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ABSTRACT 
Licorice (root of Glycyrrhiza uralensis FISCH) is an ingredient of candies and used as a popular medicine in Europe and oriental countries. Cyclosporine (CsA), an immunosuppressant with narrow therapeutic window, is widely used in transplant patients. The absorption and disposition of CsA were associated with P-glycoprotein (P-gp) and cytochrome P450 3A4 (CYP3A4). This study investigated the effects of licorice extract (LE) and glycyrrhizin (GZ) on CsA pharmacokinetics in rats. The results indicated that LE and GZ significantly decreased the peak blood concentration and the areas under the curves of CsA in rats. Mechanism studies revealed that glycyrrhetic acid (GA), the major metabolite of GZ, significantly activated the functions of P-gp and CYP3A4. In conclusion, licorice significantly reduced the oral bioavailability of CsA through activating P-gp and CYP3A4.
1.
Introduction
Licorice, the root of Glycyrrhiza uralensis FISCH, is widely used as sweetening and foaming agents in candies, foods and beverages. The major constituent of licorice – glycyrrhizin (GZ, chemical structure shown in Fig. 1) is 50 times sweeter than sucrose and also widely used in foods. The use of licorice extract (LE) and GZ as food additives was approved by the U.S. Food and Drug Administration (21, CFR 184.1408). Besides, the products containing licorice, LE or GZ are suggested to be labeled by the Senate Commission on Food Safety (SKLM) in Germany (Eisenbrand, 2006). Licorice has been shown to exert numerous beneficial effects, such as anti-inflammation (Cho et al., 2010), hypocholesterolaemic and antioxidant effects (Cheel et al., 2010; Visavadiya & Narasimhacharya, 2006). In addition, GZ has been recognized to be responsible for the bioactivities of anti-inflammation (Yuan, Ji, Wu, Jiao, Sun & Feng, 2006), anti-virus (Harada, 2005) and hepatitis improvement (Orlent et al., 2006; Sato et al., 1996). Nowadays, LE products are purchasable in the markets as dietary supplement. However, on the other hand, licorice and GZ had been reported to inhibit the functions of P-gp (Huang et al., 2008; Yoshida, Koizumi, Adachi & Kawakami, 2006) and CYP-dependent monooxygenase (Paolini, Pozzetti, Sapone & Cantelli-Forti, 1998) by in vitro studies.
A pharmacokinetic study of GZ in humans had already discovered that GZ was hydrolyzed by the intestinal bacteria and then absorbed into blood only in the form of glycyrrhetic acid (GA, chemical structure shown in Fig. 1), the aglycone of GZ (Ploeger, Mensinga, Sips, Meulenbelt & DeJongh, 2000). Consistently, our pharmacokinetic study in rats had found that GA was exclusively present in the bloodstream after administration of either LE or GZ (Lin, Tsai, Hou & Chao, 2009). An in vitro study had reported that GA, the major metabolite of GZ, inhibited the function of P-gp like LE and GZ did (Yoshida et al, 2006).
Cyclosporine (CsA), an important immunosuppressant with narrow therapeutic window, is widely used in transplant patients, and also in the treatments of rheumatoid arthritis and psoriasis (Berth-Jones, 2005; Kitahara & Kawai, 2007; Taylor, Watson & Bradley, 2005). Clinically, supratherapeutic CsA blood level would cause adverse effects including nephrotoxicity, hepatotoxicity and neurotoxicity. Conversely, subtherapeutic blood level would cause graft rejection in transplant patients (Burke et al., 1994). Therefore, any factor significantly affecting the absorption or disposition of CsA is of clinical importance. CsA is known as a substrate of P-glycoprotein (P-gp, MDR1), a multi-drug efflux transporter, and metabolized by cytochrome P450 3A4 (CYP3A4) (Kronbach, Fischer & Meyer, 1988; Saeki, Ueda, Tanigawara, Hori & Komano, 1993), indicating that any modulator of P-gp or CYP3A4 may alter the pharmacokinetics and pharmacodynamics of CsA.
CsA is an important medicine prescribed to transplant patients for long-term therapy. Licorice and GZ, which are ingredients in herbal medicine, dietary supplement and candies, are likely to be ingested by patients treated with CsA. Based on the aforementioned modulations on P-gp and CYP3A4, LE and GZ were suspected to affect the blood levels of CsA. This study aimed to investigate the effects of coadministrations of LE or GZ on CsA pharmacokinetics in rats. Furthermore, in order to explore the interaction mechanism, LS 180 cell line and recombinant CYP3A4 isozyme were used to measure the effects on the functions of P-gp and CYP3A4, respectively.
2.
Materials and methods

2.1. Animals
Male Sprague-Dawley rats (350 – 450 g) were purchased from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan) and housed in conditioned environment with 12 h light/dark cycles. Food and water were acquired ad libitum until 12 h prior to experiment. Before experiment, the food was removed and rats were fasted overnight. Food was offered 3 h after drug administration. All animal experiments adhered to ‘‘The Guidebook for the Care and Use of Laboratory Animals’’ published by the Chinese Society of Animal Science, Taiwan, R.O.C. and the experimental protocol had been reviewed and approved by the Institutional Animal Care and Use Committee of China Medical University, Taiwan.
2.2. Chemicals
Cyclosporine was kindly gifted by Novartis (Taiwan) Co. Ltd.. GZ, propyl paraben, Triton X-100, DMSO, rhodamine 123, verapamil, SDS and MTT (3-(4’,5’-dimethylthiazol-2’-yl)-2,5- diphenyltetrazolium bromide) were obtained from Sigma (St. Louis, MO, U.S.A.). GA and 2-methylanthraquinone were obtained from Aldrich (Milwaukee, WI, U.S.A.). DMEM, trypsin/EDTA, nonessential amino acid, Hank's Buffered Salt Solution (HBSS), and 4-(2-hydroxyethyl)-1- piperazineethanesulfonic acid (HEPES) were purchased from Invitrogen (Grand Island, NY, U.S.A.). Methyl alcohol was purchased from Mallinckrodt Baker, Inc. (Phillipsburg, NJ, U.S.A.). Hydrochloric acid was obtained from Wako (Osaka, Japan). Milli-Q plus water (Millipore, Bedford, MA, U.S.A.) was used for all processes.
2.3. Liquid chromatography
HPLC was composed of a pump (LC-6AD, Shimadzu, Japan), an UV spectrophotometric detector (SPD-6A, Shimadzu, Japan), a chromatopac (C-R6A, Shimadzu, Japan), and an autosampler (Series 200, Perkin Elmer, U.S.A.). RP-18e column (LiChrospher, 250×4.0 mm) was employed with a pre-filter (Isolation Technologies, U.S.A.).
2.4. Preparation of LE
Licorice was obtained from a Chinese drugstore in Taichung, Taiwan. The origin was identified as the roots of Glycyrrhiza uralensis FISCH by the corresponding author. In preparing extract, 60 g of licorice was macerated with 2.4 L of distilled water for 30 min and then heated to boiling. Mild boiling was maintained until the volume was below 100 mL. After removing the residue by a filter paper, the filtrate was make to 100 mL and stored at -20℃.
2.5. Determination of GZ in LE
The quantitation method was as described previously (Lin et al, 2009). Briefly, 300 (L of LE and 700 (L of methanol were added into a microtube and centrifuged at 10,000 × g for 15 min. After diluted the supernatant (200 (L) with 1.0 mL of methanol, 1.2 mL of methanol (containing 100 (g/mL of propylparaben as internal standard) was added. Twenty microliter of the mixture was subject for HPLC analysis. The mobile phase was composed of 30 % of acetonitrile and 70 % of acetic acid (1 %, v/v), and run isocratically. The flow rate was 1.0 mL/min and detected at 248 nm.
2.6. Drug administration and blood collection
Control rats (n = 6) were orally given CsA (2.5 mg/kg) with water (12.0 mL/kg). Two treatment groups of rats (n = 6 in each group) received oral CsA (2.5 mg/kg) with GZ (150 mg/12.0 mL/kg), and LE (12.0 mL/kg containing 150 mg/kg of GZ), respectively. In addition, in order to reach steady state of blood level, another group of rats (n = 5) were pretreated with seven doses of LE (12 mL/kg containing 150 mg/kg of GZ) twice daily before CsA dosing. The four treatments were performed in parallel design and drugs were administered with gastric gavage. Blood samples (0.4 mL) were withdrawn at 20, 40, 60, 180, 300 and 540 min after CsA dosing via cardiac puncture and collected in a tube containing EDTA (BD, Franklin Lakes, NJ, U.S.A.). The specimens were stored at 4℃and assayed within 24 h.
2.7. Determination of blood CsA concentration
The CsA concentrations in blood were measured by a fluorescence polarization immunoassay (TDx® kits, Abbott, Abbott Park, IL, USA). All the process, calibration curve and validation were performed according the standard protocols suggested by the manufacturer. Briefly, 150 (L of blood sample was mixed with 300 (L of precipitation reagent (containing methanolic zinc sulfate solution and ethylene glycol) and 50 (L of solubilization reagent in a microtube. After vortex and centrifuged at 10,000 × g, the supernatant was assayed by a fluorescence polarization method. The calibration range was 0.0 - 1500.0 ng/mL.
2.8. Cell line
LS 180, the human colon adenocarcinoma cell line, was obtained from the Food Industry Research and Development Institute (Hsinchu, Taiwan) and used at passages 50 to 58. Cells were maintained in DMEM supplemented with 10 % fetal bovine serum (Biological Industries Ltd., Kibbutz Beit Haemek, Israel), 0.1 mM nonessential amino acid, 100 units/mL of penicillin, 100 μg/mL of streptomycin, and 292 μg/mL of glutamine. Cells were grown at 37℃ in a humidified incubator containing 5 % carbon dioxide. The medium was changed every two days and cells were subcultured when 80 % to 90 % confluency was reached. To subculture the cells, the medium was removed and washed with PBS, then the cells were trypsinized by adding trypsin/EDTA and incubated at 37℃ for 5 min. Then the medium was added to stop trypsinization and pipetted with tips to facilitate the cells released from the plate. Then the cells were centrifuged and seeded to a new plate at appropriate density.
2.9. Cell viability assay
The viability of LS 180 cells in the presence of GZ (100 μM in medium), GA (50 μM in medium containing 0.5 % DMSO), LE (750 μg/mL of licorice in medium), verapamil (positive control, 100 μM in medium containing 0.5 % DMSO) and DMSO (0.5 % in medium) was evaluated by MTT assay (Mosmann, 1983). Briefly, the cells (4 ( 104) were seeded into a 96-well plate. After 12-h incubation, 200 μL of tested agents were added into the wells and incubated for 72 h. Following incubation, 100 μL of medium was removed, and 10 μL of MTT (5 mg/mL) was added into the wells and incubated for another 4 h. The MTT was reduced to formazan crystal in the cells. Hydrochloric acid - sodium dodecyl sulfate solution (SDS 10 %, 55 μL,) was added to dissolve the purple crystal and the optical density was detected by a microplate reader (BioTex, Highland Park Winooski, VT, U.S.A.) at 570 nm.
2.10. Transport assay
The transport assay followed Jia’s method with little modification (Jia & Wasan, 2008). LS 180 cells (1 ( 105) were cultured in 96-well plate. After overnight incubation, the culture medium was removed and washed three times with ice-cold PBS buffer. Rhodamine 123, a typical substrate of P-gp, in HEPES－HBSS (10 μM, 100 μL) was added into each well and incubated at 37℃. After 1-h incubation, the supernatants were removed and washed three times with ice-cold PBS. Then, LE, GZ, GA, verapamil and DMSO in HEPES－HBSS were added to correspondent wells (n = 3) and incubated at 37℃. After 4-h incubation, the medium was removed and the cells were washed three times with ice-cold PBS. Subsequently, 100 μL of 0.1 % Triton X-100 was added to lyse the cells and the fluorescence was measured with excitation at 485 nm and emission at 528 nm. To quantitate the content of protein in each well, 10 μL of cell lysate was added to 200 μL of diluted protein assay reagent (Bio-Rad, Hercules, CA, U.S.A.) and the optical density was measured at 570 nm. The relative intracellular accumulation of rhodamine 123 was calculated by comparing with that of control.
2.11. Effects of GZ and GA on CYP3A4 activity
The influence of GZ and GA on the activity of CYP3A4 was assayed using Vivid® CYP450 screening kits (Invitrogen, Carlsbad, CA, U.S.A.). All the process was performed according the standard protocols suggested in the kit with little modification. Briefly, after incubated GZ (100, 50 and 25 μM) and GA (25, 12.5 and 6.25 μM) with CYP450 recombinant BACULOSOMES®, glucose-6-phosphate and glucose-6-phosphate dehydrogenase in 96-well black plate at room temperature for 20 min, a specific CYP3A4 substrate (Vivid® BOMR) and NADP+ were added at room temperature for another 30 min. At the end of incubation, ketoconazole was added to stop the reaction and the fluorescence was measured with excitation at 530 nm and emission at 590 nm.
2.12. Calculation of pharmacokinetic parameters and data analysis
The peak blood concentration (Cmax) was estimated by experimental observation. The area under the curve from time zero to last (AUC0-t) was calculated by noncompartment model of WinNonlin (version 1.1 SCI software, Statistical Consulting, Inc., Apex, NC, U.S.A.). The half-lives were calculated from elimination constants, which were the slopes obtained through linear regression of the terminal portion of log concentrations - time curve. Statistical analysis was performed with SPSS version 12.0 (SPSS Inc., Chicago, IL, U.S.A.). One-way analysis of variance (ANOVA) with Scheffe test (for equal variance) or Tamhane’s T2 test (for non-equal variance), and unpaired Student’s t- test were used for statistical comparisons of in vivo and in vitro studies, respectively. 
3.
Results
3.1. Pharmacokinetic interaction study in rats
The LE used in this study was characterized by HPLC, and the concentration of GZ in LE was determined being 12.5 mg/mL. Following oral administration, CsA was absorbed rapidly in rats. The mean semi-log blood concentration - time profiles of CsA after various treatments are shown in Fig. 2. The pharmacokinetic parameters are listed in Table 1. When CsA was coadministered with single dose of GZ (150 mg/kg), the Cmax and AUC0-t of CsA were significantly decreased by 49.0 % and 45.6 %, respectively. In another group of rats, coadministration with single dose of LE (containing 150 mg/kg of GZ) significantly decreased the Cmax and AUC0-t of CsA by 81.3 % and 78.2 %, respectively. In the last group, pretreatment with seven doses of LE (containing 150 mg/kg of GZ) significantly decreased the Cmax and AUC0-t of CsA by 91.4 % and 89.9 %, respectively. In addition, the elimination half-life of CsA after pretreated with seven doses of LE was significantly prolonged by 80.9 %.
3.2. Effects of GZ, GA and LE on P-gp activity
To explore the possible involvement of P-gp in the pharmacokinetic interaction, LS 180 was used for transport study. MTT assay showed that incubation of GZ (100 μM), GA (50 μM) and LE (containing licorice 750 μg/mL) with LS 180 for 72 h exerted no significant influence on cell viability. In transport assay, the accumulation of rhodamine 123 in LS 180 cells measured after 4-h incubation with tested agents are shown in Fig. 3. The positive control verapamil at 100 μM significantly increased the intracellular rhodamine 123 by 44.6 %, whereas the solvent DMSO at 0.5 % (v/v) exerted no significant effect. GZ at 100 μM significantly decreased the intracellular rhodamine 123 by 23.1 %, but no significant effects at 50 and 25 μM. GA at 50 and 25 μM significantly decreased the intracellular rhodamine 123 by 79.0 % and 49.1 %, respectively, but no significant effects at 12.5 μM. Licorice at the range of 190-750 μg/mL (containing 4.9-19.0 μM of GZ) significantly reduced the intracellular rhodamine 123 in comparable extent by around 40 %.
3.3. Effects of GZ and GA on CYP3A4 activity
The effects of GZ and GA on CYP3A4 activity are shown in Fig. 4. The positive control ketoconazole at 10 μM significantly decreased CYP3A4 activity by 82.1 %. Conversely, GZ at 100 μM significantly increased CYP3A4 activity by 25.5 %, but no influence at 50 and 25 μM. GA at 25 μM significantly increased CYP3A4 activity by 30.2 %, but no influence at 12.5 μM and 6.25 μM.
4.
Discussions
Our results revealing that single-dose coadministration of LE containg 150 mg/kg of GZ significantly decreased the peak blood concentration and the systemic exposure of CsA indicated that LE significantly reduced the oral bioavailability of CsA. Consistently, single-dose coadministration of pure compound GZ at 150 mg/kg had also significantly decreased the oral bioavailability of CsA, which implied that GZ was probably one of the causative constituents in LE responsible for this herb-drug interaction. The elimination rate of CsA was found not altered by coadministrations with single-dose LE or GZ based on the largely parallel decline of the upper three blood profiles in Fig. 2. The calculated terminal half - life of CsA showed no significant difference among these three treatments. Accordingly, we can thus infer that the decreases of CsA bioavailability caused by single-dose coadministrations of LE or GZ should occur at the absorption site rather than the elimination phase. Through comparing the extents of influence caused by GZ and LE which contained equal amount of GZ, we can find that LE decreased the systemic exposure of CsA in a greater extent than GZ did, although statistical significance not reached. This fact may be ascribed to other ingredients in LE, which also contribute to the inhibition of CsA absorption.
When rats were pretreated with LE for seven doses, the dramatic decrease of CsA bioavailability by 89.9 % revealed a greater influence than that resulted from single dose of LE, although statistical significance was not reached. The prolonged half-life of CsA resulted from seven-dose pretreatment of LE implied that the elimination of CsA was hampered at the steady state in terms of LE pharmacokinetics. Clarification of the underlying mechanism for this specific interaction was not attempted in this study.
Clinically, combined use of CsA with St. John’s wort, an herb widely used for anti-depression, has been linked to subtherapeutic blood CsA level, which led to acute rejections of heart, kidney, pancreas and liver in transplant patients (Barone, Gurley, Ketel, Lightfoot & Abul-Ezz, 2000; Karliova, Treichel, Malago, Frilling, Gerken & Broelsch, 2000; Ruschitzka, Meier, Turina, Luscher & Noll, 2000). Because licorice and GZ are widely used over the whole world, their interactions with CsA would pose a non-negligible hidden risk of allograft rejection for transplant patients. In recent year, many cases of serious adverse effects have been reported clinically due to consumption of licorice products in western countries (Gerritsen, Meulenbelt, Spiering, Kema, Demir & van Driel, 2009; Johns, 2009). These clinical events lead us to hypothesize that commercial licorice products are likely to result in subtherapeutic level of CsA for transplant patients.
Pharmacokinetic studies of GZ in humans and rats both confirmed that GZ was hydrolyzed by intestinal bacteria and absorbed only in the form of GA (Lin et al, 2009; Ploeger et al, 2000). Based on the known association of CsA absorption with P-gp in intestine (Saeki et al, 1993), LE and GZ as well as GA were evaluated for the modulation on P-gp by using LS 180 cell line in this study. The transport assay of rhodamine 123, a typical substrate of P-gp, showed that GZ, GA and LE all significantly increased the efflux of P-gp, in which GA exhibited stronger activation effect than LE and GZ as shown in Fig. 3. Given the in vivo study showing the decreased absorption of CsA by LE and GZ, we thus infer that GA, the major metabolite of GZ, is the major causative agent to activate P-gp, which resulted in increased efflux of CsA to intestine lumen after coadministrations of LE or GZ. This finding strongly reveals the importance of understanding the metabolism and pharmacokinetics of herbal constituents before exploring the underlying mechanism of herb - drug interactions when in vitro model was used.
Using models including rat jejunum, LLC-GA5-COL 150 and Caco-2 cells, previous studies have reported that LE, GZ and GA all inhibited the function of P-gp (Huang et al., 2008; Yoshida et al, 2006), which were obviously contradictory to our in vitro and in vivo evidences. The discrepancy among in vitro findings might be arisen from experimental designs such as different models, cells or incubation protocols.
More than being a substrate of P-gp, CsA is also a substrate of CYP3A4. Previous in vitro studies have reported that LE and GZ were inhibitors of murine liver CYP-dependent monooxygenases (Paolini et al, 1998), while the present study demonstrated exactly the opposite, both GZ and GA activating the function of CYP3A4 in recombinant isozyme system. However, based on the known oral pharmacokinetics of GZ, GA should be the true molecule interacting with CYP 3A in enterocytes (Lin et al, 2009; Ploeger et al, 2000). Therefore, the in vivo effect of activation on CYP 3A in rats can be attributable to GA. Recently, a human study had reported that repeated GZ ingestion exerted a modest induction on CYP 3A activity (Tu et al., 2010), lending support to our inference that decreased absorption of CsA caused by LE and GZ can be in part accounted for by the activation of CYP3A.
Based on the results of our assays of rhodamine 123 transport and CYP3A4 activity, the functions of P-gp and CYP 3A4 were found activated by GZ and GA, which were obviously contradictory to the results of previous studies (Huang et al., 2008; Paolini et al, 1998; Yoshida et al, 2006). In fact, our results can satisfactorily explain the mechanisms of in vivo interactions. We therefore highly suggest that if without in vivo evidence, predicting clinical herb - drug interaction merely based on the finding of in vitro study is not appropriate.
In traditional Chinese medicine, detoxification effect has long been recognized as one of the important pharmacological activities of licorice. Based on our present study, we proposed that activation of P-gp and CYP3A4 can account for the detoxification effect of licorice, which has never been brought up in literature till now. We speculate that licorice can prevent the absorption of a variety of medicines which are substrates of P-gp or/and CYP3A4. Furthermore, we can also predict that licorice and GZ would decrease the blood levels of other immunosuppressants such as tacrolimus, sirolimus and rapamycin, which were all substrates of P-gp or/and CYP3A4 (Lo & Burckart, 1999; Sattler, Guengerich, Yun, Christians & Sewing, 1992). Therefore, we suggest that concurrent intake of licorice with immunosuppressants should be avoided for transplant patients in order to minimize the risk of allograft rejection.
In conclusion, licorice significantly decreased the oral bioavailability of CsA. The major causative agent was GA, the major metabolite of GZ, which activated P-gp and CYP3A and resulted in decreased absorption of CsA in rats.
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