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Purpose: This study aims to investigate the potential of Oregon grape root extracts to modulate the activity of P-glycoprotein.
Methods: We performed 3H-CsA or 3H-digoxin transport experiments in the absence or presence of two sources of Oregon grape root extracts (E1 and E2), berberine or berbamine in Caco-2 and MDCKII-MDR1 cells. In addition, real time quantitative polymerase chain reaction (RT-PCR) was performed in Caco-2 and LS-180 cells to investigate the mechanism of modulating P-glycoprotein.
Results: Our results showed that in Caco-2 cells, Oregon grape root extracts (E1 and E2) (0.1–1 mg/mL) inhibited the efflux of CsA and digoxin in a dose-dependent manner. However, 0.05 mg/mL E1 significantly increased the absorption of digoxin. Ten µM berberine and 30 µM berbamine significantly reduced the efflux of CsA, while no measurable effect of berberine was observed with digoxin. In the MDCKII-MDR1 cells, 10 µM berberine and 30 µM berbamine inhibited the efflux of CsA and digoxin. Lastly, in real time RT-PCR study, Oregon grape root extract (0.1 mg/mL) up-regulated mRNA levels of human MDR1 in Caco-2 and LS-180 cells at 24 h.
Conclusion: Our study showed that Oregon grape root extracts modulated P-glycoprotein, thereby may affect the bioavailability of drugs that are substrates of P-glycoprotein.
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INTRODUCTION
Oregon grape root (Mahonia aquifolia), has synergistic antibacterial, anti-inflammatory, and bile-stimulating properties and is used for chronic eruptions, rashes associated with pustules, and rashes associated with eating fatty foods [1]. Recently, Oregon grape root extract has been shown to effectively treat inflammatory skin diseases, such as psoriasis and eczema [2, 3]. The Oregon grape root extracts are available in both oral and topical dosage forms.
Berberine, a bisbenzylisoquinoline alkaloid, is found in Oregon grape root and has been used for many years in traditional Eastern medicine as an effective treatment of gastroenteritis and diarrhea [4]. Since then, other pharmacological effects have been reported such as antimicrobial [5], antiarrhythmic [6], anticancer [7], anti-inflammatory [8] and antiproliferative effects [9]. Studies have shown that berberine is a weak to moderate inhibitor of CYP1As, CYP2C8, and CYP2E1 [10]. Additionally, berberine not only exhibited time-dependent inhibition of CYP2D6 and CYP3A4 but also showed strong inactivation of CYP2D6 and modest inactivation of CYP3A [10, 11]. Berbamine, another bisbenzylisoquinoline alkaloid, although was reported to be present in Oregon grape root, is not a typical component of Oregon grape root. It is found in other plant species such as Amur barberry (Berberis amurensis). Berbamine is widely used in traditional Chinese medicine as an antiarrhythmic, antihypertensive, anti-inflammatory and anticancer agent [12, 13]. Particularly, berbamine showed antiproliferative effects for melanoma, chronic myeloid leukemia and breast cancer [13]. Previous phenotyping studies indicate that CYP3A4 is the primary enzyme involved in the metabolism of berbamine [13].
In vivo experiments using P-glycoprotein (P-gp)-knock out mice and in vitro studies using both Caco-2 cells and MDR1-transfected MDCK cells suggested berberine is a P-gp substrate [14–17]. P-gp is a member of the ATP-binding cassette (ABC) transporter family, also known as ABCB1 or MDR1 (encoded by ABCB1 or MDR1 gene). In Caco-2 cells, P-gp inhibitors such as verapamil (1 mM), daunomycin (1 mM) and rhodamine123 (1 mM) were able to inhibit the efflux of 20 µM berberine by 100% [18]. Similarly, in the presence of the P-gp inhibitors cyclosporin A (10 µM), the efflux ratios of berberine (10 µM) were significantly reduced to 0.79 and 1.34, respectively [17]. In addition to P-gp, previous studies showed that human organic cation transporter 2 (OCT2, SLC22A2), OCT3 (SLC22A3) and multidrug and toxin extrusion protein 1 (MATE1) mediated the transport of berberine in the kidney [19–22], and OCT1, MATE1, organic anion-transporting polypeptide 1B3 (OATP1B3) mediated transport of berberine in the liver [23, 24]. Meanwhile, berberine is not an OATP1B1 and multidrug resistance-associated protein 2 (MRP2) substrate [17, 23]. Conversely, no significant transport of berberine was observed by bile salt export pump (BSEP), MRP2, MRP3, and sodium/taurocholate co-transporting polypeptide (NTCP) in vitro [25–27].
As an inhibitor for transporters, berberine inhibits breast cancer resistance protein (BCRP), MATE1, MATE2-K, organic anion transporter 1 (OAT1), OAT3, OCT1, OCT2, and OCT3 In vitro [19, 27–30]. There are inconsistent data about whether berberine can inhibit P-gp, OATP1B1, OTAP1B3, or OATP2B1 [17, 26, 27, 31]. Studies have shown that berberine can induce P-gp. Twenty-four hours exposure of berberine up-regulated P-gp expression in human and murine hepatoma cells [32] as well as up-regulated P-gp expression in cultured bovine brain capillary endothelial cells [33]. Jing et al. indicated that P-gp protein was upregulated by berberine treatment (0.1, 0.5 or 2.5 µM up to 48 h) in a dose- and time-dependent manner in Caco-2 cells [34]. Seven day pretreatment of 30 µM berberine increased the efflux of daunomycin in Caco-2 cells by 1.4 fold [18].
Berbamine has, on the other hand, been shown to down-regulate the expression of MDR1 mRNA after 72 h treatment in human erythroleukemic cells [35] as well as modulating multi-drug resistance (MDR) in breast cancer cells [36]. In vitro studies with berbamine have shown an increase in the intracellular concentration of adriamycin and down-regulation of MDR1 mRNA and P-gp levels in a human leukemic cell line, K562/A02 [35] as well as in a human breast cancer cell line, MCF7 [37].
To our best knowledge, there are no studies examine the effects of Oregon grape root extracts on P-gp. Because Oregon grape root extract is known as a source of berberine and not berbamine, we hypothesized that Oregon grape root extracts (e.g., E1 and E2) will have similar effects as berberine in the modulation of P-gp (inhibition or upregulation). Herein, we have conducted studies: i) to confirm the presence of berberine and but not beramine in Oregon grape root extracts; ii) to evaluate the effect of the Oregon grape root extracts on the transport of two well known P-gp substrates, CsA and digoxin, using the Caco-2 drug transport models; and iii) to evaluate the effect of the Oregon grape root extracts on the gene expression of human MDR1 in Caco-2 and LS-180 cells to elucidate the role of PXR in the mechanism of P-gp induction. Additionally, we included berberine and berbamine in our in vitro studies to confirm their interactions with P-gp as a substrate and inhibitor in Caco-2 and MDCK II-MDR1 cells.
MATERIALS AND METHODS
Chemicals
Radiolabeled 3H-cyclosporin A (CsA, 7.0 Ci/mmol, 96.7% purity) and 3H-digoxin (23.5 Ci/mmol, 97% purity) were obtained from Amersham, Inc. (Piscataway, NJ, USA). Berberine chloride, berbamine dihydrochloride, CsA, digoxin, verapamil, levothyroxine, rifampin, sodium pyruvate, L-lactic dehydrogenase (LDH), β-nicotinamide adenine dinucleotide, reduced form (β-NADH), thiazolyl blue tetrazolium bromide and triethylamine (TEA) were purchased from Sigma, Inc. (St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA). Dulbecco’s Modified Eagle Medium (DMEM) and non-essential amino acids were obtained from Invitrogen Corporation (Grand Island, NY, USA). Penicillin/streptomycin solution was purchased from Mediatech, Inc. (Herndone, VA, USA). The 18s internal standard and MDR1 primers were purchased from Applied Biosystems (Foster City, CA, USA). Solvent acetonitrile was HPLC grade and was purchased from Fisher Scientific (Fair Lawn, NJ, USA). Ammonium acetate was purchased from Mallinckroft Baker Inc. (Paris, KY, USA). Oregon grape root extract 1 was a gift from Oregon’s Wild Harvest (Sandy, OR, USA). Oregon grape root extract 2 was purchased as a root powder from Health Herbs (Philomath, OR, USA). All other reagents were analytical grade.
Oregon grape root extract preparation for the experiments
See the details on the preparation of Oregon grape root extract 1 (E1) (liquid) and Oregon grape root extract 2 (E2) (root powder) for the experiments in the Supplementary Material.
Cell culture
The human intestinal epithelial cell line, LS-180 was purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA) and grown in Minimum Essential Medium supplemented with 10% FBS. The Caco-2 cells were obtained from ATCC. MDCKII-MDR1 and MDCKII wild-type cell lines were a generous gift from Dr. Piet Borst (The Netherlands Cancer Research Institute). Both Caro-2 and MDCKII cells were grown in DMEM, 10% FBS, 0.1 mM non-essential amino acids, and 0.01% penicillin/streptomycin [38,39]. All cells were maintained at 37°C with 5% CO2, and 95% relative humidity. For the transport experiments, cells were seeded, 3.0 × 105cells/well, onto 6-well Transwell® inserts 4.71 cm2 (Corning Costar, Cambridge, MA, USA) and maintained until use on Days 21–25 (Caco-2, passages 23–30) and Days 6–7 (MDCKII-MDR1 and MDCKII wild-type). The integrity of the monolayers was assessed by measuring transepithelial electrical resistance (TEER) using a World Precision Instrument, EVOM (Sarasota, FL, USA) and evaluating 14C-mannitol transport. The average TEER readings minus the background were 625.94 ± 75.47 Ωcm2 (Caco-2), 476.91 ± 101.21 Ωcm2 (MDCKII-MDR1) and 211.52 ± 22.33 Ωcm2 (MDCKII wild-type). Also, permeability studies with 14C-mannitol were performed with the various treatment conditions and the transport rate was less than 1% per hour throughout the entire experiment. The apparent permeability (Papp) of mannitol was 2.09 ± 0.40 × 10-6 cm/s, 2.38 ± 0.13 × 10−6 cm/s, and 2.16 ± 0.72 × 10−6 cm/s for Caco-2, MDCKII-MDR1, and MDCKII wild-type cells, respectively. These data indicate that the cell monolayer was not compromised. For the real time RT-PCR, cells were seeded at 6 × 105 cells/well (Caco-2) and 1 × 106 cells/well (LS-180) onto 6-well Transwell® inserts 4.71 cm2 and grown for 7 (Caco-2) and 6 (LS-180) days.
Chemical exposure
We initiated cytotoxicity experiments with the Caco-2, MDCKII-MDR1 and MDCKII-wild type cells on Day 7 (Caco-2) and Day 4 (MDCKII-MDR1 and MDCKII-wild type) after the initial plating of the cells at 2.5 × 103 cells/well in 48-well plates (Becton Dickinson, Franklin Lakes, NJ, USA). See details of preparation for the cytotoxicity experiments in Supplementary Material.
For the transport experiments, cells grown on Transwell® inserts were exposed to test compounds on 21–25 days (Caco-2) or 6–7 days (MDCKII-MDR1 and MDCKII-wild type). Stock solutions of 10 mM berberine or berbamine were prepared as described above. Stock solutions of 100 mg/mL E1 or E2 were prepared by dissolving the 100 mg E1 or E2 in 25% ethanol. The stock solutions of berberine, berbamine, E1 and E2 were further diluted with HBSS at a pH of 6.8 for the apical (A) compartment and 7.4 for the basolateral (B) compartment to yield final concentrations of 3, 10, 30, and 100 µM berberine and berbamine and 0.05, 0.1, 0.25, 0.5 and 1 mg/mL for E1 and E2. Ethanol (0.15%v/v) was used as the solvent vehicle for CsA and verapamil and DMSO (0.15%v/v) were used for digoxin and berberine. The MDR1 transport inhibitor, 100 µM verapamil, was used as a positive control and no treatment was used as a negative control.
For the real time RT-PCR studies, 6 × 105 cells/well (Caco-2) or 1 × 106 cells/well (LS-180) were grown on Transwell® inserts and exposed to test compounds on Day 7 (Caco-2) or Day 6 (LS-180). Stock solutions of 10 mM levothyroxine or 10 µM rifampin were prepared by dissolving compounds in 50% DMSO with 50% distilled water. The stock solutions of E1, E2, levothyroxine or rifampin were further diluted with serum-free and antibiotic-free medium to yield final concentrations of 0.1 mg/mL and 0.25 mg/mL for E1 and E2 and 100 µM levothyroxine or 10 µM rifampin. The final treatment concentration of ethanol or DMSO was 0.15% (v/v) ethanol or 0.5% (v/v) DMSO/culture medium. Levothyroxine and rifampin were used as positive controls for Caco-2 and LS-180 cells, respectively.
Cytotoxicity assays
Lactate dehydrogenase (LDH) assay and MTT assay
See details of LDH assay and MTT assay methods in the Supplementary Material.
Transport studies
Transport of 3H-CsA and 3H-digoxin (0.5 µM and 1.0 µCi), MDR1 substrates, were performed using transport buffer consisting of HBSS with 10 mM HEPES and 25 mM D-glucose at a pH of 6.8 for the apical (A) compartment and 7.4 for the basolateral (B) compartment. Experiments were performed at 37°C, 5% CO2, and 95% relative humidity. Cells in the Transwell® inserts were washed 3 times with a transport buffer and allowed to equilibrate for 30 min prior to the addition of test compounds. Berberine, berbamine, E1, E2 and verapamil were prepared in a transport buffer at the appropriate pH (pH 6.8 for the A compartment and 7.4 for the B compartment) and allowed to incubate at 37°C for 30 min prior to the start of the experiment. Berberine, berbamine, E1, E2 and verapamil were present in both the A and B chambers during the transport of the MDR1 substrates. To evaluate the efflux mechanism involved with berberine and berbamine, 100 µM of berberine and berbamine were placed in the donor chamber and 100 µL samples were collected in the receiver chamber at 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 h and analyzed by HPLC. Each experiment was performed in duplicate and repeated for each condition tested. For experiments performed in “non-sink” conditions, 100 µL aliquots were taken from the donor and receiver chambers at the beginning and from the receiver chamber at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 h. An equal volume of 100 µL was replaced in the chamber at each sample time point. “Non-sink” conditions were performed when less than 10% of compound is transported across cells during the transport experiment such that a concentration gradient was always present. For the “sink” condition experiments, the entire receiver volume was replaced at each time interval and a 100 µL aliquot was taken from the receiver volume for scintillation counting. A 100 µL sample was taken from the donor chamber at 3 h in order to calculate the mass balance of radioactivity to determine if adsorption to the cell culture transport apparatus had occurred. Each sample was placed in 0.9 mL of scintillation fluor (Cytoscint ES, ICN, Cosa Mesa, CA, USA) and read on a Beckman LS 6500 (Palo Alto, CA, USA) scintillation counter for 3H activity. For berberine and berbamine analysis, 100 µL aliquot was assayed by HPLC.
For the transport of radiolabeled CsA and digoxin, a 100 µL sample was taken from the receiver chamber over the 3 h period as well as the donor chamber at 3 h to determine the mass balance of radioactivity to assess if adsorption to the cell culture transport apparatus occurred. Each radiolabeled sample was placed in 0.9 mL of scintillation fluor (Cytoscint ES, ICN, Cosa Mesa, CA, USA) and read on a Beckman LS 6500 (Palo Alto, CA, USA) scintillation counter for 3H activity.
The apparent permeability (Papp) was calculated using the following equation [40]:
[image: image]
Where A is the surface area of the monolayer (4.71 cm2) and C0 is the initial concentration of radiolabeled probe substrate in the donor compartment. dQ/dt is the slope of the steady-state rate constant. The efflux ratio was determined by dividing the Papp in the B to A direction by the Papp in the A to B direction [41]:
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Real time quantitative PCR analysis of MDR1 mRNA
Caco-2 or LS-180 cells were grown on Transwell® inserts, 4.71 cm2 for 7 (Caco-2) and 6 (LS-180) days. The cells were exposed to E1, E2, levothyroxine or rifampin for 24 h and 48 h. Total RNA was isolated by adding 1 mL Trizol® reagent (Gibco-BRL, Carlsbad, CA, USA) to the cells and processed according to the manufacturer’s instructions. The concentration and purity of isolated RNA samples were measured using Quant-iTTM RiboGreen® RNA assay kit (Invitrogen, Eugene, OR, USA). The RNA sample (0.06 µg) was reverse transcribed by an iScriptTM cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). Relative quantification of gene expression was performed by iTaqTM SYBR® Green supermix with ROX (Bio-Rad Laboratories) using an ABI Prism 7500 Real Time PCR system (Applied Biosystems, Foster City, CA, USA). Each experiment was performed in duplicate and repeated for each condition tested. The mRNA levels of all genes were normalized using 18s as an internal control. Results are expressed as ratios of MDR1 to 18s expression.
High performance liquid chromatography (HPLC) analysis
See details of the HPLC analysis method in the Supplementary Material.
Liquid chromatography/mass spectrometry (LC/MS) analysis
See details of the LC/MS analysis method in the Supplementary Material.
Statistical analysis
All values are presented as a mean ± standard deviation (SD). The percent of drug transported during the experiment for the various treatments and the Papp values within treatment groups were performed with the one-way analysis of variance (ANOVA) followed by a Dunnett’s multiple comparison post-test which compare all the treatments with the control. Differences between A and B transport were compared using a t-test. A probability of difference less than 0.05 (p < 0.05) was considered to be statistically significant.
RESULTS
Cytotoxicity of berberine, berbamine, Oregon grape root extracts
The results of the cytotoxic data indicate that 150 and 300 µM berberine, 300 µM berbamine, significantly decreased MTT reduction and significantly increased LDH leakage in Caco-2 cells. In the MDCKII-MDR1 and MDCKII wild-type cells, none of the berberine and berbamine concentrations were toxic, except for the 300 µM berberine and berbamine in the MDCKII wild-type cells. Thus, concentrations of 100 µM or less of berberine and berbamine were used in these studies.
For Oregon grape root extract 1 (E1) and Oregon grape root extract 2 (E2) only the 2 mg/mL E1 and E2 concentrations were toxic in the Caco-2 cells. Thus, the highest concentration used for the transport studies was 1 mg/mL for E1 and E2. For the real time RT-PCR pretreatment studies in the Caco-2 and LS-180 cells, 0.25 mg/mL or less was used for the 24 and 48 h exposure conditions. See additional details of the results in the Supplementary Material.
Transepithelial transport of berberine and berbamine
In order to investigate whether carrier-mediated transport is involved in the transepithelial transport of berberine and berbamine, transport of 100 µM berberine and berbamine was evaluated as a function of time in the Caco-2 cells and MDCKII-MDR1cells (Figure 1). Because berberine has been shown to be actively effluxed by the Caco-2 cells [19], the efflux mechanism speculated to be involved in berberine and berbamine transport was evaluated by measuring the permeability and the amount transported across the Caco-2 and MDCKII-MDR1 cells from the B to A and the A to B direction. Figures 1A, B show that the transport of berberine and berbamine was faster from the B to A direction (berbine: 1.45 nmol/min; berbamine: 5.94 nmol/min) than that in the A to B direction (berberine: 0.18 nmol/min; berbamine: 0.39 nmol/min) in Caco-2 cells. Similar results were seen with the MDCKII-MDR1 cells (Figures 1C, D). The Papp of berberine and berbamine from the B to A direction was also significantly greater than the A to B direction in Caco-2 and MDCKII-MDR1 cells (Figure 1). There was approximately a 4-fold increase of Papp observed in the B to A direction (10.4 × 10−6 cm/s) compared with the A to B direction (2.35 × 10−6 cm/s) for 100 µM berberine (Figure 1A) and ∼30-fold increase of Papp in the B to A direction (60.3 × 10−6 cm/s) compared with the A to B direction (2.49 × 10−6 cm/s) for 100 µM berbamine (Figure 1B). This suggests that there is an efflux mechanism involved in the transport of both berberine and berbamine in the Caco-2 cells. In MDCKII-MDR1 cells, there was a greater efflux seen for berberine than in the Caco-2 cells. An approximately 12-fold increase of Papp was observed in the B to A direction (15.6 × 10−6 cm/s) compared with the A to B direction (1.3 × 10−6 cm/s) (Figure 1C). For berbamine, less efflux was seen in MDCKII-MDR1 cells compared with the Caco-2 cells (Figure 1D).
[image: Figure 1]FIGURE 1 | Transport of 100 µM berberine (A) or 100 µM berbamine (B) from the apical to the basolateral (A to B, □) and the B to A (♦) across Caco-2 cells, and Transport of 100 µM berberine (C) or 100 µM berbamine (D) from the apical to basolateral (A to B, □) and the B to A (♦) across MDCKII-MDR1 cells. The inset shows the apparent permeability, Papp, of berberine and berbamine from both transport directions in Caco-2 and MDCKII-MDR cells. Data are represented as mean ± standard deviation, n = 4.
Effect of berberine and berbamine on the transport of 3H-CsA and 3H-digoxin
In the Caco-2 cells, the B to A transport of 0.5 µM 3H-CsA was decreased by berberine and berbamine with the significance seen as low as 10 µM for berberine and 30 µM for berbamine (Papp B to A of CsA from 2.83 × 10−6 cm/s to 2.18 × 10−6 cm/s, p < 0.0001) (Figure 2A; Table 1). For digoxin, berbamine significantly inhibited efflux of 0.5 µM 3H-digoxin (Papp B to A of digoxin from 2.78 × 10−6 cm/s to 1.79 × 10−6 cm/s for 30 µM berbamine, p = 0.0253, and to 1.23 × 10−6 cm/s for 100 µM berbamine, p = 0.0021), whereas there were no significant effects of berberine (up to 30 μM) on digoxin transport (Figure 2B; Table 1). In the MDCKII-MDR1 cells, berberine and berbamine significantly decreased the efflux of 0.5 µM 3H-CsA (Papp B to A of CsA from 13.10 × 10−6 cm/s to 5.34 × 10−6 cm/s for 10 µM berberine, p < 0.0001, and to 2.55 × 10−6 cm/s for 30 µM berbamine, p < 0.0001) and the efflux of 0.5 µM 3H-digoxin (Papp B to A of digoxin from 3.30 × 10−6 cm/s to 1.56 × 10−6 cm/s for 10 µM berberine, p = 0.0232, and to 1.71 × 10−6 cm/s for 30 µM berbamine, p = 0.0248) (Table 1). Similar results were seen with the MDCKII wild-type cells compared with that in Caco-2 cells (Table 1).
[image: Figure 2]FIGURE 2 | Effects of berberine and berbamine on the transport of 0.5 µM 3H-cyclosporin A (CsA, 1 µCi) and 0.5 µM 3H-digoxin (dig, 1 µCi) in Caco-2 cells. Panel (A) Effects of berberine (10 and 30 µM), berbamine (30 and 100 µM) and 100 µM verapamil (V) on the transport of CsA from basolateral the (B) to apical (A) direction and A to B direction. Panel (B) Effects of berberine (10 and 30 µM), berbamine (30 and 100 µM) and 100 µM verapamil on the transport of digoxin from both the B to A and A to B directions. All data represents mean ± standard deviation, n = 4. Statistical significance from 0.5 µM CsA or 0.5 µM digoxin is shown with asterisks, *p < 0.05, **p < 0.01.
TABLE 1 | Effect of berberine and berbamine on apparent permeability (Papp) of 3H-cyclosporine A (CsA) and 3H-digoxin in Caco-2, MDCKII-MDR1 and MDCKII wild-type (MDCKII-WT) cells from basolateral to apical direction.
[image: Table 1]Effect of Oregon grape root extracts on the transport of 3H- CsA and 3H-digoxin
Table 2 shows the effect of 0.05, 0.1, 0.25, 0.5 and 1 mg/mL E1 or E2 on the transport of 0.5 µM 3H-CsA and 0.5 µM 3H-digoxin in the Caco-2 cells. The B to A transport of 3H- CsA was inhibited by E1 in a dose-response manner with significance effect seen as low as 0.1 mg/mL, p = 0.0439, (Table 2). E2 also inhibited the efflux of 3H-CsA similarly with significance seen at 0.05 mg/mL (p = 0.0007, Table 2). For digoxin, E1 and E2 also inhibited the efflux of 3H-digoxin with significance seen at 0.1 mg/mL for E1 (p < 0.0001), and 0.05 mg/mL for E2 (p < 0.0001). In addition, 0.05 mg/mL E1 significantly increased the absorption of digoxin (p = 0.0005). To compare the effect of E1 and E2 modulating the efflux of CsA and digoxin, efflux ratios of the Papp of B to A and the A to B transport in Caco-2 cells were determined (Table 2). E1 and E2 significantly decreased the efflux ratios of CsA and digoxin. The effect was seen at 0.1 mg/mL for E1 (p = 0.0349) and 0.05 mg/mL for E2 (p < 0.0001) for CsA. For digoxin, significance also occurred at 0.1 mg/mL for E1 (p = 0.0002) and 0.05 mg/mL for E2 (p = 0.0134).
TABLE 2 | Comparison of apparent permeability (Papp), and efflux ratio of 3H-cyclosporin A (CsA) and 3H-digoxin with various concentrations of Oregon grape root extract 1 (E1) and Oregon grape root extract 2 (E2) in Caco-2 cells.
[image: Table 2]HPLC chromatogram and mass spectrometry (MS) of berberine, berbamine and Oregon grape root extracts
It has been reported that Oregon grape root contains berberine. On the other hand, although berbamine was reported to be present in Oregon grape root, it is not a typical component. In order to confirm if it is the case, HPLC was conducted with the Oregon grape root extracts. Berberine was detected in Oregon grape root extracts E1 and E2, but berbamine was not detected in either E1 or E2. See details of the HPLC results in the Supplementary Material.
Induction of P-gp by Oregon grape root extracts
In order to investigate the mechanism of induction of P-gp, real time RT-PCR was used in our study. Real time RT-PCR is routinely used to study low abundance gene expression as well as to elucidate the mechanism of modulation of efflux transport proteins [42]. Exposure of Oregon grape root extracts to Caco-2 and LS-180 cells upregulated the mRNA level of the human MDR1 gene in both cell lines (Figure 3). Levothyroxine, a positive control, upregulated the human MDR1 gene through a PXR-independent manner in the Caco-2 cells [43]. In Figure 3A, 0.25 mg/mL E1 significantly increased the mRNA level of human MDR1 at 48 h in the Caco-2 cells (p = 0.0312) whereas significance was seen at 0.1 mg/mL E2 at 24 h (p < 0.0001). Rifampin was used as the positive control to upregulate the human MDR1 gene through the PXR-dependent pathway in the LS-180 cells [43]. In Figure 3B, 0.1 mg/mL E1 significantly increased the mRNA level of human MDR1 in the LS-180 cells at 48 h (p = 0.0015) while significance was seen with 0.1 mg/mL E2 at 24 h (p = 0.0017) and ∼11-fold increase at 48 h (p < 0.0001). This data suggest that E1 and E2 probably upregulate the MDR1 gene through both the PXR-dependent and PXR-independent pathways.
[image: Figure 3]FIGURE 3 | Effect of Oregon grape root extract 1 (E1) and Oregon grape root extract 2 (E2) on the mRNA levels of human MDR1 (ABCB1) in Caco-2 cells (Panel (A)) and LS-180 cells (Panel (B)). C: control; 24: 24 h; 48: 48 h; L: 100 µM levothyroxine; and R: 10 µM rifampin. Data are represented as mean ± standard deviation, n = 4. Statistical significance from control is shown with asterisks (treatments at 24 h were compared with the control at 24 h, treatments at 48 h were compared with control at 48 h), *p < 0.05; **p < 0.01.
DISCUSSION
P-gp, encoded by MDR1 gene, has been found in both tumor cells as well as epithelial cells of normal tissues which is responsible for the efflux of a large number of structurally and pharmacologically unrelated lipophilic and amphipathic xenobiotics [44], and it also plays a role in drug resistance of cancer chemotherapy [45]. Clinical herb-drug interactions such as St. John’s wort and sertraline have been reported which alter the efficacy or level of adverse effects of the drug [46]. Herbal products have been shown to interact with drug efflux transporters such as P-gp. Examples of interactions are St. John’s Wort [47, 48], garlic [49, 50], ginko biloba extract [51] and milk thistle [52, 53] as P-gp inhibitors or inducers. These herbal products altered the bioavailability of the drugs which are substrates of P-gp, such as CsA and St. John’s Wort [28], saquinavir and garlic [23], and indinavir and milk thistle [54]. It was hypothesized that inhibition of P-gp by herbal constituents may provide a novel approach for reversing multi-drug resistance in tumor cells whereas increased P-gp expression may have therapeutic implications for chemoprotection by herbal medicines.
Bisbenzylisoquinoline alkaloids, which are found in herbal products like goldenseal (Hydrastis canadensis), berberies and Oregon grape root (Mahonia aquifolia), have been shown to interact with P-gp and have the potential for drug-diet interactions [55, 56]. Fu et al. (2001) screened potential MDR modifiers from naturally occurring bisbenzylisoquinoline alkaloids using MCF-7/ADR and KBv200 tumor cells. Many of the natural compounds tested decreased the resistance of tumor cells to doxorubicin and vincristine, P-gp substrates. In addition, these compounds also increased intracellular accumulation of 3H-vincristine by 3.3-fold [55]. Moreover, PK11195, an isoquinoline carboxamide ligand, has been shown to increase drug accumulation and facilitate drug-induced apoptosis in human multidrug-resistant leukemia cells [56]. This suggests that the mechanism to reverse MDR is probably linked to increased intracellular drug accumulation by inhibition of P-gp. Also, in adriamycin-resistant mouse leukemia P388/ADR cells and human myelogenous leukemia K562/ADR cells, isoquinoline derivatives effectively reversed the resistance to vinblastine by inhibiting 3H-vinblastine efflux by inhibiting the binding of drugs to P-gp [57].
Our study confirms a previous report that berberine is effluxed by the Caco-2 cells and that Papp from B to A is greater than A to B direction [18] (Figure 1A). Moreover, the present study shows that berberine is effluxed by the MDCK-MDR1 cells suggesting that berberine is a P-gp substrate, and efflux observed in the Caco-2 is likely mediated by P-gp (Figure 1C). We also found that berberine can inhibit the P-gp-mediated transport of CsA and digoxin (Figure 2). Berberine (10 µM) significantly inhibited the efflux of 0.5 µM CsA in Caco-2 and MDCK-wild type cells with no effect seen on digoxin transport in these two cell systems (Figure 2; Table 1). Similar transport experiments performed with cells overexpressing P-gp, MDCKII-MDR1, demonstrated that berberine significantly inhibits the Papp efflux of both CsA and digoxin. The differential effect of berberine observed on the transport of digoxin in the Caco-2 and MDCK-wild type cells vs. MDCKII-MDR1 cells are probably due to multiple mechanisms that are differentially expressed in these cell systems. In vivo studies have shown that berberine can alter the bioavailability of P-gp substrates. For instance, the mean area under the curve of CsA was increased 34.5% (p < 0.05) after co-administration of 200 mg berberine three times a day for 12 days in renal-transplant patients [58]). In rats, the intestinal absorption of 50 µM berberine was increased with co-exposure of 5 µM CsA or 200 µM verapamil by 12.3% and 14.7%, respectively [59]. In vitro studies have shown that berberine can up-regulate P-gp expression in gastric (SC-M1 and NUGC-3) and colon (COLO205 and CT26) cancer cell lines after 24 h exposure [32] as well as increase the intracellular accumulation of rhodamine 123, another P-gp substrate, in bovine brain capillary endothelial cells [33].
Our study provides new evidence that berbamine is effluxed in both Caco-2 and MDCKII-MDR1 cells to a greater extent, ∼5-fold, than berberine (Figures 1B, D). The efflux ratio of berbamine is similar in both the Caco-2 cells (24.2 ± 4.5) and MDCKII-MDR1 cells (27.4 ± 5.1) which indicates that berbamine may be transported by additional efflux transporters in Caco-2 cells. Berbamine was able to significantly inhibit the efflux of CsA and digoxin transport in the Caco-2, MDCKII-MDR1 and MDCKII wild-type cells (Table 1). The effect of berbamine on modulating the transport of CsA and digoxin in the B to A direction was not as potent as berberine in the MDCKII-MDR1 cells.
Oregon grape root extracts are commonly used by Native Americans as a dietary supplement for treating skin disease, gall bladder disease and gastro-intestinal disorder [2, 3, 60]. Currently, there are only two studies of identification of compounds present in the Oregon grape root [61, 62]. One analytical study shows the separation of the Oregon grape root extracts by HPLC but does not quantify any of the components within the extract [61]. Another study used capillary-HPLC coupled with ESI MS/MS for the characterization of alkaloids extracted from Oregon grape root [62]. No publication reports any interactions of Oregon grape root with drugs, metabolic pathways or transporters. Our study provides evidence that berberine was present in both of the Oregon grape root extracts (E1 and E2) and that berberine had similar retention times as the berberine standard with 15% berberine in E1 and 17% berberine in E2. As for berbamine, it was not present in either of the extracts which is inconsistent with a previous study [62]. This could probably be due to the difference in the source of the Oregon grape root extracts and the difference of the analytical method. Further confirmation of these compounds needs to be performed by MS/MS and nuclear magnetic resonance spectroscopy analysis. Unlike berberine, berbamine is not a typical component of Oregon grape root. Our results confirmed that berberine was present in Oregon grape root extracts but not berbamine.
The data from our study supported the hypothesis that Organ grape root extracts would have similar effects as berberine in the modulation of P-gp. Our data show that both E1 and E2 inhibited the efflux transport of CsA and digoxin in Caco-2 cells with E2 being slightly more potent than E1 (Table 2). Because we did not detect berbamine in either E1 or E2, the effect observed may mainly reflect the berberine component in the extracts. The different effect of E1, E2 compared to that of berberine on digoxin transport in Caco-2 cells implies that there may be additional components in E1 or E2 (yet to be determined) that may affect digoxin transport.
We further studied if Oregon grape root extracts can induce P-gp. P-gp expression has been shown to be inducible by many xenobiotics such as rifampin [63], dexamethasone [64], and St. John’s wort [65]. In this study, we used both Caco-2 and LS-180 cells as appropriate in vitro models to investigate the mechanism of P-gp induction. Because rifampin can increase P-gp mRNA in LS-180 cells [66], it was used as a positive control in our study. In Caco-2 cells, the positive control, levothyroxine, significantly increase the P-gp mRNA and it is consistent with a previous study [43]. The real time RT-PCR analysis shows that both E1 and E2 up-regulate mRNA levels of human MDR1 in both Caco-2 and LS-180 cell lines (Figure 3). Because Caco-2 cells lack the PXR receptor while LS-180 cells have it, E1 and E2 probably modulate P-gp through both a PXR-independent and a PXR-dependent manner. Because there are other components in either E1 or E2, whether berberine modulate P-gp in both PXR-independent and PXR-dependent manner needs to be further investigated with the purified berberine component. Based on the recommended dosing regimen for Oregon grape root extracts, 750 mg three times a day, intestinal concentrations of Oregon grape root extracts are approximately 3 mg/mL (dose/250 mL) [65]. Thus, the concentrations evaluated in the study (0.1–1 mg/mL) are clinically relevant assuming berberine levels are similar across extracts. This finding is also consistent with previous findings that berberine induces P-gp. Future clinical studies to understand the potential effect of Oregon grape root extract on the PK of P-gp substrates will help determine the in vivo applicability of our in vitro findings.
The limitation of our research is that E1 and E2 were from different resources (see Material and Method section), therefore, it is not clear what the exact components are and what different components were between these two extracts. From our analytical results, it is only confirmed that berberine exists in both extracts. Further investigation is warranted to determine all major components and understand the possible differences between the two extracts.
In summary, to the best of our knowledge, this is the first study to show that Oregon grape root extracts can modulate P-gp by inhibiting P-gp-mediated transport and up-regulating mRNA levels of MDR1, likely caused by berberine component in the extracts. Thus, dietary/herbal supplements, such as Oregon grape root extracts (that contain berberine), may affect the drug efflux or absorption in the intestine which should be taken into consideration when taking drugs that are substrates for P-gp.
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