androstane receptor (CAR), in agreement with the observed induction of Cyp2b. These findings revealed that suicidal inhibition of Cyp2a5 and the CAR-mediated Cyp2b9/10 induction concurrently occurred in chalepensintreated mice.


Introduction
Microsomal cytochrome P450 (P450, CYP)-dependent monooxygenase occupies a crucial role in the oxidations of a variety of marketed drugs and physiological substances (Guengerich 2001; Hollenberg et al. 2008). The catalytic cycle of this monooxygenase comprises two electron transfer steps with the aid of NADPH-P450 reductase (CPR), and the second electron can also be transferred by cytochrome b5 (Guengerich 2001). CYP1A, CYP2A, CYP2B, CYP2C, CYP2E1, and CYP3A are the primary hepatic P450 enzymes responsible for drug oxidation (Guengerich 2001). The up- and down-regulation of these P450s is one of the main factors causing clinically relevant drug interaction, such as the inactivation of CYP3A4 by grapefruit furanocoumarins (Hollenberg et al. 2008). Since the complexation of P450 irreversibly inactivates P450 function, the mechanism-based inhibition is generally thought to cause greater influence than the reversible inhibition. P450 induction is another important issue in toxicological evaluation, and experimental animal study is important to assess the changes in vivo.
Herbal medicines have been used worldwide and are especially prevalent in Asia. Herb–drug interaction has been considered as a very important issue to avoid the undesired adverse effects in patients pre- or concurrently treated with medicinal herbs. Furanocoumarins are widely distributed in the plant kingdom, especially in the Rutaceae and Apiaceae (Umbelliferae) families, which include a variety of medicinal herbs, vegetables, and fruits (Anaya et al. 2005; Hollenberg et al. 2008; Stashenko et al. 2000). Furanocoumarins, such as the grapefruit ingredient, bergamottin and the therapeutic agent, 8-methoxypsoralen (8-MOP, methoxsalen), play important and diverse roles in drug interactions, pharmacological activities, and phototoxicity (Hollenberg et al. 2008). Chalepensin (3-(10,10-dimethylallyl)-psoralen) is a natural furanocoumarin compound identified in several Rutaceae plants including Stauranthus perforatus L. (Anaya et al. 2005) and Ruta graveolens (rue) (Stashenko et al. 2000). Some of these herbs have been used in American, Asia, and Europe for the treatments of headache, gastrointestinal diseases, wounds, or rheumatics (Anaya et al. 2005; Miguel 2003; Stashenko et al. 2000). Chalepensin constituted about 7–13 % of the rue extract (Stashenko et al. 2000) and was reported to be the toxic ingredient in the reduction of embryonic implantation (Kong et al. 1989). Chalepensin caused a variety of pharmacological effects including the suppression of ADP-induced platelet aggregation (IC50: 57 lM) (Shehadeh et al. 2007) and the cytotoxicity in breast (MCF-7), pancreatic (PACA-2), and colon (HT-29) carcinoma cell lines (ED50: 14–22 lM) (Anaya et al. 2005). Our previous report demonstrates that chalepensin is a substrate of human CYP2A6 and inhibits CYP2A6 in a metabolism-dependent manner (mechanism-based inhibitor) in a recombinant human enzyme system and liver microsomes in vitro (Ueng et al. 2011). The IC50 value for the mechanism-based inhibition (1 lM) of CYP2A6 was much lower than the concentrations described above for showing anti-platelet and anti-cancer activities (Anaya et al. 2005; Shehadeh et al. 2007). The inactivation of CYP2A6 by chalepensin was achieved apparently through the generation of an epoxide, which could be eliminated by glutathione conjugation. The alteration of P450 susceptibility to protein degradation by a mechanism-based inhibitor may engender drug interaction, immune response mediated idiosyncratic hypersensitivity syndromes, and drug-induced hepatitis (Hollenberg et al. 2008; Masubuchi and Horie 2007; Correia et al. 2005). In vivo, treatment of C57BL/6JNarl (B6) mice with a human equivalent dose of chalepensin decreased liver microsomal coumarin 7-hydroxylation (COH) activity (Ueng et al. 2011), which was primarily catalyzed by Cyp2a5, an ortholog to human CYP2A6 (Kaipainen and Lang 1985). In vitro, the IC50 of chalepensin for mouse COH inhibition was only 8 % of that of human CYP2A6 (Ueng et al. 2011). C57BL/6J mice appeared to be a sensitive strain for chalepensin inhibition and provided a useful animal model for the further in vivo studies of the changes of transcript expression and protein stability. Due to the potential hepatotoxicity of a mechanism-based P450 inhibitor (Kaipainen and Lang 1985), mouse serum transaminase activities were determined and liver histological examinations were performed to examine the hepatotoxicity of chalepensin.
Oral administration is the most common way for the administration of herbal medicines. To examine the chalepensin-mediated P450 modulation in vivo, the oral effects of chalepensin on the primary hepatic P450 enzymes were illustrated with molecular mechanism in this report. Enzymes of the P450 superfamily exhibit broad substrate specificity and functional diversity (Guengerich 2001). Selective substrates have been commonly used as chemical probes for characterizing the functional changes in individual P450s to assess the possible drug interaction. 7-Ethoxyresorufin and 7-methoxyresorufin were used as selective substrates of Cyp1a. Coumarin, 7-pentoxyresorufin, tolbutamide, nitrosodimethylamine, and nifedipine were used as selective substrates for determining Cyp2a, Cyp2b, Cyp2c, Cyp2e1, and Cyp3a activities, respectively. In the present study, results revealed the induction of Cyp2b by chalepensin. Constitutive androstane receptor (CAR) is a xenobiotic nuclear receptor that is enriched in the liver. The activated CAR is capable of binding to the promoter regions of CYP2B and results in the transcriptional induction (Faucette et al. 2006). Thus, CAR-mediated reporter assays were performed to elucidate the chalepensin-mediated CYP2B induction through receptor mediated transcriptional regulation. This report provides the first evidence of the dual functional modulation by chalepensin, which stabilized CYP2A protein through mechanism-based inhibition and caused CYP2B induction with CAR activation.

Materials and methods
Chemicals and antibodies
Chalepensin was isolated and purified from the ethanol extract of Ruta graveolens L. with a purity of C99 % as described previously (Ueng et al. 2011). Coumarin, glucose-6-phosphate, nifedipine, and 1,4-bis-[2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Androstanol was purchased from Steraloids Inc. (Newport, RI, USA). Taq polymerase was purchased from Violet BioScience Inc. (Taipei, Taiwan). Acrylamide, N,N0-methylene-bis-acrylamide (Bis), and molecular weight markers for the immunoblot analyses were purchased from Bio-Rad Laboratories (Hercules, CA, USA). Rabbit polyclonal antibodies against human CYP2A6 and CPR were prepared as described elsewhere (Soucˇek 1999a; Yim et al. 2006). Rabbit polyclonal antibody against rat CYP2B1 was purchased from NOSAN Co. (Yokohama, Japan). Horseradish peroxidase-conjugated goat anti-rabbit IgG was purchased from Thermo Scientific Pierce Protein Research Products (Rockford, IL, USA).

Animal treatments
Male B6 mice (5 weeks old, weighing 17–20 g) were purchased from the National Laboratory Animal Center (Taipei, Taiwan). All experimental protocols involving animals were reviewed and approved by the Institutional Animal Care and Use Committee of the National Research Institute of Chinese Medicine. Before experimentation, mice were allowed a 1-week acclimation period at the animal quarters with air conditioning, free access to laboratory rodent chow (no. 5P14; PMI Feeds Inc., Richmond, IN, USA), and water. Chalepensin was dissolved in corn oil and administered to mice by gastrogavage. The control group received the same amount of corn oil. Mice were euthanized by CO2 asphyxiation 22 h after the last treatment. Blood was collected from mice by heart puncture, and the sera were collected by centrifugation at 9,6009g for 10 min at 4 _C. Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities were determined using analysis kits designed for a Fujifilm Dri-Chem 3000 colorimetric analyzer (Fujifilm, Saitama, Japan). For histological evaluation, liver tissues were cut and formalin-fixed specimens were sent to the National Laboratory Animal Center (Taipei) for paraffin embedding (3–5 lm sections), hematoxylin and eosin staining, and evaluation of histological changes. The degree of the lesions was scored from 1 to 5 depending on severity. The lesion with area less than 1 % of tissue area was scored 1.

Plasma total and unbound chalepensin concentration determinations
For the determination of total plasma concentration, plasma protein was precipitated with 0.4 N perchloric acid and chalepensin concentration of the supernatant was determined. For the determination of unbound chalepensin concentration, mouse plasma (100 ll) was transferred to Amicon Ultra-0.5 centrifugal unit (30-kDa cutoff) (Merck Millipore, Billerica, MA, USA) and centrifuged at 14,0009g for 30 min at room temperature. The filtrate was collected for quantification. Samples containing total and unbound chalepensin were subjected to LC/MS analysis, and the quantification was performed as described before (Ueng et al. 2011).

Microsomal and cytosolic preparations, and enzyme assays
Washed microsomes and cytosols were prepared by differential centrifugation at 4 _C following the method of Alvares and Mannering (1970). P450 and cytochrome b5 contents were determined using the spectrophotometric methods (Omura and Sato 1964). CPR activity was determined using cytochrome c as a substrate (NADPH-cytochrome c reductase) following the method of Phillips and Langdon (Phillips and Langdon 1962). 7-Ethoxyresorufin O-deethylation (EROD), 7-methoxyresorufinO-demethylation (MROD), and 7-pentoxyresorufin O-dealkylation (PROD) activities were determined by measuring the fluorescence of resorufin (Pohl and Fouts 1980; Lubet et al. 1985). COH activity was determined by HPLC with a fluorescence detector (Soucˇek 1999b). Nitrosodimethylamine Ndemethylation activity was determined by measuring the formaldehyde formation using Nash’s reagent (Nash 1953). Tolbutamide hydroxylation and nifedipine oxidation activities were determined by HPLC with an UV detector (Guengerich et al. 1986; Yamazaki et al. 1998). Cytosolic glutathione S-transferase activity was determined using 1-chloro-2,4-dinitrobenzene as a substrate (Habig et al. 1974). Microsomal and cytosolic protein concentrations were determined following the method of Lowry et al. (1951).

Immunoblot analyses
Microsomal proteins (50 lg) were resolved by electrophoresis on a 7.5 % (w/v) polyacrylamide gel (SDS-PAGE, 14 9 20 cm 9 0.15 cm) and electrotransferred from the slab gel to a nitrocellulose membrane as described before (Ueng et al. 2009). Immunoblot analyses of microsomal Cyp2a4/5, Cyp2b9/10, and CPR were performed using rabbit polyclonal antibodies against human CYP2A6, rat CYP2B1, and human CPR, respectively. The immunoreacted proteins were detected using goat anti-rabbit IgG conjugated with horseradish peroxidase and visualized using an enhanced chemiluminescence detection kit (PerkinElmer Life and Analytical Sciences, Inc., Shelton, CA, USA). Relative band intensity was analyzed using the ImageMaster software (Pharmacia Biotech Ltd., Uppsala, Sweden).

RNA isolation and polymerase chain reaction (PCR) analyses of reverse transcripts
Total RNAs from liver samples were isolated using TRIzol reagents following the manufacturer’s protocol (Invitrogen Co., CA, USA). RNA samples (2 lg) were subjected to reverse transcription (RT) using genetically modified M-MuLV reverse transcriptase (RevertAidTM First Strand cDNA Synthesis kit, Fermantas Inc., MD, USA). The RT step occurred at 42 _C for 1 h and then 70 _C for 5 min. Transcripts were subjected to both electrophoretic analysis of PCR products (semi-quantitative) and quantitative realtime PCR analysis. For Cyp2a5 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the primer sets used for both semi-quantitative and quantitative PCR analyses were as follows: Cyp2a5: forward, GGACAAAGAGTTCCTGTCACTGCTTC and reverse, GTGTTCCACTTTCTTGGTTATGAAGTCC; and GAPDH: forward,ACAGTCCATGCCATCACTGCC and reverse, GCCTGCTTCACCACCTTCTTG. The conditions of amplification consisted of a 5-min pre-incubation at 94 _C followed by 30 cycles of 30 s at 95 _C, 30 s at 55 _C, and 30 s at 72 _C. For Cyp2b9/10, the primer sets used for semi-quantitative PCR were as follows: Cyp2b9: forward, GATGACCAGTTCCTTCATCTG and reverse, GCGCTTGTGGTCTCAGTTCC; and Cyp2b10: forward, TTCTGCGCATGGAGAAGGAGAAGT and reverse, TGAGCATGAGCAGGAAGCCATAGT. The conditions of amplification consisted of a 6-min pre-incubation at 95 _C followed by 28 or 30 cycles of 30 s at 94 _C, 30 s at 55 _C, and 30 s at 72 _C. The PCR products were resolved by 1.5 % agarose gel electrophoretic analysis and stained with ethidium bromide. The band intensity was analyzed using the software AlphaEase FC software (Cell Biosciences, CA, USA). For quantitative PCR analyses of Cyp2b9 and Cyp2b10 mRNA, PCR experiments were performed using SYBR green (Roche Molecular Biochemicals, Mannheim, Germany) and analyzed using the LightCycler 480 II/96 (Roche Diagnostics Ltd., Rotkreuz, Switzerland). The primer sets used were as follows: Cyp2b9: forward, TGGCACAGATAGAGAAGGCCA and reverse, TCACGCACCACCATGAGC; and Cyp2b10: forward, CAGGTGATCGGCTCACACC and reverse, TGACTGCATCTGAGTATGGCATT. The conditions of amplification consisted of a 5-min pre-incubation at 94 _C followed by 40 cycles of 30 s at 94 _C, 30 s at 58 _C, and 30 s at 72 _C. The amount of target cDNA in each sample was established by determining a fractional PCR threshold cycle number (Ct value). The relative mRNA expression levels were normalized to the GAPDH expression, which allowed target cDNA calculation by 2-(Ct CYP–Ct GAPDH).

Protein degradation assay
The susceptibilities of microsomal Cyp2a4/5 to protein degradation were determined using microsomes inactivated by chalepensin in vivo and in vitro. Mice were treated with 10 mg/kg chalepensin for 7 days and the control group received the same amount of corn oil. Liver microsomal proteins (30 lg) of control and chalepensin-treated mice (in vivo inactivation) were subjected to the ATP-fortified cytosolic degradation system containing 90 lg mouse liver cytosols, 0.6 mM ATP, 1.2 mM MgCl2 in 50 mM Tris–HCl buffer, pH7.4 (Feierman et al. 2002), and the respective control incubation without cytosols for each sample was performed. The degradation was carried out in a capped vial at 37 _C for 18 h. Microsomes of control mice were pre-incubated with 50 lM chalepensin for 20 min to ensure a complete inactivation of Cyp2a (based on the results of concentration-dependent inhibition and P450 loss studies). Microsomal proteins (120 lg) were pre-incubated with 50 lM chalepensin in the absence and presence of a NADPH-generating system at 37 _C for 20 min as described before (Ueng et al. 2011). Aliquots of the reaction mixtures were subjected to the cytosolic degradation system as described above. After 18 h, a sample loading buffer containing 0.2 M Tris–HCl, pH 6.8, 6.25 % SDS, 15.6 % b-mercaptoethanol, 0.006 % bromophenol blue, and 31 % glycerol was added to the degradation mixture and then heated in boiling water for 5 min. Equal volumes of solubilized samples (20 lg microsomal protein) were resolved by electrophoresis, and the remaining Cyp2a4/5 protein level was determined by immunoblotting as described above. The protein loaded onto gels was within the linear range (Ueng et al. 2011). The ratio of remaining protein level to that of respective control sample without cytosolic degradation was determined. 

Cell culture and cell viability determination
HepG2 cells were purchased from the Food Industry Research and Development Institute (FIRDI, Taiwan, ROC) and maintained in minimum essential medium (MEM) supplemented with 10 % fetal bovine serum without antibiotics under 5 % CO2 at 37 _C. Cytotoxicity was monitored by cellular acid phosphatase activity using p-nitrophenyl phosphate (disodium salt) as a substrate (Lim et al. 2009). Plasmid constructs and reporter assays The mouse CAR (mCAR)-expressing plasmids pCMXmCAR and Cyp2b10 reporter gene pGL3-CYP2B10 were generated as described previously (Xie et al. 2000). Plasmids were transfected into cells using the PolyJETTM reagent (SignaGen Laboratories, Rockville, MD, USA) following the manufacturer’s instructions. After incubation for 5–6 h, cells were exposed to chemicals, TCOPOBOP (250 nM), androstanol (10 lM), or chalepensin (2–50 lM) for 24 h. Vehicle-treated control cells were exposed to the same concentration of dimethylsulfoxide (DMSO). After the treatments, cells were lysed in situ using Cell Culture Lysis Reagent (Promega Co., Madison, WI, USA) and b-galactosidase activity was determined. The luciferase activities of the cell lysates were determined using a Luciferase Assay System (Promega Co.), and the luminescent signal was measured using a luminescence multimode microplate reader (Synergy HT, BioTek Instruments Inc., Vermont, USA). The luciferase activity was normalized to the corresponding b-galactosidase activity.

Data analyses
Statistical significance of the differences between control and treated groups was evaluated by the Student’s t-test. The difference between more than two sets of data in the dose–response and cell viability studies of mice/cells treated with various doses/concentrations of chalepensin was analyzed by one-way analysis of variance (ANOVA) followed by Dunnett’s test for multiple comparisons (SigmaStat version 2.03, SPSS Inc., Chicago, IL, USA). A p value\0.05 was considered statistically significant.

Results
Inhibition of Cyp2a and induction of Cyp2b by treatment with various doses of chalepensin for different time periods
According to the chalepensin content, human dose of rue, and body surface area ratio of mice to human, the human equivalent dose in mice was approximately 6–11 mg/kg as described previously (Ueng et al. 2011). Thus, B6 mice were orally treated with 5, 10, and 15 mg/kg/day for 7 days to assess the dose-dependent effect. Treatment of mice with 5 mg/kg chalepensin did not affect liver microsomal PROD and COH activities (Fig. 1a). Treatments with 10 and 15 mg/kg chalepensin reduced COH activity by 16 and 31 %, respectively. However, treatments with 10 and 15 mg/kg chalepensin elevated PROD activity by 132 and 113 %, respectively. In the time-course study, oral treatment of mice with chalepensin at a daily dose of 10 mg/kg for 3 days had little effect on liver microsomal COH activity (Fig. 1b). Extension of the treatment period to 7 days resulted in an 18 % decrease in COH activity. Consecutive treatment with 10 mg/kg chalepensin increased PROD activities by 78 and 141 % after 3 and 7 days, respectively. Due to the concurrent COH inhibition and PROD induction, mice were treated with 10 mg/kg chalepensin for 7 days in the following studies. 

Effects of chalepensin on the monooxygenase component contents and activities
After a 1-week treatment with 10 mg/kg chalepensin, the total and unbound chalepensin concentrations in mouse plasma were 2.84 ± 0.21 and 1.12 ± 0.35 lM (mean ± SEM of 5 mice), respectively. The unbound fraction in plasma was 39 % of total plasma concentration. Serum AST and ALT activities were not significantly increased by chalepensin treatment. Control group (10 mice) had serum AST and ALT activities (mean ± SE) of 88 ± 16 and 26 ± 7 U/l, respectively. Chalepensin-treated group (9 mice) had serum AST and ALT activities (mean ± SE) of 106 ± 25 U/l and 28 ± 6 U/l, respectively. Hematoxylin–eosin staining of liver sections revealed that the cytoplasma of hepatocytes was normally eosinophilic and finely granular (data not shown). There was no brown-colored porphyrin pigmentation. The infiltration of inflammatory cells was sporadically distributed in the parenchyma of liver sections. Minimal infiltration (\1 % tissue area, score 1) of inflammatory cells appeared in 3 of 10 (30 %) control mice and 4 of 7 (57 %) chalepensin-treated mice.
Chalepensin treatment increased liver microsomal P450 and cytochrome b5 contents by 26 and 14 %, respectively (Table 1). This treatment did not affect the cytochrome c reduction activity of CPR. Microsomal COH activity was decreased by 16 %, and PROD activity was increased by 107 % (Table 2). However, microsomal EROD, MROD, tolbutamide hydroxylation, nitrosodimethylamine N-demethylation, and nifedipine oxidation activities were not affected under this treatment regimen. This treatment did not affect liver cytosolic glutathione S-transferase activity. Control and chalepensin-treated groups had glutathione S-transferase activities of 3.19 ± 0.19 lmol/min/mg protein and 3.22 ± 0.15 lmol/min/mg protein, respectively.

Effects of chalepensin on the protein and mRNA expression levels of mouse Cyp2a4/5 and Cyp2b9/10
According to the electrophoretic mobility observed using immunoblotting, the immunoreacted protein bands were identified (Ueng et al. 2009). Immunoblot analysis showed that chalepensin treatment at 10 mg/kg for 7 days significantly increased the Cyp2a5 protein level by 44 % (Fig. 2). However, the level of Cyp2a4 was not significantly affected. Immunoblot analysis using anti-rat CYP2B1 showed that chalepensin increased the protein levels of Cyp2b9 and Cyp2b10 by 31 and 30 %, respectively (Fig. 2). A minor immunoreactive protein band visible under the Cyp2b9 band did not appear in our previous study using an antibody purchased from Daichi Pure Chemical Co. (Ueng et al. 2009). The identity of this minor immunoreactive protein band was not revealed and this protein was not significantly affected by the treatment. Chalepensin treatment did not alter the expression level of CPR protein. Hepatic RNA samples were first subjected to semiquantitative RT-PCR analysis. Results of electrophoretic analyses of the PCR products showed that there was no significant change in Cyp2a5 mRNA level after chalepensin treatment, whereas chalepensin increased the mRNA levels of Cyp2b9 and Cyp2b10 by 58 and 100 %, respectively (Fig. 3a). To further confirm the alterations of Cyp2a5 and Cyp2b9/10 mRNA levels, quantitative real-time PCR analyses of the cDNA samples were performed. Consistent with the results of semi-quantitative RT-PCR, chalepensin treatment did not alter the mRNA level of Cyp2a5. However, chalepensin increased Cyp2b9 and Cyp2b10 mRNA levels by 48 and 144 %, respectively (Fig. 3b).

Chalepensin-mediated inactivation reduced the susceptibility of mouse Cyp2a4/5 to protein degradation
Microsomes were prepared from control and chalepensin treated mice to show the effect of chalepensin-mediated in vivo inactivation of Cyp2a4/5 on protein degradation. Microsomes prepared from control mice lost 70 % of the immunodetected Cyp2a5 protein level after 18-h incubation with the cytosolic degradation system, whereas microsomes from chalepensin-treated mice lost only 45 % after the same degradation reaction (Fig. 4a). However, the percent of degradation in Cyp2a4 showed no significant difference between microsomes from control and chalepensin-treated mice. In the in vitro inactivation experiments (Fig. 4b), control mouse liver microsomes were incubated with chalepensin in the absence or presence of a NADPH-generating system. After 20-min inactivation incubation, aliquot of the reaction mixture was subjected to the ATP-fortified cytosolic degradation reaction for 18 h. Pre-incubation of microsomes with chalepensin in the absence of NADPH, the cytosolic degradation caused 47 and 65 % losses of microsomal Cyp2a5 and Cyp2a4, respectively. The degradation of Cyp2a5 was significantly decreased by pre-incubation of microsomes with chalepensin alone. With NADPH-fortified pre-incubation of microsomes with chalepensin, the cytosolic degradation caused only 21 and 22 % losses of microsomal Cyp2a5 and Cyp2a4, respectively.

Chalepensin activates mCAR
To determine the molecular mechanism by which chalepensin induced Cyp2b, we went on to evaluate whether chalepensin can activate mCAR, a xenobiotic nuclear receptor that primarily regulates the expression of Cyp2b. In this experiment, HepG2 cells were transiently transfected with mCAR, together with their respective luciferase reporter genes as indicated (Fig. 5). Total and unbound plasma concentrations of chalepensin were 2.8 and 1.1 lM in mice treated with 10 mg/kg chalepensin for 7 days, respectively. In HepG2 cells, 24-h exposure to 1–100 lM isopimpinellin was reported to activate CAR (Kleiner et al. 2008). Thus, cells were exposed to 2–50 lM chalepensin. Exposure of HepG2 cells to 2 and 10 lM chalepensin did not induce cytotoxicity, whereas chalepensin at 20 and 50 lM significantly decreased cellular acid phosphatase activity by 17 and 34 %, respectively, suggestive of a mild to moderate toxicity (Fig. 5a). TCPOBOP and androstanol are known agonist and inverse agonist of mCAR, respectively. In mCAR-transfected HepG2 cells, treatment with the agonist TCPOBOP caused a 421 % increase in the pGL-CYP2B10 reporter activity, whereas the inverse agonist androstanol suppressed this reporter activity by 38 % (Fig. 5b). Exposure of cells to 2–50 lM chalepensin resulted in 100–179 % increases in activity of this reporter system.

Discussion
Structurally diverse furanocoumarins exhibit differential modulatory effects on individual P450 enzymes (Kleiner et al. 2008; Koenigs and Trager 1998). Angular furanocoumarin angelicin did not affect Cyp1a2 activity. However, the linear furanocoumarins, imperatorin, and isopimpinellin at 35–150 mg/kg seem to show Cyp1a2 induction capability in mice after treatment for 3 consecutive days (Kleiner et al. 2008). Biphasic modulation has been reported in the time-course study of effect of 8-MOP (Gwang 1996). A single intraperitoneal injection of 25 mg/kg 8-MOP caused a biphasic response with an initial activity inhibition (2–4-h treatments) followed by the significant induction of CYP1A (after 24 h) in rats (Guengerich 2001; Gwang 1996). The initial inhibition might be due to the direct interaction with P450 hemoproteins, which were inhibited in vitro. In Taiwan, Japan, and some other Asian area, patients have been notified of avoiding taking herbal medicines concurrently or within 1-h interval when taking drugs. Thus, a 3- and 7-day chalepensin treatment regimen was designed in the present study to monitor the influence of natural product. Chalepensin has a linear furanocoumarin core structure. However, our findings revealed that 10 mg/kg chalepensin treatment did not significantly affect mouse hepatic Cyp1a activity. This dose was relatively lower than previous reports. The CYP1A induction may require a higher dose or the structural criteria more than the linear core structure.
Consistent with the inhibition of human CYP2A6 by 8-MOP in vitro (Koenigs and Trager 1998), plasma Cmax and urine concentrations of a coumarin metabolite, 7-hydroxycoumarin was reduced by 24–71 % in participants taking a single oral dose of 30–60 mg/kg 8-MOP in a randomized crossover study (Kharasch et al. 2000). The decrease in the plasma Cmax of 7-hydroxycoumarin had a linear relationship with the plasma Cmax of 8-MOP. Treatment of mice with 8-MOP for 3 days decreased lung hyperplasia and adenoma induced by a CYP2A substrate 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), whereas the mRNA levels of Cyp2a4 and Cyp2a5 remained unchanged in the livers and lungs (Takeuchi et al. 2006). Our current in vivo together with previous in vitro results demonstrated that chalepensin inactivated mouse Cyp2a (Ueng et al. 2011). Under the treatment at a human equivalent dose, the unbound plasma chalepensin concentration in mice was 10 times higher than the IC50 value for the mechanism-based inhibition of microsomal COH activity (Ueng et al. 2011), in agreement with the fact of in vivo inhibition. Previous in vitro study revealed that glutathione conjugation could remove the epoxide intermediate and prevent the inactivation (Ueng et al. 2011). Oral administration of chalepensin to mice did not elevate hepatic glutathione S-transferase activity to prevent this inactivation. The decrease in Cyp2a activity was accompanied by an elevation of the immunodetected Cyp2a5 protein level, whereas Cyp2a5 mRNA level remained unchanged. This result may be attributed to the posttranslational stabilization or a decreased degradation rate of CYP2A. Both decrease and increase in the protein degradation process have been reported in P450 structurally inactivated by chemicals (mostly by mechanism-based inhibitors). For example, troleandomycin and 3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine (DDEP)-mediated inactivation have been demonstrated to decrease and increase the degradation of CYP3A4, respectively (Correia et al. 2005; Faouzi et al. 2007). Although bergamottins caused a loss of CYP3A4 protein and this loss was proposed to be due to the mechanismbased inactivation (Paine et al. 2005), the changes in protein stability of CYP2A inactivated by furanocoumarins have not been reported. Our results of degradation determination revealed that microsomal Cyp2a5 of chalepensintreated mice was less susceptible to the ATP-dependent cytosolic degradation. Consistent with this degradation protection by chalepensin in vivo, the NADPH-fortified pre-incubation of control mouse liver microsomes with chalepensin in vitro protected microsomal Cyp2a5 against protein degradation. Without NADPH, pre-incubation with chalepensin alone also showed protection of Cyp2a5 against the degradation, probably due to the stabilization through substrate binding (Zangar et al. 2002). For Cyp2a4 degradation, the protection by chalepensin occurred only in the in vitro inactivation system not in mice in vivo, probably due to the relatively high concentration of chalepensin in the in vitro system. The actual cause for this protection needs further investigation, such as the determination of chalepensin oxidation by Cyp2a4. This is the first report showing the decreased susceptibility of furanocoumarininactivated CYP2A to protein degradation.
Contrary to the inactivation of Cyp2a, administration of chalepensin to mice elevated Cyp2b activity without affecting Cyp3a activity. Faucette et al. (2006) reported that a selective human CAR (hCAR) activator, CITCO, showed a marked preference for CYP2B6 over CYP3A4 induction in human hepatoma HepG2 cells. In contrast, rifampicin caused a nonselective induction of both CYP2B6 and CYP3A4 through human pregnane X receptor (hPXR) activation. This report suggested the differential preference in CYP2B6 and CYP3A4 induction through the activation of CAR and PXR. Furanocoumarins caused differential induction profiles of CYP2B and CYP3A in experimental animals and cultured cells. 8-MOP and isopimpinellin (5,8-dimethoxypsoralen) are the methoxylated psoralens. 8-MOP has been identified to be an inducer of CYP2B in rats and induced PXR-mediated promoter activation of CYP3A4 in human hepatoma Huh7 cells (Gwang 1996; Yang and Yan 2007). Oral administration of the isopimpinellin to B6 mice induced Cyp2b10 and Cyp3a11 through the activation of CAR and PXR (Kleiner et al. 2008). However, the prenyloxycoumarin, imperatorin, increased Cyp2b activity at a dose lower than that for Cyp3a induction. Our results demonstrated that chalepensin treatment induced Cyp2b9/10 mRNA, protein levels, and activity at a daily dose as low as 10 mg/kg. In contrast, Cyp3a was not induced at the doses up to 15 mg/kg (data not shown). The induction of Cyp2b10 was consistent with the stimulation of mouse Cyp2b10 promoter activity through mCAR activation in cultured hepatocytes. Since CYP2B and CYP3A inductions show structural selectivity and species difference (Vignati et al. 2004; Wang and Tompkins 2008), it is important to determine the effects of chalepensin on the activation of hCAR and hPXR. Another human-receptor study of ours revealed that chalepensin preferentially activated hCAR but not hPXR (unpublished results). Chalepensin carries a bulky alkenyl side chain at C3. The contribution of spatial hindrance to the CAR selectivity needs further investigation of alkenyl furanocoumarin derivatives.
Both acute and extended (repeated dose) exposure to mechanism-based inhibitors have been reported to cause pharmacokinetic drug interaction (Hollenberg et al. 2008). Although CYP2A6 and CYP2B6 constituted approximately 1–10 % of the total P450 contents in human liver tissue, several important drugs, such as halothane, tegafur, and valproic acid, are known substrates of CYP2A6 (Di et al. 2009), and drugs including cyclophosphamide, ketamine, and propofol are mainly metabolized by CYP2B6 (Wang and Tompkins 2008). The increasing attention has been paid to CYP2B6 due to its broad substrate specificity and inducibility. On the other hand, CYP2A6 and CYP2B6 are also involved in the oxidation of a series of important physiologically occurring compounds including progesterone and testosterone (Wang and Tompkins 2008; Di et al. 2009). Chalepensin inactivated Cyp2a in mice in a dosedependent manner. Mechanism-based inhibitor of P450 has been suggested to exist as a potential hapten factor of immune response-mediated idiosyncratic hypersensitivity or hepatitis (Masubuchi and Horie 2007). Up to date, the hypersensitivity induced by herbal medicines is still unclear. However, an optimal animal model is still not available for the drug-induced autoimmune toxicity. In humans, this toxicity may require multiple risk factors and the response shows individual variations (Masubuchi and Horie 2007). Further epidemiological study of herbal medicine-induced hypersensitivity may be helpful. In comparison with the potent CYP2B inducers (Wang and Tompkins 2008), the induction of mouse Cyp2b and the CAR activation by chalepensin under the possible exposure concentration was moderate. Thus, their clinical impacts on the herb–drug interactions and physiological function require further evaluation.

Conclusions
Our findings demonstrate the dual function of chalepensin in inhibiting CYP2A and inducing CYP2B in vivo (Fig. 6). This study provides the first evidence of that the catalytically inactive Cyp2a5 was stabilized in chalepensin-treated mice in vivo. Chalepensin also suppressed the degradation of Cyp2a when microsomes were pre-incubated with it in vitro. On the other hand, chalepensin activated CAR, which accounted for the transcriptional induction of Cyp2b. The chemical feature of it may provide a structural manipulation design of coumarins for the selective CAR activator.
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The abbreviations used are:
ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, the mean area under the plasma concentration-time curve; Bis, N,N’-methylene-bis-acrylamide; CAR, constitutive androstane receptor; CITCO, 6-(4-Chlorophenyl) imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime; COH, coumarin 7-hydroxylation; CPR, NADPH-cytochrome P450 reductase; DMSO, dimethylsulfoxide; EROD, 7-ethoxyresorufin O-deethylation; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IP, immunoprecipitation; 8-MOP, 8-methoxypsoralen; MROD, 7-methoxyresorufin O-demethylation; NEM, N-ethylmaleimide; P450, cytochrome P450; PCR, polymerase chain reaction; PMSF, phenylmethylsulfonyl fluoride; PROD, 7-pentoxyresorufin O-dealkylation; PXR, pregnane X receptor; RT, reverse transcription; SDS, sodium dodecyl sulfate; Ub, ubiquitin; UPD, Ub-dependent proteasomal degradation. 

