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Abstract
      St. John’s wort (SJW, Hypericum perforatum) is one of the popular nutraceuticals for treating depression. Methotrexate (MTX) is an immunosuppressant with narrow therapeutic window. This study investigated the effect of SJW on MTX pharmacokinetics in rats.
      Rats were orally given MTX alone and coadministered with 300, 150 mg/kg of SJW and 25 mg/kg of diclofenac, respectively. Blood was withdrawn at specific time points and serum MTX concentrations were assayed by a specific monoclonal fluorescence polarization immunoassay method. 

The results showed that 300 mg/kg of SJW significantly increased the AUC0-t and Cmax of MTX by 163% and 60%, respectively, and 150 mg/kg of SJW significantly increased the AUC0-t of MTX by 55 %. In addition, diclofenac enhanced the Cmax of MTX by 110%. The mortality of rats treated with SJW was higher than that of controls.
In conclusion, coadministration of SJW significantly increased the systemic exposure and toxicity of MTX. The combined use of MTX with SJW would need to be with caution.
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Introduction
      During the past decades, a speedy increase in the use of nutraceuticals has occurred in certain parts of the world, especially in Europe and North America. St. John’s wort (SJW, Hypericum perfpratum L.) has been one of the popular nutraceuticals widely used in the treatments of anxiety, hysteria and depression for more than two decades (Bilia, et al. 2002, Volz 1997). However, a multitude of SJW — drug interactions have been reported and most of these studies demonstrated that SJW significantly decreased the blood levels of a variety of drugs via inducing cytochrome P450 (CYP) and P-glycoprotein (P-gp), an efflux pump of numerous drugs (Izzo 2005, Paulke, et al. 2006, Singh 2005, Tirona and Bailey 2006, Venkataramanan, et al. 2006). 
      SJW contains a number of polyphenols, such as hypercin, pseudohypericin, quercetin and rutin etc. (chemical structures shown in Fig. 1) (Erdelmeier 1998). It is now generally recognized that polyphenols are extensively metabolized by conjugation reaction in gut and/or liver (Piskula 2000) and present predominately as sulfates and glucuronides in the circulation (Hou, et al. 2000, Hou, et al. 2001, Hou, et al. 2003, Hsiu, et al. 2002), which exist as anions under pH 7.4 and thus are putative substrates of multi-drug resistance proteins (MRPs) and organic anion transporters (OATs) (Borst, et al. 2006, Endres, et al. 2006, Takeda, et al. 2002).
      Methotrexate (MTX, chemical structure shown in Fig. 1), an anticancer agent and immunosuppressant, is a bicarboxylic acid with narrow therapeutic window. MTX has been used in the treatment of acute lymphoblastic leukemia (Evans, et al. 1986), osteosarcoma (Aquerreta, et al. 2004), psoriasis (Grim, et al. 2003) and rheumatic diseases (Burchini and Orsi 2004). The adverse reactions of MTX are nausea, vomiting, mucositis, diarrhea, stomatitis, myelosuppression and hepatotoxicity (Carneiro-Filho, et al. 2004, Kuijpers and Van Der Kerkhof 2000). 
In pharmacokinetic aspect, the unchanged MTX is mainly eliminated via kidney and less than 10% of the MTX is metabolized to 7-hydroxymethotrexate (Seideman, et al. 1993, Sonneveld, et al. 1986). MTX has been reported being a substrate of multi-drug resistance associated protein (MRP) 1, 2, 3, 4 (Chen, et al. 2002, Ito, et al. 2001, Zeng, et al. 2001) and organic anion transporter (OAT) 1, 2, 3, 4 (Kobayashi, et al. 2002, Lash, et al. 2006, Ohtsuki, et al. 2004, Uwai, et al. 1998). Clinically, there have been lethal interactions reported between MTX and non-steroidal anti-inflammatory drugs (NSAIDs), such as ketoprofen (Thyss, et al. 1986) and naproxen (Ekstrom, et al. 1997). Other toxic NSAIDs — MTX interactions resulted in bone marrow suppression and acute renal failure (Kremer and Hamilton 1995, Tracy, et al. 1992). It has been proposed that hOAT 1, 3, 4 and possibly other transporters were involved in these pharmacokinetic interactions (Takeda, et al. 2002). 
Given that glucuronides and sulfates of polyphenols are putative substrates of MRPs and OATs, we hypothesized that the conjugated metabolites of polyphenols in SJW might compete with MTX for renal excretion and resulted in serious toxic interaction as NSAIDs did. Therefore, this study investigated the effect of coadministration of SJW on the pharmacokinetics of MTX in rats. Furthermore, in order to identify the probable mechanism of interaction, MDCK II-MRP 2 cell line was used to evaluate the effects of SJW on MRP 2-mediated transport.
Materials and Methods

Materials
      MTX (25 mg/mL) was obtained from Pharmachemia B.V. (Haarlem, the Netherlands). Diclofenac was purchased from Yung Shin Pharmaceutical Ind. Co., Ltd. (Taichung, R.O.C.). The SJW caplet was a commercial product of Vita Health Products Inc. (Winnipeg, Canada). The weight per caplet was 1500 mg with labeled content of 300 mg of SJW extract which has been standardized to contain 0.3% hypericin. TDx kit of methotrexate was purchased from Abbot Laboratories (Abbot Park, IL, USA). Milli-Q plus water (Millipore, Bedford, MA, USA) was used throughout this study.
Preparation of SJW suspension for oral administration
      Twenty caplets were triturated in a mortar to become fine powders and then mixed with 40 mL of Milli-Q plus water to afford a homogeneous suspension immediately before oral administration.
Animals and drug administration

      Male Sprague-Dawley rats were furnished from National Laboratory Animal Center (Taipei, Taiwan) and nurtured in the Animal Center of China Medical University (Taichung, Taiwan). The animal study adhered to “The Guidebook for the Care and Use of Laboratory Animals (2002)” published by the Chinese Society of Animal Science, Taiwan. The protocol was approved by the Animal Management Committee, China Medical University. Before experiments, rats were fasted overnight, but drinking water was allowed ad libitum. Food was supplied 3 h after dosing and every four rats were caged together during the experimental periods. A total of 26 rats weighing 350 - 420 g and aged 8 - 12 wk were used in this study, including 7 rats in the control group given MTX alone, 7 rats in each group receiving combined treatment of MTX with SJW, and 5 rats in the group receiving combined treatment with diclofenac. MTX solution (25 mg/mL) was diluted with Mill-Q plus water to make 2.5 mg/mL. A dose of 5 mg/kg was supplied orally to rats with and without an oral dose of SJW (300 mg/kg and 150 mg/kg of SJW) or diclofenac (25 mg/kg). SJW and diclofenac (as an in vivo positive control) were administered 30 min before MTX via gastric gavage. SJW suspension was freshly prepared every time immediately before dosing and the suspension was very homogeneous.

Blood collection

      Blood samples (0.5 mL) were withdrawn via cardiopuncture before and at 15, 30, 60, 120, 240 and 480 min and 6, 12, 24, 36 and 48 h after MTX dosing and centrifuged at 10,000 g for 15 min twice to obtain the serum which was stored at -20℃ until analysis.

Determination of MTX concentration in serum

      MTX concentration in serum was measured by a specific monoclonal fluorescence polarization immunoassay (Abbott, Abbott Park, IL, USA). The assay was calibrated for concentrations from 0 to 1.0 μM and validation of the calibration curve was carried out by testing three controls with concentrations of 0.07, 0.4 and 0.8 μM right before the assay of samples. The lower limit of quantitation was 0.02 μM.
Cell line and culture conditions
Madin-Darby canine kidney type II cells transfected with human MRP2 (MDCK II-MRP 2) were kindly provided by Prof. Dr. Piet Borst (Netherlands Cancer Institute, Amsterdam, Netherlands). Cells were grown in DMEM medium supplemented with 10% FBS, 100 units/mL of penicillin, 100 μg/mL of streptomycin, and 292 μg/mL of glutamine at 37ºC in a humidified incubator containing 5% CO2. The medium was changed every other day and cells were subcultured when 80% to 90% confluency was reached.
Preparation of serum metabolites of SJW
    In order to mimic the molecules interacting with MRP 2 of kidney cells in vivo, the serum metabolites of St. John’s wort (SJWM) were prepared from rats. SJW suspension was orally administered to rats fasted overnight. Blood was collected at 30 min after dosing. After coagulation, the serum was vortexed with 4-fold methanol. After centrifuging at 10,000 g for 15 min, the supernatant was concentrated in a rotatory evaporator under vacuum to dryness. To the residue, appropriate volume of water was added to afford a solution with 10-fold serum concentration, which was divided into aliquots and stored at -80℃ for later use. Blank serum was collected from rats and processed likewise to prepare controls for comparison with correspondent SJWM.

Effects of SJWM on MRP 2 activity 
      The transport assay of chloromethylfluorescein diacetate (CMFDA), a precursor of MRP 2 substrate, was modified from a previous method (Jia, et al., 2008). MDCK II-MRP 2 was used as a cell model to evaluate the effect of SJWM on the intracellular accumulation of glutathione-methylfluorescein (GSMF), the hydrolysis product of CMFDA. Briefly, MDCK II-MPR 2 cells (1x105 cells/well) were cultured in a 96-well plate. After overnight incubation, the medium was removed and washed three times with ice-cold PBS buffer. The tested agents (MK571 or SJWM) and CMFDA were added into each well. After 30-min incubation, the supernatants were removed and washed with ice-cold PBS. Subsequently, 100 μL of 0.1 % Triton X-100 was added to lyse the cells. 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 GSMF was calculated by comparing with that of control after protein correction.
Data analysis

      The peak serum concentration (Cmax) was acquired from perceptible observation. The pharmacokinetic parameters of MTX were analyzed by noncompartmental model of the program WINNONLIN (version 1.1 SCI software, Statistical Consulting, Inc., Apex, NC). The area under the serum concentration-time curve (AUC0-t) was calculated using trapezoidal rule to the last point. One-way ANOVA was used for statistical comparison taking p < 0.05 as significant.
Results

      The serum profiles of MTX after oral administration of MTX alone and coadministration with SJW (300 mg/kg and 150 mg/kg) and diclofenac (25 mg/kg) are shown in Fig. 2. MTX was absorbed rapidly and the Tmax appeared within the first hour after dosing. The pharmacokinetic parameters of MTX after various treatments are listed in Table 1. The results showed that coadministration of 300 mg/kg of SJW significantly increased the AUC0-t of MTX by 163%, enhanced the Cmax by 60%. While 150 mg/kg of SJW was coadministered, the AUC0-t of MTX was significantly increased by 55 %, whereas other parameters were not significantly affected. When diclofenac was coadministered with MTX, the Cmax, of MTX was significantly enhanced by 110%. 
Upon observing the rats throughout the whole experiment, several ones in the treatment groups receiving MTX with SJW were found becoming weaker and weaker with time. At 72 h after MTX dosing, the body weights of rats in the treatment groups reduced by 50-100 g, whereas those in control group reduced only for 30-50 g. Surprisingly, 3/7 and 2/7 of rats died in the groups coadministered with 300 mg/kg and 150 mg/kg of SJW, respectively, during day 6 and day 10. In contrast, the seven rats given MTX alone all survived very well throughout the whole experiment period.              

In order to identify the probable involvement of MRP 2 in this pharmacokinetic interaction, MDCK II-MRP 2 cells were used for evaluating the effect of SJWM on the efflux of GSMF, a substrate of MRP 2. The accumulations of GSMF in MDCK II-MRP 2 cells measured after 30-min incubation with tested agents are shown in Figure 3. The positive control MK571 at 10 μM significantly increased the intracellular accumulation of GSMF by 183 %, whereas the solvent DMSO at 0.25 % (v/v) did not show significant effect. SJWM at 1-, 0.5- and 0.25- fold serum concentrations significantly increased the intracellular accumulation of GSMF by 42, 56 and 57 %, respectively.

Discussions
      Our results showing that coadministration of 300 mg/kg of SJW significantly increased the Cmax and AUC0-t of MTX indicated that SJW increased the oral bioavailability of MTX. Comparison of the serum profiles of MTX revealed that SJW conspicuously inhibited the elimination of MTX.
      In literature, SJW has been consistently reported reducing the plasma levels of a variety of drugs, such as cyclosporine, digoxin, indinavir, nevirapine, theophylline and warfarin, and leading to diminished efficacy (Bilia, et al. 2002, Dresser, et al. 2003, Dürr, et al. 2000). Subsequently, several mechanism studies have reported that SJW induced CYP 3A4 expression and increased the activities of other CYP enzymes such as CYP1A2, 2D6 and 2C9 (Singh 2005, Tirona and Bailey 2006). In addition, several studies revealed that long-term or short-term administration of SJW led to coordinated increased expression of P-gp and CYP 3A4 (Dresser, et al. 2003, Dürr, et al. 2000). Taken together, the inductive modulation on CYPs and P-gp by SJW can account for the decreased plasma levels of various drugs which are substrates of P-gp and/or CYPs. However, contrary to all previous findings, the present study unearthed that SJW significantly increased the Cmax and AUC of MTX, which was a substrate of MRPs and OATs rather than P-gp. 
      In regard to the underlying mechanism of this SJW — MTX interaction, the membrane transporters MRPs and OATs, which are known to be associated with renal excretion of acidic drugs, might play important role (Kusuhara and Sugiyama 2002, Sekine, et al. 2000). Representing a positive control of MRP 2 inhibitor in this study, diclofenac significantly increased the bioavailability of MTX in rats, which was in a similar manner and but in lesser magnitude to that caused by 300 mg/kg of SJW. Therefore, we speculate that combined use of SJW with MTX might result in toxic interaction as diclofenac did (Thakrar, et al. 2007). 

The polyphenols in SJW have been found extensively metabolized in rats to sulfates and glucuronides (Paulke, et al. 2006), which should exist as anions under physiological pH and thus are putative substrates of MRPs and OATs. Because the majority of MTX was excreted as parent form via urine, the conjugated metabolites of polyphenol in SJW may rival with MTX for urinary excretion mediated by MRPs and OATs, which could explain the decreased elimination of MTX as seen from the serum profiles. The underlying mechanism of SJW—MTX interaction was thus proposed to be similar to those in NSAIDs—MTX interactions (Nozaki, et al. 2007). 
As shown in Figure 3, the serum metabolites of SJW at 0.25-, 0.5- and 1.0-fold serum concentration all demonstrated significant inhibition on the activity of MRP 2, which can account for the decreased elimination of MTX caused by SJW. We speculate that this MRP 2—mediated SJW-MTX interaction in rats might be extrapolated to humans, because the distributions and functions of MRPs in rats are similar to those in humans (You 2004).
    More importantly, the combined use of SJW with MTX resulted in toxic interaction which was evidenced by the increased mortality of rats. MTX is known to be polyglutamated by folylpoly-γ-glutamate synthetase (FPGS) to yield MTX-glu2-7 derivatives which are not pumped out by MRPs. The higher number of glutamates conjugated, the longer the metabolites remain in cells and result in higher cytotoxicity (Genestier, et al. 2000, Kool, et al. 1999, Saxena and Henderson 1996). A competition between the transport of MTX by MRPs and the conversion into MTX-glu2-7 by FPGS has been reported (Kool, et al. 1999, Zeng, et al. 2001). Nevertheless, MRPs have low affinity to MTX, thus MTX was transformed into MTX-glu2-7 more easily at low concentration. A long exposure of MTX at low concentration was found more toxic than high concentration (Widemann and Adamson 2006). Therefore, the higher mortality of rats receiving SJW with MTX can be accounted for by the longer exposure of MTX at low serum concentration caused by SJW. 
     Botanical products are increasingly used as nutraceuticals worldwide in recent decades. However, their safety remains underinvestigated. In this study, SJW, a polyphenol – rich antidepressant nutraceutical, has shown inhibition on the elimination of methotraxate, a critical acid drug (Zeng, et al. 2001). We suggest that more animal or clinical studies to investigate the interactions of SJW with critical acid drugs are recommended for drug safety. 
      In conclusion, coadminstration of SJW notably resulted in higher systemic exposure and toxicity of MTX. We suggest that caution would need to be exercised when SJW is concurrently used with critical acid pharmaceuticals.
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 Legends for Figures
Fig. 1 Chemical structures of hypericin (a), pseudohypericin (b), quercetin (c), rutin (d) and methotrexate (e).
Fig. 2 Mean (±S.E.) serum MTX concentration - time profiles (A) and the early profiles of MTX from 0 to 720 min (B) after administration of MTX alone (5.0 mg/kg) (○) and coadministrations with 300 (●), 150 mg/kg (▲) of SJW and diclofenac (25 mg/kg) in rats.
Fig. 3. Effects of SJWM (1.0-, 0.5- and 0.25-fold serum concentrations) and MK571 (10 μM) on the intracellular accumulation of GSMF in MDCK II-MRP 2 cells.
Table titles
Table 1 Pharmacokinetic parameters of MTX in rats given oral MTX (5.0 mg/kg) alone and coadministered with SJW. 
Table 2. Time profiling of MTX serum concentration (mol/L) of after oral coadministration of MTX (5 mg/kg) with SJW (150 mg/kg and 300 mg/kg) and dicolfenac (25 mg/kg).
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Table 1 
	Parameter
	MTX alone
(n=7)
	MTX + SJW (150 mg/kg) 

(n=7)
	MTX + SJW

 (300 mg/kg) 
(n=7)
	MTX + diclofenac (25 mg/kg)

(n=5)

	Cmax 
	0.20±0.01a
	0.21±0.01a
	0.32±0.04b

(60%)
	0.42±0.06c

(110%)

	AUC0-t
	163.0±16.5 a
	252.1±47.6 a
	429.1±56.4 b

(163%)
	275.13±76.2 a



	MRT0-t
	1035.8±89.7 a
	1131.7±131.3 a
	1608.8±264.7 b
	1083.05±254.43 a


Cmax (M): concentration of peak serum level. 

AUC0-t (˙min): area under serum concentration - time curve to the last point. 

MRT0-t (min): mean residence time.
Means in a given row without a common superscript differ at p < 0.05. A mean with superscript ‘‘a’’ was significantly different from a mean with superscript ‘‘b’’.
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