Demethoxycurcumin modulates human P-glycoprotein function via uncompetitive inhibition of ATPase hydrolysis activity
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Abstract
Curcuminoids are major ingredients in Curcuma longa L., which is widely used as spice in food. This study aimed at identifying whether curcumin, demethoxycurcumin and bisdemethoxycurcumin could modulate efflux function of human P-glycoprotein, and used as chemosensitizers in cancer treatments. Without altering P-glycoprotein expression levels and conformation, the purified curcuminoids significantly inhibited P-glycoprotein efflux function. In rhodamine 123 efflux and calcein AM accumulation assays, demethoxycurcumin demonstrated the highest inhibition potency (inhibitory IC50 = 1.56 ± 0.13 μM) among the purified curcuminoids, as well as in the fold of reversal assays. Demethoxycurcumin inhibited P-glycoprotein mediated ATP hydrolysis under concentration less than 1 μM and efficiently inhibited 200 μM verapamil-stimulated ATPase activity, indicating a high affinity of demethoxycurcumin for P-glycoprotein. These results suggested that demethoxycurcumin may be a potential additive natural product in combination with chemotherapeutic agents in drug-resistant cancers.
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Introduction
Human P-glycoprotein (P-gp), encoded by the ABCB1 gene, is an efflux transporter which belongs to the ATP-binding cassette (ABC) transporter superfamily. 1 It is a 170 kDa transmembrane protein and expresses abundantly in the apical membranes of major excretory organs, such as the kidney, liver, and intestines, as well as the luminal surface of blood-tissue interfaces, such as the blood-brain, blood-testis and blood-ovarian barriers. 2 A wide range of therapeutics drugs are substrates of P-gp, including anticancer agents (e.g. vinca alkaloids, anthracyclines, and taxanes), HIV protease inhibitors, immunosuppressive drugs, antidepressants, and steroids. 3 It affects absorption, distribution and elimination of these substrates, and contributes a major role in multidrug resistance (MDR) in cancer treatment. 4 The overexpressed P-gp has been found in several human tumors and confers resistance toward chemotherapeutic agents. 5 Therefore, identifying molecules that interfere with human P-gp function or expression may be a potential target for reversing multidrug resistance in cancers. 
To date, three generations of P-gp inhibitors have been developed. 6 However, none of these compounds could achieve beneficial clinical outcomes. 7 The most considerable reasons of the failure of these synthetic compounds were the toxicities and pharmacokinetic interactions. 4 These clinical reports lead to the search of P-gp inhibitors from nature products, which are generally considered to be safer and nontoxic at usual dose. Curcuminoids are nature phenolic compounds extracted from the rhizome of Curcuma longa Linn., which are commonly used as spices in food and health products. The three major isolated curcuminoids are curcumin, demethoxycurcumin and bisdemethoxycurcumin. 8 Previous studies have showed that nature curcuminoids possessed many pharmacological activities, such as anti-inflammation, antioxidant, and anticancer effects. 9-13 Besides these effects, several studies showed that the commercial grade mixture of curcuminoids, composed of approximately 77% curcumin, 17% demethoxycurcumin and 3% bisdemethoxycurcumin, were able to modulate P-gp expression and function in hepatocytes and cancer cells. 14, 15 Most of the previous reports utilized the commercial grade curcuminoids and were unable to identify the individual effect of the three major curcuminoids on P-gp. Recently, limited studies reported that the isolated curcumin, demethoxycurcumin and bisdemethoxycurcumin may diversely contribute to the influence of P-gp expression and function. 16, 17 However, inconsistent results have been obtained among different studies and kinetic mechanisms of interactions between P-gp and three major curcuminoids were not investigated.
The present study aimed to evaluate the effect of individual curcuminoids, including curcumin, demethoxycurcumin and bisdemethoxycurcumin, on human P-gp expression and function. Further in depth biochemical and kinetic mechanisms investigation was performed to elucidate the differential P-gp inhibition potency of these major curcuminoids. The effect of the most potent curcuminoid on the sensitivity of chemotherapeutic agent in the P-gp overexpression cells was also carried out to evaluate the potential of curcuminoids to overcome P-gp mediated MDR in cancer chemotherapy. 
Materials and Methods
Chemicals
R-(+)-Verapamil, doxorubicin, MTT reagent, DMSO, rhodamine 123, and calcein-AM were purchased from Sigma Chemical Co (St. Louis, MO, U.S.A.). The Flp-In TM system and all cell culture medium were obtained from Invitrogen (Carlsbad, CA, USA). The full-length human ABCB1 cDNA in pMDRA1 was supplied by the Riken BRC DNA bank (RDB No. 1372) (Ibaraki, Japan). Curcumin (C), demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC) were extracted and isolated from roots of Curcuma longa as in our previous study; 18 the isolated three pigments were identified to be more than 98% purity.
Cell culture
The human P-gp over-expression cells were established and verified in our previous studies. 19, 20 To be brief, the host Flp-InTM-293 cells were cultured in DMEM containing 10% fetal bovine serum and 100 μg/mL zeocin at 37oC, 95% humidity and 5% CO2. The constructed pcDNA5/ABCB1 plasmid and pOG44 plasmid were co-transfected into the Flp-InTM-293 cells. The human P-gp stable transfected cells (ABCB1/HEK293) were selected on the basis of hygromycin B resistance. 
Cytotoxicity Assay

Cytotoxicities of curcuminoids toward Flp-InTM-293 and ABCB1/HEK293 cells were determined by MTT assay. The cells were seeded into 24-well plates overnight and series concentrations of curcuminoids (from 1 μM to 500 μM) were added. After 72 hours incubation, the medium was removed and added fresh culture medium 200 μl containing 0.5 mg/ml MTT. The medium was removed after incubated at 37oC for 4 hours and 200 μl DMSO was added. After incubation at room temperature for 30 minutes, 100 μl solution was transferred to a 96-well plate and absorbance was measured using an ELISA plate reader (Molecular Devices, Sunnyvale, USA) at 570 nm with a reference wavelength of 650 nm. The sensitivities of Flp-InTM-293 and ABCB1/HEK293 cells to doxorubicin were also evaluated by the MTT assay. The concentration reached 50% cell growth inhibition (IC50) was calculated and the fold reversal factor was further determined according to the previous study. 21
Real-time Quantitative RT-PCR and MDR1 Shift Assay

ABCB1 mRNA expression levels were evaluated by real-time quantitative RT-PCR. The Qiagen RNeasy kit (Valencia, CA, USA) was used to extract total RNA from the transfected cells. The primers and probes for human ABCB1 and GAPDH genes were Taqman Assay on Demand reagents (Applied Biosystem, Foster City, CA, USA). The relative expression of ABCB1 mRNA were analyzed using an ABI Prism 7900 Sequence Detection System and normalized to the amount of GAPDH in the same cDNA by using the standard curve method described by the manufacturer.
The conformation change of P-gp after adding tested compound was examined by using MDR1 Shift Assay kit (EMD Millipore Corporation, Billerica, MA, USA) according to manufacturer’s protocol. UIC2 shift was shown in the presence of P-gp substrate like vinblastine. Prepared 5x105~1x106 cells per reaction and resuspended with warm UIC2 binding buffer. Incubated cells at 37°C for 10 minutes and then treating cells with DMSO or vinblastine or tested compounds. Incubated cells at 37°C for 30 minutes and then treating cells with IgG2a (negative control antibody) or UIC2 working solution (P-gp conformational sensitive antibody). Incubated cells at 37°C for 15 minutes and then washed cells with iced UIC2 binding buffer twice. Adding secondary antibody Goat Anti-Mouse IgG ALEXA 488 at 4°C for 15 minutes and then added iced UIC2 binding buffer. The fluorescence was measured by FACS analysis (BD FACSCanto™ System).
P-gp ATPase Activity Assays
The Pgp-GIO assay system (Promega, Madison, WI, USA) was used to evaluate the effect of curcuminoids on P-gp ATPase activity according to manufacturer’s protocol. In a 96-well untreated white plate, curcuminoids (from 1 μM to 100 μM) was incubated with 25 μg recombinant human Pgp membrane. The P-gp-GIO assay buffer was used as the untreated control, 200 μM verapamil was used as the positive control of drug induced P-gp ATPase activity, and 100 μM sodium orthovanadate was used as the selective inhibitor of P-gp ATPase activity. The ATPase activity was initiated by adding 5 mM MgATP and incubated at 37oC for 60 minutes. Further initiating the luminescence by adding 50 μl of ATP detection reagent; after 20 min incubation at room temperature, the plate was read on the SpectraMax Gemini XS microplate spectrofluorometer (Molecular Devices Co., Sunnyvale, CA, USA). 
Rhodamine 123 Efflux Assay

For the rhodamine 123 efflux assays, 1×105 cells/well were seeded on 96-well plates and cultured for 24 hours. The cells were washed and pre-incubated with Hanks’ balanced salt solution (HBSS) for 30 min, and subsequently incubated in 1 μM rhodamine123 for 30 min with or without curcuminoids in triplicate. After washed with warm PBS, cells were allowed to efflux rhodamine123 for 10 min at 37oC in the incubator. Samples (100 μl) were collected and transferred to 96-well black plates. The fluorescence were measured by the SpectraMax Gemini XS microplate spectrofluorometer (Molecular Devices Co., Sunnyvale, CA, USA) with the excitation set at 485 nm and the emission set at 535 nm. The rhodamine 123 concentration was obtained by comparing to the standard curve. Each experiment was performed at least three times, each in triplicate on different days.

Calcein-AM Uptake Assay

For calcein-AM uptake study, 1×105 cells/well were placed on 96-well black plates and cultured overnight. Before the uptake assay, cells were washed and pre-incubated with HBSS for 30 min, and subsequently with curcuminoids for 30 minutes. After pre-incubation, calcein AM was added and incubated at 37oC in the incubator for 30 minutes. After washed by ice-cold HBSS, cells were lysed with 1% Triton X-100 and intracellular calcein fluorescence was analyzed by the SpectraMax Gemini XS microplate spectrofluorometer (Molecular Devices Co., Sunnyvale, CA, USA) with the excitation at 485 nm and the emission at 535 nm. Each experiment was performed at least three times, each in triplicate on different days.
Fluorescent Doxorubicin Efflux Assay

For doxorubicin efflux assays, 1×105 cells/well were seeded on 96-well plates. After overnight incubation, cells were washed and incubated with HBSS for 30 minutes. Then, the cells were subsequently incubated in 10, 20 or 30 μM fluorescent doxorubicin for 3 hours with or without curcuminoids in triplicate. After being washed with warm PBS, cells were allowed to efflux fluorescent doxorubicin for 2 hours at 37 oC in the incubator. Samples (100 μl) were collected and transferred to 96-well black plates. Fluorescence of doxorubicin were measured by the SpectraMax Gemini XS microplate spectrofluorometer (Molecular Devices Co., Sunnyvale, CA, USA) with the excitation set at 485 nm and the emission set at 590 nm. The doxorubicin concentration was obtained by comparing to the standard curve. Each experiment was performed at least three times, each in triplicate on different days.
Data and Statistical Analysis

For evaluation of inhibitor potency, IC50 values were calculated by the following equation:
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Where E is the observed efflux in the presence of inhibitor; E0, the efflux in the absence of inhibitor; I, the inhibitor concentration; IC50, the concentration that caused 50% inhibition of the maximal drug effect and s is the slope factor.

For kinetic studies, kinetic parameters were estimated by nonlinear regression using Scientist v2.01 (MicroMath Scientific Software, Salt Lake City, UT, U.S.A.) according to the following equation:



[image: image2.wmf]max

m

VC

V

KC

´

=

+


Where V denoted the efflux rate; Vmax, the maximal efflux rate; Km, the Michaelis-Menten constant and C is the substrate concentration. 
Statistical differences were evaluated by ANOVA followed post hoc analysis (Tukey’s test) or the Student’s t-test. The statistical significance was set at p value < 0.05.
Results
Expression and basic function evaluation of human P-gp in established cell line

The ABCB1 mRNA expression was significantly higher in stable transfected HEK293 cells (ABCB1/HEK293) than in the Flp-InTM-293 cells (vector only; host cells) (p<0.001; Fig.1(a)). After 72 hours treatment of 5 μM curcumin (C), demethoxycurcumin (DMC) or bisdemethoxycurcumin (BDMC), the ABCB1 mRNA expression remained unchanged (Fig.1(a)). The cytotoxicity assays indicated that curcuminoids at concentrations ranging from 1 μM to 5 μM did not affect ABCB1/HEK293 cells viability. The cytotoxicity IC50 of curcumin, demethoxycurcumin and bisdemethoxycurcumin for ABCB1/HEK293 cells were 7.29 ± 0.51, 8.31 ± 0.71, and 10.72 ± 1.42 μM, respectively. 
The basic P-gp function of ABCB1/HEK293 cells was confirmed by MDR1-shift assay utilizing UIC2 antibody. The conformation specific antibody, UIC2, recognizes the extracellular epitopes of P-gp after conformation change induced by substrates or inhibitors. 22, 23 The addition of the positive control drug, vinblastine, to ABCB1/HEK293 cells resulted in increased UIC2 binding to P-gp, while none of the curcuminoids induced P-gp conformation change (Fig. 1(b)). 
Effects of curcuminoids on P-gp efflux function
The P-gp fluorescence substrate, rhodamine123, was used as a model compound to investigate the effects of curcuminoids on P-gp function. The efflux of rhodamine 123 was significantly inhibited by curcuminoids in ABCB1/HEK293 cells (Fig. 2(a)). As compared to the no treatment control, the addition of C, DMC or BDMC, as well as the well-known P-gp inhibitor, verapamil, to ABCB1/HEK293 cells reduced rhodamine 123 efflux significantly (p<0.01; Fig. 2(a)). 

The effects of curcuminoids on P-gp efflux function were further confirmed by the calcein-AM uptake assay. Calcein-AM is a non-fluorescent lipophilic P-gp substrate. After entering living cells, it would be hydrolyzed by esterase and become fluorescent calcein. Therefore, the intracellular calcein fluorescence was inversely correlated to P-gp function. The addition of C, DMC or BDMC significantly increased the intracellular accumulation of calcein as compared to the no treatment control (p<0.01; figure 2(c)). 
Molecular and kinetic mechanisms of interactions between curcuminoids and P-gp
To detect the influence of curcuminoids on the P-gp ATPase activity, series concentrations of curcuminoids (from 1 to 100 μM) were incubated with recombinant human P-gp membranes. DMC and BDMC were demonstrated to inhibit both P-gp basal ATPase activity and 200 μM verapamil-stimulated P-gp ATPase activity, while C was demonstrated to inhibit P-gp basal ATPase activity but was unable to inhibit 200 μM verapamil-stimulated P-gp ATPase activity (Fig. 3). 
The rhodamine 123 efflux inhibition kinetics of curcuminoids were further investigated by Lineweaver-Burk plot (Fig.4). In ABCB1/HEK293 cells, when the concentrations of C, DMC or BDMC increased, both the maximum rate (Vmax) and the affinity (Km) of rhodamine 123 efflux decreased (Fig. 4; Table 1). These results suggested that curcuminoids may inhibit human P-gp via uncompetitive inhibition. The P-gp inhibition potency of curcuminoids were demonstrated by dose response study and DMC was the most potent P-gp inhibitor among the curcuminoids (Fig. 2(b); Table 1). 
Effects of curcuminoids on the sensitivity of doxorubicin in P-gp overexpressed ABCB1/HEK293 cells
The multidrug resistant reversal abilities of curcuminoids were evaluated by co-administered P-gp overexpressed cells with curcuminoids and doxorubicin. The IC50 of doxorubicin with or without curcumunoids were calculated and the fold of reversal was further determined (Table 2). The fold of reversal of DMC was the highest among the tested curcuminoids.

The effect of DMC on P-gp mediated doxorubicin efflux and the kinetic mechanism were further investigated. DMC significantly inhibited doxorubicin efflux in a dose dependent manner (Fig. 5 (a)(b)). As for the kinetic mechanism of P-gp mediated doxorubicin efflux, when the concentration of DMC increased, the Vmax decreased with Km of doxorubicin remaining unchanged (Fig. 5(c); Table 3). These results suggested that DMC may inhibit doxorubicin efflux by P-gp via non-competitive inhibition. 
Discussion
Multidrug resistance remains the one of the major problem to be resolved in cancer chemotherapy. Although quantities of human P-gp inhibitors have been developed, none of them can provide clinical benefits without toxic side effects. Therefore, efforts have turned to identify nature products with P-gp inhibitory effects and without systemic toxicities. In the present study, curcuminoids were demonstrated to possess P-gp inhibitory effects under nontoxic concentrations. Among the major curcuminoids, demethoxycurcumin (DMC) exhibited the strongest P-gp inhibition potency with the highest multidrug resistant reversal ability. The kinetic studies revealed that DMC may interact with P-gp transport of rhodamine 123 via uncompetitive inhibition and doxorubicin through non-competitive inhibition. Further ATPase assay demonstrated that DMC was capable of inhibition both P-gp basal ATPase activity and verapamil-stimulated P-gp ATPase activity. These results indicated that DMC was a potential candidate to be developed as a multidrug resistant reversal agent.

Previous studies have reported the anticancer effects of curcuminoids. 24 It has been suggested that the cancer preventive activities of commercial curcuminoids may be related to the suppression of NF-κB, regulation of Wnt signaling pathway, and also inhibition of mTOR signaling. 25-29 In terms of the reversal of multidrug resistance, commercial curcuminoids were reported to be able to increase the accumulation of daunorubicin in P-gp overexpressing human carcinoma KB-C2 cells in a concentration-dependent manner. 30 The efflux of the P-gp fluorescence substrate, rhodamine 123, by KB-C2 cells was also reduced by commercial curcuminoids. 30 Furthermore, the expression of P-gp in multidrug-resistant human cervical carcinoma cells was reported to be down-regulated by commercial curcuminoids in another study. 14 The individual effect of C, DMC and BDMC on P-gp expression and function was tested in limited studies. 16, 17 One study focused on the characterization of C, DMC and BDMC effects on P-gp function using KB-V1 and KB-3-1 cells, which were multidrug resistance and drug sensitive cervical carcinoma cells, respectively. 17 Their results demonstrated that C, DMC and BDMC all can inhibit P-gp function, and C was showed to be the most active form among the major curcuminoids. 17 In another study, the effects of C, DMC and BDMC on P-gp transport function were examined by using Caco-2 and vinblastine-selected Caco-2 cells. 16 They showed that C and DMC could inhibit P-gp function, however, BDMC showed no effect on P-gp function. 16 These discrepancies may result from the usage of different cell lines and drugs to induce resistance. To clarify whether curcuminoids have the potentials to be used as multidrug reversal agents, we performed the analyses in HEK293 cells which were stable transfected with human P-gp to avoid the disturbance of baseline expression of transporters and the different drug induced transporter expression levels. 

In the present study, DMC was demonstrated to be the most potent P-gp inhibitor among the major curcuminoids. Several studies also showed that DMC possessed the most efficient cytotoxic effects toward breast cancer and prostate cancer cells. 18, 31, 32 It was reported that DMC may activate AMPK, and thus inhibit energy metabolic and oncogenic signaling pathway in triple-negative breast cancer cells. 31 It was also showed in another study that DMC may down-regulate HSP70 and EGFR, and further influence the proliferation of prostate cancer cells. 18 DMC was also showed to induce human glioma cells arrested at G2/M phase and apoptosis. 33 Although C is the most abundant form of natural curcuminoids, it can be degraded easily both in vivo and in vitro. 34 The instability of C limited its biological activity, and thus the efficacy of anticancer and P-gp inhibition was reduced; on the other hand, compared to C, DMC lacks the methoxy group which links directly to the benzene ring, and this slightly different lead to the more stable chemical character of DMC. 35 In the present study, DMC was demonstrated to be 3.5-fold more potent P-gp inhibitor than C. The kinetic mechanisms of C, DMC and BDMC were similar. These curcuminoids acted as uncompetitive inhibitors of human P-gp and inhibited ATPase activity of P-gp. These results indicated that the structurally stability plays a critical role for the potency of curcuminoids. The difference among C, DMC and BDMC was the ability to inhibit verapamil-induced ATPase activity. Only C was unable to inhibit verapamil-induced ATPase activity, both DMC and BDMC inhibited verapamil-induced ATPase activity under low concentration. These results suggested that DMC and BDMC may compete for the ATPase binding sites of verapamil, while C might act on the other binding pockets.

The strength of this study was the use of stable cloned human P-gp expression cells. With the stable and identical P-gp expression level, the kinetic mechanisms and potency of C, DMC and BDMC were clarified. The fold of reversal factor of doxorubicin further demonstrated the reverse of drug sensitivity by treatment of individual major curcuminoids. However, there were still weakness in this study. The effects of multidrug-resistant reversal curcuminoids still need to be verified in animal models. 

In conclusion, the results of this study demonstrated that DMC treatment inhibited human P-gp function though ATPase inhibition via uncompetitive inhibition. It also reversed the doxorubicin-resistant cells to doxorubicin-sensitive cells. Further in vivo studies about the P-gp inhibition effect of DMC may provide evidence to support DMC used as an add-on natural product in chemotherapy patients.
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Table 1. Effect of the purified curcuminoids on rhodamine123 transport by human P-glycoprotein.
	Nonlinear kinetic parameters

	
	Vm
(pmole/mg protein/10min)
	Km
(µM)
	

	Bisdemethoxycurcumin (BDMC)

	Nonlinear regression
	
	
	

	      Rhodamine 123 only
	 3.84 ± 0.21
	20.43 ± 0.98
	

	      + BDMC, 1 µM
	 1.62 ± 0.23*
	14.31 ± 1.99*
	

	      + BDMC, 2.5 µM
	 1.03 ± 0.31*
	9.16 ± 2.58*
	

	
	
	
	

	Ki from Lineweaver–Burk (µM)
	
	
	1.23 ± 0.07

	Efflux IC50 (µM)
	
	
	3.08 ± 0.19

	Demethoxycurcumin (DMC)

	Nonlinear regression
	
	
	

	      Rhodamine 123 only
	 3.84 ± 0.21
	20.43 ± 0.98
	

	      + DMC, 1 µM
	2 ± 0.15*
	8.86 ± 1.89*
	

	      + DMC, 2.5 µM
	1.48 ± 0.09*
	4.93 ± 2.44*
	

	
	
	
	

	Ki from Lineweaver–Burk (µM)
	
	
	0.96 ± 0.09

	Efflux IC50 (µM)
	
	
	1.56 ± 0.13

	Curcumin (C)

	Nonlinear regression
	
	
	

	      Rhodamine 123 only
	 3.84 ± 0.21
	20.43 ± 0.98
	

	      + Curcumin, 1 µM
	 2.68 ± 0.05*
	11.46 ± 0.43*
	

	      + Curcumin, 2.5 µM
	 2.34 ± 0.02*
	10.00 ± 0.47*
	

	
	
	
	

	Ki from Lineweaver–Burk (µM)
	
	
	2.57 ± 0.71

	Efflux IC50 (µM)
	
	
	 5.8 ± 0.32


*Denoted p<0.05 as compared to rhodamine123 transport without purified curcuminoids.
Table 2. Effects of purified curcuminoids on doxorubicin cytotoxicity.
	
	IC50 (nM) (fold reversal factor)

	Compounds
	Flp-InTM 293 cells
	 ABCB1 / HEK293 cells

	Doxorubicin
	6.15 ± 1.78
	196.34 ± 5.01 (1.00)

	+ 1 µM BDMC
	5.36 ± 0.95
	13.89 ± 1.51 (14.14)*

	+ 2.5 µM BDMC
	6.30 ± 1.14
	10.41 ± 1.76 (18.86)*

	+ 1 µM DMC
	7.75 ±1.43
	11.61 ± 1.94 (16.91)*

	+ 2.5 µM DMC
	5.47 ± 0.17
	8.76 ± 1.31 (22.41)*

	+ 1 µM Curcumin
	7.78 ± 0.24
	13.21 ± 2.53 (14.86)*

	+ 2.5 µM Curcumin
	6.58 ± 0.74
	10.90 ± 1.55 (18.01)*


*Denoted p<0.05 as compared to doxorubicin treatment.
Table 3. Effect of demethoxycurcumin on doxorubicin transport by human P-glycoprotein.
	Nonlinear kinetic parameters

	
	Vm
(pmole/mg protein/120min)
	Km
(µM)
	

	Nonlinear regression
	
	
	

	      Doxorubicin only
	144.63 ± 4.78
	36.87 ± 3.27
	

	      + DMC, 1 µM
	92.42 ± 4.41*
	32.67 ± 3.59
	

	      + DMC, 2.5 µM
	85.24 ± 1.43*
	30.49 ± 4.69
	

	
	
	
	

	Ki from Lineweaver–Burk (µM)
	
	
	0.44 ± 0.07


*Denoted p<0.05 as compared to doxorubicin transport without DMC.
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Figure captions:
Figure 1. Effect of purified curcuminoids on P-gp mRNA expression and conformational changes. (a) Human P-gp mRNA levels detected by real-time quantitative RT-PCR. There were no significant differences between no treatment and 72 hours treatment of 5 μM purified curcuminoids. Data were presented as mean ± SE of at least three experiments, each in triplicate. (b) MDR1 shift assay was applied to exam the effect of 10 μM purified curcuminoids on P-gp conformational changes. Vinblastine, a P-gp substrate, was used as a positive control. The peaks of purified curcuminoids did not shift, as compared to the solvent, indicated that the purified curcuminoids did not change the conformation of P-gp to the open form. 
Figure 2. Evaluation of influences of purified curcuminoids on P-glycoprotein efflux function. (a) Rhodamine 123 efflux assay: purified curcuminoids significantly inhibited P-gp mediated efflux of rhodamine 123 under non-toxic concentrations. Verapamil 10 μM was used as a positive control. * p<0.05 as compared to rhodamine 123 efflux without purified curcuminoids (no treatment control). (b) The IC50 of the inhibitory effect of C, DMC and BDMC on rhodamine 123 efflux by P-gp were 5.8 ± 0.32, 1.56 ± 0.13 and 3.08 ± 0.19 μM, respectively, indicating that DMC possessed the most potent effect on rhodamine 123 efflux by P-gp. (c) Calcein-AM uptake assay: purified curcuminoids increased intracellular accumulation of calcein under non-toxic concentrations in P-gp. Verapamil 10 μM was used as a positive control. *p<0.05 as compared to calcein-AM uptake without purified curcuminoids (no treatment control). Above data were presented as mean ± SE of at least three experiments, each in triplicate.


Figure 3. Effect of purified curcuminoids on P-glycoprotein ATPase activity. Data were analyzed in terms of RLUs. (a) (c) (e) Incubation with C, DMC or BDMC (0.5-100 μM) inhibited the P-gp ATPase activity. (b) (d) (f) C, DMC or BDMC (1-100 μM) was tested for its capacity to inhibit 200 μM verapamil-stimulated P-gp ATPase activity. C showed on effect on 200 μM verapamil-stimulated P-gp ATPase activity at concentration 5 μM, while DMC or BDMC inhibited 200 μM verapamil-stimulated P-gp ATPase activity at concentration 5 μM.
Figure 4. Concentration-dependent rhodamine 123 efflux (10-30 μM) in the presence or absence of purified curcuminoids. The left panels showed the nonlinear regression analysis of rhodamine 123 efflux and the right panels demonstrated the Lineweaver-Burk plot analysis of rhodamine 123 efflux. (a) (b) Curcumin. (c) (d) DMC. (e) (f) BDMC. Data were presented as mean ± SE of at least three experiments, each in triplicate. * p<0.05 as compared to rhodamine 123 efflux without purified curcuminoids (control).
Figure 5. Concentration-dependent doxorubicin efflux (10-30 μM) in the presence or absence of DMC. (a) Dose dependent effect of DMC on doxorubicin efflux by P-gp. (b) The nonlinear regression analysis of the inhibition effect of DMC on doxorubicin efflux. (c) The Lineweaver-Burk plot analysis of the inhibition effect of DMC on doxorubicin efflux. Data were presented as mean ± SE of at least three experiments, each in triplicate. * p<0.05 as compared to doxorubicin efflux without DMC (control).
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