
Sensitization of ABCB1 Overexpressing Cells to
Chemotherapeutic Agents by FG020326 via Binding to ABCB1 and
Inhibiting Its Function

Chun-ling Daia, Yong-ju Lianga, Li-ming Chena, Xu Zhanga, Wen-jing Denga, Xiao-dong
Sua, Zhi Shia,b, Chung-pu Wuc, Charles R. Ashby Jr.b, Shin-ichi Akiyamad, Suresh V.
Ambudkarc, Zhe-sheng Chenb,*, and Li-wu Fua,*
aState Key Laboratory of Oncology in South China, Cancer Center, Sun Yat-Sen University,
Guangzhou 510060, China
bDepartment of Pharmaceutical Sciences, College of Pharmacy and Allied Health Professions, St
John’s University, Jamaica, NY 11439, USA
cLaboratory of Cell Biology, Center for Cancer Research, NCI, NIH, Bethesda, MD 20892, USA
dDepartment of Molecular Oncology, Kagoshima University Graduate School of Medicine and
Dental Sciences, Kagoshima 890-8544, Japan

Abstract
The effectiveness of chemotherapeutic treatment is usually limited by the overexpression of
adenosine triphosphate binding cassette (ABC) transporters, which mediate multidrug resistance
(MDR) by acting as efflux pumps to remove chemotherapeutic agents from MDR cancer cells. Thus,
the inhibition of ABC transporters may represent a promising strategy to reverse MDR. This study
was to characterize the in vitro and in vivo actions of FG020326, a newly synthesized triaryl-
substituted imidazole derivative, to reverse MDR. FG020326 significantly potentiated the
cytotoxicity of paclitaxel, doxorubicin, and vincristine in the ABCB1 (P-glycoprotein, P-gp)
overexpressing cells KBv200 and MCF-7/adr, but not in the ABCB1 negative parental cell lines KB
and MCF-7. However, FG020326 did not alter the cytotoxicity of the aforementioned drugs in
ABCC1 (MRP1), ABCC4 (MRP4), ABCG2 (BCRP) and LRP overexpressing cell lines, KB-CV60,
NIH3T3/MRP4-2, S1-M1-80 and SW1573/2R120, respectively. FG020326, following p.o.
administration, was present in concentrations sufficient for reversal of MDR in mice. The co-
administration of FG020326 with paclitaxel or vincristine significantly enhanced the antitumor
activity of these drugs without significantly increasing toxicity in the mice bearing the KBv200 cell
xenografts. In addition, FG020326, at concentrations that reversed MDR, did not significantly affect
the activity of CYP 3A4 or alter the pharmacokinetic profile of paclitaxel after co-administration
with paclitaxel. FG020326 produced a significant concentration-dependent displacement of [3H]-
azidopine and inhibition of efflux of drug from cells. Furthermore, FG020326 was colocalized with
ABCB1 in cell membranes. Hence, FG020326 is characterized as a third generation MDR modulator
that holds great promise for the treatment of cancer patients with ABCB1 mediated MDR.
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1. Introduction
Multidrug resistance (MDR) is one of the most common causes of relapse in cancer
chemotherapy. MDR can result from the overexpression of ATP-binding cassette (ABC)
transporters, such as P-glycoprotein (ABCB1/P-gp), multidrug resistance proteins (ABCCs/
MRPs) and breast cancer resistant protein (ABCG2/BCRP). ABC transporters promote the
active efflux of the structurally and functionally diverse amphipathic anticancer drugs from
cancer cells [1–3] , which can result in a decrease in the intracellular accumulation of the drug
and potentially produce resistance. In fact, ABCB1 coded by mdr1 is the most well
characterized and most important mediator of MDR [4,5].

The inhibition of ABCB1 as a strategy to reverse MDR in cancer chemotherapy has been
studied extensively, but the results have been equivocal [6,7]. Based on current findings, MDR
modulators/inhibitors have been categorized as being 1–3 generations based on their action
and interaction with traditional chemotherapeutic agents [6,8,9]. The first generation of
ABCB1 modulators were identified as substrates of ABCB1 and they competitively inhibited
the efflux of various antineoplastic agents by ABCB1 [10]. However, high serum
concentrations of these compounds were required to reverse MDR in vivo thereby increased
the likelihood of adverse effects. The second-generation of ABCB1 modulators displayed a
superior pharmacologic profile compared to the first-generation compounds. For example,
these agents could reverse MDR in vitro as well as in vivo. However, they significantly inhibited
the CYP 3A4, which led to a decrease in the metabolism of various antineoplastic agents,
producing unacceptable toxicity as well as dose reduction [11]. Therefore, the second
generation of ABCB1 modulators has a limited use in the clinic. The third generation ABCB1
modulators potently reverse ABCB1-mediated MDR in vivo and in vitro. However, they do
not significantly alter the enzymatic activity of CYP3A4 and the pharmacokinetic profile of
conventional chemotherapeutic agents at clinically relevant concentrations [6,12,13]. Recent
clinical studies suggest that the third-generation MDR modulators such as Tariquidar
(XR9576), Zosuquidar (LY335979), Laniquidar (R102933), ONT-093 (OC144–193), and
GF120918 may be effective in certain patients with MDR [13–17].

The exploratory imidazole library for the MDR project was designed around structural
characteristics of known P-gp substrates and modulators: hydrophobic compounds with
multiple amine groups. As such, we synthesized a novel class of triaryl-substituted imidazoles
through the use of combinatorial chemistry and structure-activity relationships [18]. Among
the newly synthesized triaryl-substituted imidazole derivatives screened, FG020326, 2-[(4-
Methyl-trans-acrylate) phenyl]-4, 5-bis- (4-N, N-methyl- isopropyl- aminophenyl)-1(H)-
imidazole, is more potent to reverse MDR in tumors associated with cancer chemotherapy
[9]. In this study, we examined the efficacy of FG020326 to reverse MDR in vitro and in
vivo. In addition, in mice, the plasma levels of FG020326 were determined as well as the effect
of FG020326 on the plasma levels of placlitaxel.

2. Materials and Methods
2.1. Materials

FG020236 was synthesized, and isolated in the powder form using chromatography with a
purity of >98%, and solved in dimethyl sulfoxide (DMSO). The molecular structure of
FG020326 was shown in Fig. 1A. Paclitaxel, doxorubicin (Dox) , vincrinstine (VCR) ,
topotecan, Rhodamine 123 (Rho 123) and 1-(4, 5-dimethylthiazol-2-yl)-3, 5-
diphenylformazan (MTT) were purchased from Sigma Chemical Co (St. Louis, MO).
Dulbecco’s modified Eagle’s medium (DMEM) and RPMI-1640 were products of Gibco BRL
from Genewindows Co. (Guangzhou, China). [3H]azidopine was purchased from Amersham
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Pharmacia Biotech Co. (Piscataway, NJ). Monoclonal antibody C-219 (against ABCB1) was
acquired from Signet Laboratories Inc. (Dedham, MA). Monoclonal antibody ABCB1
(sc-8313) was products of Santa Cruz Biotechnology Inc from Genetime Co. (Guangzhou,
China).

2.2. Cell lines and cell culture
The following cell lines were cultured in DMEM or RPMI 1640 containing 10% FBS at 37°
C in a humidified atmosphere of 5% CO2: the human breast carcinoma cell lines MCF-7 and
its doxorubicin-selected derivative ABCB1 overexpressing MCF-7/adr [19]; the human oral
epidermoid carcinoma cell lines KB and its VCR-selected derivative ABCB1 overexpressing
KBv200 [20]; the human epidermoid carcinoma cell lines KB-3-1 and its VCR-selected
derivative ABCC1 overexpressing KB-CV60 [21]; murine fibroblasts cell line NIH3T3 and
the ABCC4-transfected derivative ABCC4 stable expressing NIH3T3/MRP4-2 [22]; the colon
carcinoma cell line S1 and its mitoxantrone (MX)-selected derivative ABCG2 overexpressing
S1-M1-80 [23,24]; the human lung squamous carcinoma cell line SW1573 and its doxorubicin-
selected derivative LRP overexpressing SW1573/2R120 [25,26].

2.3. In vitro cytotoxicity test
The MTT assay was used to assess cytotoxicity [9,20]. In detail, cells were grown in 96-well
microtiter plates. To determine the toxicity of FG020326, various concentrations of FG020326
were added into the wells. To test the effect of FG020326 on the chemosensitivity of cancer
cells, FG020326 was added with full-range concentrations of 1) Dox, VCR, paclitaxel and
cisplatin (DDP) in MCF-7, MCF-7/adr, KB, and KBv200 cells, respectively; 2) Dox in
SW1573 and SW1573/2R120 cells; 3) paclitaxel in KB-3-1 and KB-CV60 cells; 4) 6-MP in
NIH3T3 and NIH3T3/ABCC4-2 cells; and 5) topotecan in S1 and S1-M1-80 cells. The
concentrations required to inhibit growth by 50% (IC50) were calculated from survival curves
using the Bliss method [27]. The degree of resistance was calculated by dividing the IC50 of
the MDR cells by that of the parental sensitive cells. The degree of the reversal of MDR was
calculated by dividing the IC50 of the chemotherapeutic agents in the absence of FG020326
by that obtained in the presence of FG020326.

2.4. Experimental animals
Athymic nude mice were used for the KBv200 cell xenografts. NIH mice were utilized in the
experiments of pharmacokinetics of FG020326 and the interaction of both FG020326 and
paclitaxel. All mice were obtained from the Center of Experimental Animals, Sun Yat-sen
University, maintained and reared in the Center. Female or male mice of 5–6 weeks old,
weighting 20–25 g, were used for all experiments. All experiments were carried out in
accordance with the guidelines on animal care and experiments of Laboratory Animals of
Center of Experimental Animals, Sun Yat-sen University, and approved by Ethics Committee
for animal experiments.

2.5. MDR human carcinoma xenografts
The KBv200 cell xenograft model was established as described by Chen et al [28]. Briefly,
KBv200 cells grown in vitro were harvested and implanted subcutaneously (s.c.) under the
shoulder in the nude mice. When the tumors reached a mean diameter of 0.5 cm, the mice were
randomized into 4 groups and treated with various regimens including: 1) saline (q2d×6), 2)
VCR (0.2 mg/kg i.p., q2d×6); 3) FG020326, 100 mg/kg, p.o., q2d×6, and 4) VCR (0.2 mg/kg,
i.p., q2d×6) + FG020326 (100 mg/kg, p.o., q2d×6 given 1 h before VCR). In another
experiment, animals were given the following treatments: saline (control), paclitaxel (18 mg/
kg i.p. q5d×3), FG020326 (100 mg/kg, p.o., q5d×3), and paclitaxel (18 mg/kg, i.p., q5d×3) +
FG020326 (100 mg/kg, p.o., q2d×6, 1 h before paclitaxel).
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The body weight of the animals was measured every 3 days. The two perpendicular diameters
(A and B) were recorded every 3 days and tumor volume (V) was estimated according to the
formula [28]:

The curve of tumor growth was drawn according to tumor volume and time of implantation.
The mice were anesthetized and killed when the mean of tumor weights was over 1 g in the
control group. Tumor tissue was excised from the mouse and its weight was measured. The
rate of inhibition (IR) was calculated according to the formula [28]:

2.6. Determination of FG020326 plasma levels in mice
NIH mice were divided randomly into groups according to their body weight. Each group
consisted of three female and three male mice. The mice in the experimental groups were
treated with FG020326 (100 mg/kg p.o.) and mice in control group received an equal volume
of vehicle. Blood was collected from the retro-orbital plexus and placed in cold heparin-coated
glass tubes. The blood from one male and one female mouse were pooled to ensure a quantity
sufficient for detection and the plasma was isolated. Blood samples were collected at 5, and
30 min, 1, 1.5, 2, 3, 3.5, 4, 5, 6, 8, 12, and 16 h after the administration of FG020326. The
plasma samples of FG020326 were measured by RP-HPLC as described previously [29].

2.7. CYP3A4 assays
Human liver tissue was obtained from Cancer Center, Sun Yat-sen University under protocols
approved by the Ethics Review Committee for the conduct of human research. Microsomes
were prepared by differential centrifugation and the protein concentration was determined by
the Bradford method [30]. The activity of CYP3A4 was determined using nifedipine (substrate
of CYP3A4) and HPLC analysis as previously described [8], with the following modification:
the column temperature was 12°C instead of ambient temperature and a Hypersil ODS C18
column (5 µm, 150 mm×4.6 mm) instead of an octyldecylsilyl (C18) reverse-phase HPLC
column (3 µm, 80 mm×6.2 mm). The liver microsomes were incubated with nifedipine (50
µM) in the presence or absence of FG020326 and troleandomycin, an inhibitor of CYP3A4,
as the positive control.

2.8. Determination of paclitaxel plasma levels in mice
The plasma levels of paclitaxel were determined in mice treated with paclitaxel (18 mg/kg,
i.v.) or paclitaxel (18 mg/kg, i.v.) + FG020326 (100 mg/kg, p.o.). NIH mice were randomly
divided into groups according to weight, with each group consisting of 6 mice (three males
and three females). Mice were treated with either 100 mg/kg of FG020326 (p.o.) or vehicle on
days 1 and 2. All mice were injected with 18 mg/kg of paclitaxel (10 ml/kg) via the caudal vein
on day 2 one hour after FG020326 or vehicle. Blood was collected from the retro-orbital plexus
and placed in cold heparin coated glass tubes. The blood from 1 male and 1 female mice were
pooled and the plasma was isolated. The plasma levels of paclitaxel were analyzed by HPLC
as previously described [31].
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2.9. Dox accumulation and efflux
The intracellular accumulation of Dox was determined as previously described [20]. KB and
KBv200 cells (in logarithmic growth phase) were treated with FG020326 (0.625, 1.25, 2.5, 5
or 10 µM) or vehicle at 37°C for 2 h in the medium. Subsequently, 10 µM Dox was added and
the incubation continued for an additional 3 h. The cells were then collected, centrifuged and
washed 3 times with cold PBS. The cells were resuspended in 0.3 mM HCl in 60% of ethanol.
Following centrifugation, the supernatant was removed and assayed spectrofluorometrically
at λex 470 nm and λem 590 nm. FG020326 did not affect the absorbance or emission spectra
of Dox.

To measure drug efflux, cells were incubated in RPMI 1640 medium containing 10% FBS at
37°C. Then the cells were treated with 10 µM Dox for 3 h at 37°C, and then incubated in the
presence or absence of FG020326 at the indicated times at 37°C, harvested and quantified as
described above [20].

2.10. Function analysis of ABCB1
The activity of ABCB1 was determined using the ABCB1 substrate and fluorophore Rho 123.
KB and KBv200 cells were incubated for 1 h at 37°C in 5% CO2 in the absence or presence
of FG020326. After incubation, 200 ng/mL of Rho 123 was added. A sample was taken at t =
0 min to correct for background fluorescence and at t = 75 min to measure intracellular Rho
123 retention. The relative value of Rho 123 retention was identified by dividing the Rho 123
level for each measurement by that obtained in the absence of FG020326 in the ABCB1
expressing KBv200 cells [27].

2.11. [3H]azidopine photoaffinity labeling of ABCB1
KBv200 cell membranes were prepared and the experiment was carried out as described [20].
Membranes (15 µg protein) were incubated with FG020326 (0.625~10 µM) for 25 min in the
dark, followed by a similar incubation with 0.6 µM [3H]azidopine. After UV irradiation for 2
min, the photolabeled membranes were subjected to SDS-PAGE on an 8 % gel, followed by
fluorography. The presence of ABCB1 was confirmed by Western blotting using the
monoclonal antibody C219 (1:1000) and ECL detection.

2.12. ATPase assay of ABCB1
The drug-efflux function of ABCB1 is linked to ATP-hydrolysis which is stimulated in the
presence of ABCB1 substrates. The Vi-sensitive ATPase activity of ABCB1 in the membrane
vesicles of High Five insect cells was measured as previously described [32]. The membrane
vesicles (10 µg) were incubated in ATPase assay buffer (50 mM MES, pH 6.8, 50 mM KCl,
5 mM sodium azide, 2 mM EGTA, 2 mM dithiothreitol, 1 mM ouabain, and 10 mM MgCl2)
with or without 0.3 mM vanadate at 37°C for 5 min, then incubated with different
concentrations of FG020326 at 37°C for 3 min. The ATPase reaction was induced by the
addition of 5 mM Mg-ATP, and the total volume was 0.1 ml. After incubated at 37°C for 20
min, the reactions were stopped by loading 0.1 ml of 5% SDS solution. The liberated Pi was
measured as described [32,33].

2.11. Expression of ABCB1
After treatment with FG020326 for 48 h, KBv200 cells were harvested and rinsed twice with
PBS. Cell extracts were prepared with buffer (1× PBS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 100 µg/ml phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 10
µg/ml leupeptin) for 30 min with occasional rocking and clarified by centrifugation at 12,000
× g for 15 min at 4°C. Identical amounts (100 µg of protein) of cell lysates were boiled for 10
min and resolved by sodium dodecyl sulfate polycrylamide gel electrophoresis (SDS-PAGE)
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and electrophoretically transferred onto PVDF membranes. After being incubated in blocking
solution containing 5% non-fat milk in TBST buffer (10 mM Tris-HCL (pH 8.0), 150 mM
NaCl, and 0.1% Tween 20) for 2 h at 4°C, membranes were incubated with the appropriately
diluted primary antibody. The expression of β-actin was used as loading control. The
membranes were then incubated for 1 h with HRP-conjugated secondary antibody at 1:1000
dilutions. Proteins were detected by the enhanced chemiluminescence detection system
(Amersham, Aylesbury, UK). Protein expression was quantified by Scion Image software
(Scion Co, USA) [34].

2.12. Localization of FG020326 in cells by confocal microscopy
FG020326 is an auto-fluoresce compound. KBv200 cells were incubated at 37°C for 5 h with
5 µM FG020326. Cells were collected following treatment with trypsin and washed twice with
PBS. Subsequently, cells were incubated with an ABCB1-specific monoclonal antibody
(UIC2) directly conjugated to PE for 0.5 h at room temperature. After washing three times with
PBS, cells were mounted on microscope slides and visualized under a confocal microscope
(Olympus FV1000) and digital images were recorded.

2.13. Statistical analysis
All experiments were repeated at least 3 times and the differences were determined by using
the Student’s t-test. The significance was determined at p < 0.05.

3. Results
3.1. Reversal of MDR by FG020326 in vitro

As shown in table 1, MCF-7/adr cells exhibited 176-, 68-, and 49-fold resistance to Dox, VCR,
and paclitaxel, respectively, compared with the parental MCF-7 cells. KBv200 cells were 49-,
47-, and 35-fold resistance to Dox, VCR, and paclitaxel, respectively, compared with the
parental KB cells. Comparison of S1 cells, S1-M1-80 cells were 143.2-fold resistant to
topotecan. KB-CV60 cells were 12-fold resistant to VCR compared with the parental KB-3-1
cells. SW1573/2R120 cells were 13-fold resistant to doxorubicin compared with its parental
SW1573 cells and NIH3T3/MRP4-2 cells were 22-fold resistant to VCR compared with its
parental NIH3T3 cells.

Prior to examining the efficacy of FG020326 to reverse ABCB1-, ABCC1-, ABCC4-, ABCG2-
and LRP -mediated MDR in cancer cells, we first assessed the cytotoxicity of FG020326 in
different cell lines by using the MTT assay. The IC50 values of FG020326 for the entire cell
lines tested were > 50 µM. Cell survival was > 90% in all cell lines under the concentrations
used in this experiment to reversal MDR (Data not shown). FG020326 at 1.25, 2.5 and 5.0 µM
produced a concentration-dependent increase in the cytotoxicity of Dox, VCR and paclitaxel
in MDR cells overexpressing ABCB1, including MCF-7/adr and KBv200 cells (Table 1).
However, FG020326 had neither significant effect on the enhancement of drug cytotoxicity in
the parental sensitive cells, including MCF-7, KB, KB-3-1, NIH3T3, S1 and SW1573 cells,
nor on the reversal of MDR induced by ABCC1, ABCC4, ABCG2 and LRP (Table 1). In
addition, FG020326 did not significantly alter the IC50 values of 5-fluoropyrimidine (5-FU)
and cisplatin which are not substrates of ABCB1 in ABCB1 expressing MDR cells (Table 1).

3.2. Reversal of MDR by FG020326 in KBv200 cell xenografts
The xenograft model of KBv200 cells was used to determine the ability of FG020326 to reverse
MDR in vivo. As shown in Figure 1, the results indicated that neither FG020326 nor paclitaxel,
VCR alone had any significant effect on the growth of the xenograft model of KBv200 cells
(P>0.05 versus the saline control group). However, the combination of FG020326 and VCR
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or paclitaxel produced a significantly inhibitory effect on the growth of the xenografts (Fig.
1B and 1C; Fig S1), and the inhibition rate was 46.7% or 51.7% (Table 2), respectively (P<0.05
versus the control group, or FG020326 alone group or VCR alone and paclitaxel alone group,
respectively). In addition, no mortality or decrease in body weight was associated with the
combination treatments (Table 2), suggesting that the combination regimen did not result in
increased toxicity.

3.3. Plasma levels of FG020326 in mice
To further confirm whether FG020326 could achieve plasma levels required to reverse MDR
in vivo, we measured the plasma levels in NIH mice following its p.o. administration. The p.o.
administration of 100 mg/kg of FG020236 produced a peak plasma concentration of 5.3 µM
(Fig. 1D). In addition, a plasma concentration of > 1.24 µM of FG020236 was obtained at 8 h
after administration. Furthermore, the concentration of FG020326 was still sufficient (0.92
µM) to reverse drug resistance at 12 h after the p.o. administration of FG020326. However, at
the same time point, paclitaxel and Dox were almost completely metabolized [8,35,36]. These
suggested that FG020326 could achieve the concentration that could potently reverse MDR
in vivo and keep long time enough to enhance the action of conventional chemotherapeutic
drugs under the doses used to treat nude mice with xenograft.

3.4. Effect of FG020236 on the activity of human hepatic CYP 3A4
Numerous reports indicate that there is a considerable overlap in the tissue distribution and
substrate preference between ABCB1 and CYP3A4 [37–39]. To identify FG020326 whether
belongs to the third generation MDR modulator, we determined its effect on human liver
microsomal CYP3A4 in vitro. Troleandomycin, a potent inhibitor of CYP 3A4, significantly
inhibited the activity of CYP 3A4 in a concentration-dependent manner. However, FG020326
only produced a significant inhibition of CYP3A4 at 25 µM (Fig. 2A), which is significantly
higher than that required to reverse MDR in vitro.

3.5. Effect of FG020326 on the pharmacokinetics of paclitaxel in mice
The effect of FG020236 on the pharmacokinetic profile of paclitaxel is illustrated in Figure
2B. The administration of FG020236 did not significantly alter the plasma levels of paclitaxel
compared to vehicle-treated animals. There was no significant difference in the
pharmacokinetic parameters of paclitaxel between vehicle- and FG020236-treated mice (Table
3). These results suggest that FG020326 had no apparent effect on paclitaxel pharmacokinetics.

3.6. Effect of FG020326 on the intracellular accumulation of Dox
Baseline experiments indicated that the intracellular accumulation of Dox in KBv200 cells was
only approximately one–fourth of that of KB cells. After KBv200 and KB cells were exposed
to 0.625, 1.25, 2.5, 5 or 10 µM FG020326, Dox accumulation was significantly enhanced in
KBv200 cells by 1.4-, 2.1-, 2.6-, 3.0- and 3.7-fold, respectively. However, in the drug sensitive
KB cells, FG020236 did not significantly alter the intracellular accumulation of Dox (Fig. 3A).

Subsequently, we performed experiments to determine whether the increased accumulation of
Dox in the KBv200 cells caused by FG020326 was due to inhibition of Dox efflux. The time
course of Dox efflux after 2 h of accumulation is shown in Figure 3B. The KBv200 cells
released a significantly high percentage of intracellularly accumulated Dox compared to KB
cells. For example, at 30 min, 58% of the accumulated Dox was effluxed from the KBv200
cells, compared to only 28% from KB cells. FG020326 (5 µM) significantly inhibited the efflux
of Dox from the KBv200 cells, but not the KB cells (Fig. 3B).
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The incubation of KBv200 cells with 1.25, 2.5 or 5 µM FG020326 for 2 h significantly
increased Rho 123 accumulation in a dose-dependent manner. However, the accumulation of
Rho 123 in the drug sensitive KB cells was not significantly altered by the addition of
FG020326 (Fig. 3C).

3.7. Photolabeling of ABCB1 with [3H]azidopine, ATPase assay of ABCB1, expression of
ABCB1, and localization of FG020326 in membrane of KBv200 cells

The direct interaction of FG020326 with ABCB1 in KBv200 cell membranes was assessed by
examining its ability to prevent the binding of the ABCB1 photoaffinity label [3H]azidopine.
FG020326 produced a significant concentration-dependent inhibition of [3H]azidopine
labeling to ABCB1 (Fig. 4A).

It is known that the efflux function of ABCB1 is coupled to ATP hydrolysis by the ATPase
domains that are activated in the presence of ABCB1 substrates [33]. The second generation
MDR modulator, a substrate of ABCB1, often induced an increase of the ATPase activity of
ABCB1. Therefore, we examined the effect of FG020326 on ATPase activity in isolated
membrane vesicles of High five insect cells. As shown in Figure 4B, FG020326 resulted in a
significant concentration-dependent inhibition of ATPase activity, with an IC50 value of 2.5
µM. This suggests that FG020326 maybe not a substrate of ABCB1 and belongs to the third
generation MDR modulator.

The reversal of ABC transporters mediated MDR can be achieved either by decreasing their
expression or by inhibiting their function. To study the effect of FG020326 on ABCB1
expression, KBv200 cells were incubated with FG020326 and expression level of protein in
ABCB1 transporters was examined by Western blot. The results showed that no marked
difference of the expression level of protein of ABCB1 was observed in the cells treated by
FG020326 for 48 h (Fig. 4C). These results provide further evidence of the regulatory
mechanisms that are not involved in decreasing the expression of ABCB1 by FG020326 in the
reversal of MDR.

To further confirm whether FG020326 is directly bound to ABCB1, the localization of
FG020326 was determined using confocal microscopy. The results, as shown in Figure 4D,
indicated the co-localization of FG020326 and ABCB1 in the plasma membrane of KBv200
cells. This implies FG020326 directly binds to ABCB1 transporter.

4. Discussion
Resistance to drug therapy remains a major challenge in cancer chemotherapy. Cellular drug
efflux mediated by ABC transporters is thought to play an important role. ABCB1 (P-gp), one
of the most extensive and important drug transporter [1,40,41], has been investigated in clinic
and high ABCB1 expression and activity have been reported to be associated with poor clinical
outcome in cancer patients [41–43]. Based on these findings a rationale was developed for
modulation of ABCB1 activity as a therapeutic approach [10,44]. Simultaneous genetic
knockout of mdr1a and mdr1b resulted in healthy mice, indicating that ABCB1 is not essential
for basic physiological functions [45]. This suggested that the combination of anticancer drugs
with a non-toxic and potent ABCB1 inhibitor may be a promising strategy to solve the problem
of resistance. Randomized trials with first-generation ABCB1 inhibitors such as cyclosporin
A, quinidine or verapamil were largely inconclusive because of unexpected interactions
affecting pharmacokinetics of the cytostatic agents and adverse side effects [6]. Subsequently,
administration of the second-generation inhibitor valspodar with a more favourable
pharmacological profile failed to achieve clinical benefits [46–49]. One reason that was
considered to explain this failure was the fact that most of the second generation inhibitors of
ABCB1 also interact with CYP 3A4 that significantly affect the pharmacokinetic profile
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including AUC and excretion of chemotherapeutic agents, thus leading to unacceptable
toxicity. This in turn led to consideration of developing new third generation of ABCB1
inhibitors, which potentially reverse the MDR in vitro and in vivo without affecting the
CYP3A4 activity and pharmacokinetic profile of chemotherapeutic agents.

Among modulators of MDR under investigation, some are specific for a single transporter. For
example, valspodar, XR9576, GF120918, LY335979 and ONT-093 are inhibitors for ABCB1
only [11,12,43,46,50]; MK571 and probenecid are for ABCC1 only; FTC is a specific inhibitor
of ABCG2. Other modulators inhibit more than one ABC drug transporter. For example,
verapamil, cyclosporine A and MS-209 are modulators for ABCB1 and ABCC1 while
biricodar is a chemosensitizer for ABCB1, ABCC1 and ABCG2 [43]. As shown in Table 1,
the in vitro potency of FG020326 was evaluated by MTT assay. FG020326 significantly
enhanced sensitivity of ABCB1 expressing MCF-7/adr and KBv200 cells to conventional
chemotherapeutic agents such as Dox, VCR, paclitaxel in a dose-dependent manner, but not
in the enhancement of potency of ABCB1 substrate cytotoxic drugs in non-ABCB1-expressing
parental cell lines and the activity of reversal MDR induced by ABCC1, ABCC4, LRP and
ABCG2 (Table 1). These studies clearly indicated FG020326 specifically targeted to ABCB1
and reversed ABCB1-mediated MDR.

The ongoing search for MDR modulators that can be applied in the clinic is into its third
generation. Since the initial study from Tsuruo and colleagues that verapamil could reverse
ABCB1-mediated MDR was reported, a large number of compounds which can reverse the
ABCB1-mediated MDR phenotype have been described. However, the application of ABCB1
reversing agents in combination with conventional chemotherapy has limited to success. So
far, the second and third generation modulators, some of which are in clinical trials were drawn
from chemical derivatization of first-generation molecules and from combinatorial chemistry
designed for the most against ABCB1. Prominent examples are biricodar, valspodar, XR9051,
XR9576, MS-209, R101933, LY335979 and ONT-093 [11,12,43,46,50]. These modulators
are more potent and less toxic than first-generation modulators; some are still prone to adverse
effects, poor solubility, and unfavorable changes in pharmacokinetics of the anticancer drugs
and limited clinical benefit. These have spurred on efforts to search for more effective
compounds with not interaction with conventional chemotherapeutic agents. New agents (the
third generation MDR modulators) developed specifically to inhibit drug transporter and
modulate MDR are still currently one of the most important strategies in the field of cancer
chemotherapy.

In vitro, FG020326 had potent MDR-reversing activity in ABCB1-mediated MDR cells at the
concentration which by itself is not cytotoxic. Treatment of KBv200 tumor-bearing Balb/c
mice with either VCR/paclitaxel or FG020326 alone had no effect on the growth rate of tumors.
However, co-administration of FG020326 with VCR or paclitaxel significantly reduced the
growth rate of the KBv200 cell xenografts (P<0.05). Moreover, there was no substantial or
reproducible increase in body weight loss in mice treated with VCR or paclitaxel plus
FG020326 compared with drug alone groups (Fig. 1B and 1C; Table 2). Taking into account
the dose-related problems with the first-generation modulators, we deliberately set out to test
whether FG020326 achieves sufficient plasma concentrations and stable enough time for
reversing of MDR in mice. The plasma peak concentration of FG020326 was about 5.3 µM
and not less than 1.24 µM until 8 h following FG020326 administration (p.o) at 100 mg/kg
(Fig. 1D). This suggests the concentrations of FG020326 sufficient to inhibit the function of
ABCB1 may be achieved and keep long enough to meet the reversal of MDR in vivo.
Furthermore, many of the anticancer drugs are substrates for both ABC transporters and CYP
3A4. Most of the second-generation MDR chemosensitizers are also substrates of CYP 3A4
and inhibit CYP 3A4 activity which may result in unpredictable pharmacokinetic interactions.
Co-administration of an MDR modulator may significantly elevate plasma concentrations of

Dai et al. Page 9

Biochem Pharmacol. Author manuscript; available in PMC 2010 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



an anticancer drug by interfering with its clearance. This would increase the concentration of
an anticancer drug leading to unacceptable side effects, necessitating dose reductions down to
pharmacologically ineffective levels [38]. Because of these problems, MDR modulators have
not improved the therapeutic efficiency of anticancer drugs unless such novel MDR modulators
lack significant inhibition of CYP 3A4 activity. FG020326 did not significantly inhibit CYP
3A4 activity until 25 µM, which was much higher than that capable of reversing MDR in
vitro. Importantly, the profile of pharmacokinetics of paclitaxel was similar between two
groups no matter treated with and without FG020326. This property may give FG020326
significant advantage for clinical administration because it was not able to affect the
pharmacokinetics of anticancer drugs such as paclitaxel after co-administration of FG020326.
These findings suggest that FG020326 may belong to the third-generation MDR modulators.

Similar to other ABCB1 inhibitors, FG020326 may be able to reverse ABCB1-mediated drug
resistance by affecting to drug efflux. Consistent with this notion, we found that incubating
MDR cells with a combination Dox and FG020326 resulted in high intracellular drug
accumulation (Fig. 3A). A similar result was obtained in the accumulation of Rho 123 (Fig.
3C). Efflux of a chemotherapeutic drug from those MDR cells was significantly faster in the
absence of FG020326, than in the presence of FG020326 (Fig. 3B). On the other hand, a
majority of substrates which interact with the ABC transporters stimulate the ATP hydrolysis,
but the fact that presence of FG020326 inhibited ABCB1 ATPase suggested that it behaved
difference from the known MDR modulators. These data led us to speculate on the direct
interaction of the compound with the transporters and encouraged us to confirm the direct
interaction with displacement of a photoaffinity label. The inhibition of drug efflux as a result
of direct interaction of FG020326 with ABCB1 was implied by the potent displacement of a
photoaffinity label, [3H]azidopine and co-localization of this compound and ABCB1 by
confocal microscopy (Fig. 4A and 4D).

In summary, we observed an improvement in targeting ABCB1-mediated MDR reversal in
vitro and in vivo when FG020326 was co-administered with a conventional anticancer drug.
FG020326 could achieve plasma concentrations capable of reversing MDR in vitro without
having any effect on CYP 3A4 activity and the profile of pharmacokinetics of paclitaxel in
mice. These results suggest that FG020326 is the third generation of specifically targeting
ABCB1 that holds promising clinical potential. The mechanism of MDR modulation by
FG020326 is associated with an increase in intracellular drug accumulation induced by its
direct binding to ABCB1. Further studies with a dog or monkey model system will validate
the use of this compound for reversal of MDR in the cancer patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviation

MDR multidrug resistance

ABCB1, P-gp P-glycoprotein

VCR vincristine

Dox Doxorubicin

VRP verapamil

MTT 1-(4, 5-dimethylthiazol-2-yl)-3, 5-diphenylformazan

ABCC MRP multidrug-resistance protein
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LRP lung resistant protein

ABCG2, BCRP breast cancer resistant protein

CYP 3A4 cytochrome P450 isoenzyme 3A4
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Figure 1.
The structure of FG020326 (A); Reversal of MDR in vivo by FG020326 (B and C), the
experiment was carried out using athymic mice implanted subcutaneously (s.c.) with KBv200
cells. The treatments were administered as indicated in the “Materials and Methods”. Data
represent the mean tumor volume for each group ± SD in 10 mice after implantation; The
pharmacokinetic study of FG020326 (D), HPLC analysis was performed as described in the
“Material and Methods”. The data represent the means and standard deviations of three
independent experiments.
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Figure 2.
The effect of FG020326 and troleandomycin on the activity of CYP 3A4 (A), Tao,
troleandomycin, an inhibitor of CYP3A4, as the positive control; the effect of FG020326 on
the profile of paclitaxel pharmacokinetics in mice (B). HPLC analysis was performed as
described in the “Material and Methods”. The data represent the means and standard deviations
of three independent experiments.
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Figure 3.
Effect of FG020326 on the accumulation of Dox and rhodamine 123, and the efflux of Dox in
KB and KBv200 cells. Dox accumulation (A), Rhodamine 123 accumulation (C). Bars
represent means and standard deviations of triplicate determinations; * and ** represent P<0.05
and 0.01, respectively, compared with the control group in the KBv200 cells. Dox efflux (B).
Values were expressed as percent compared with apical point.
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Figure 4.
Effect of FG020326 on [3H]-azidopine photoaffinity labeling of ABCB1 (A), the photoaffinity
labeling of ABCB1 with [3H]-azidopine was performed with different concentrations of
FG020326. The radioactivity incorporated into ABCB1 was determined by exposing the gel
to an X-ray film at −70°C; ATPase activity of ABCB1 (B), the Vi-sensitive ATPase activity
of ABCB1 in membrane vesicles was determined with different concentrations of FG020326,
as described in “Materials and Methods”. The basal ATPase activity (in the absence of
FG020326) was subtracted from the activities obtained at the indicated FG020326
concentrations and the graph was fitted by non-linear least-squares regression analysis using
GraphPad Prism version 2.0; The expression of ABCB1 (C), equal amounts of total cell lysates
were used for each sample and immunoblots were detected with western blot described as
“Materials and Methods”. Experiments were repeated at least three independent times, and a
representative experiment was shown; FG020326 co-localized with ABCB1 to plasma
membrane (D). KBv200 cells were visualized under a confocal microscope and digital images
were captured.
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Table 1

Effect of FG020326 on reversing ABCB1-, ABCC1-, ABCC4-, ABCG2-, and LRP-mediated
drug resistance mediated drug resistance

IC50 ± SD (µM) (fold-reversal)

MCF-7 MCF-7/adr (ABCB1)

Doxorubicin (µM) 0.081±0.010 (1.0) 14.263±1.423 (1.0)

+1.25 µM FG020326 0.085±0.014 (1.0) 2.219±0.222** (6.4)

+2.5 µM FG020326 0.080±0.017 (1.0) 1.481±0.117** (9.6)

+5 µM FG020326 0.089±0.021 (0.9) 0.996±0.134** (14.3)

Vincristine (µM) 0.059±0.009 (1.0) 4.017±0.656 (1.0)

+1.25 µM FG020326 0.063±0.012 (0.9) 1.715±0.165** (2.3)

+2.5 µM FG020326 0.057±0.014 (1.0) 0.874±0.287** (4.6)

+5 µM FG020326 0.065±0.016 (0.9) 0.375±0.089** (10.7)

Paclitaxel (nM) 6.905±0.903 (1.0) 339.772±38.655 (1.0)

+1.25 µM FG020326 5.847±1.212 (1.1) 98.274±16.325** (3.5)

+2.5 µM FG020326 7.093±0.881 (1.0) 38.503±7.623** (8.8)

+5 µM FG020326 7.133±0.651 (1.0) 15.453±3.588** (22.0)

Cisplatin (µM) 3.553±0.213 (1.0) 2.650±0.252 (1.0)

+5 µM FG020326 3.250±0.305 (0.9) 2.941±0.325 (0.9)

KB KBv200 (ABCB1)

Doxorubicin (µM) 0.020±0.010 (1.0) 0.979±0.123 (1.0)

+1.25 µM FG020326 0.019±0.012 (1.0) 0.234±0.028** (4.2)

+2.5 µM FG020326 0.020±0.018 (1.0) 0.123±0.018** (8.0)

+5 µM FG020326 0.022±0.020 (0.9) 0.080±0.024** (12.2)

Vincristine (µM) 0.028±0.009 (1.0) 1.318±0.256 (1.0)

+1.25 µM FG020326 0.023±0.013 (1.0) 0.079±0.025** (16.7)

+2.5 µM FG020326 0.024±0.012 (1.0) 0.038±0.011** (34.7)

+5 µM FG020326 0.024±0.010 (1.0) 0.023±0.005** (57.3)

Paclitaxel (nM) 1.383±0.148 (1.0) 48.342±4.119 (1.0)

+1.25 µM FG020326 1.333±0.162 (1.0) 9.583±1.039** (5.0)

+2.5 µM FG020326 1.306±0.225 (1.0) 4.696±0.415** (10.3)

+5 µM FG020326 1.387±0.130 (1.1) 1.590±0.116** (30.4)

5-FU (µM) 3.561±0.379 (1.0) 3.122±0.324 (1.0)

+5 µM FG020326 3.431±0.358 (1.0) 3.302±0.210 (0.7)
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IC50 ± SD (µM) (fold-reversal)

MCF-7 MCF-7/adr (ABCB1)

KB-3-1 KB-CV60 (ABCC1)

Vincristine (µM) 7.261±0.724 (1.0) 88.562±8.279 (1.0)

+5 µM FG020326 8.029±0.810 (0.9) 95.429±9.351 (0.9)

NIH3T3 NIH3T3/MRP-4-2 (ABCC4)

Vincristine (µM) 0.324±0.024 (1.0) 7.247±0.779 (1.0)

+5 µM FG020326 0.378±0.056 (0.9) 8.259±1.951 (0.9)

S1 S1-M1-80 (ABCG2)

Topotecan (µM) 0.084±0.024 (1.0) 12.031±1.279 (1.0)

+5 µM FG020326 0.192078±0.010 (1.1) 11.407±1.351 (1.0)

SW1573 SW1573/2R120 (LRP)

Doxorubicin (µM) 0.116±0.024 (1.0) 1.545±0.279 (1.0)

+5 µM FG020326 0.089±0.020 (1.2) 1.536±0.351 (1.0)

Cell survival was determined by MTT assay as described in “Materials and Methods”. Data are the means ± SD of at least
three independent experiments performed in triplicate. The fold-reversal of MDR was calculated by dividing the IC50 for
cells with the anticancer drug in the absence of FG020326 by that obtained in the presence of FG020326.
**

 represents P<0.01 for the values versus that obtained in the absence of FG020326.
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Table 3

Pharmacokinetic parameters of paclitaxel between vehicle- and FG020236-treated mice

Parameter Without FG020326 With FG020326

T1/2α / h 0.55±0.04 0.48±0.04*

T1/2β / h 1.53±0.06 1.42±0.08*

Vd/ml 12.39±1.10 10.91±1.59*

CL/ml·h−1 5.33±0.53 5.64±0.59*

AUC0→ 12/ h·ng·ml−1 73560.64±5579.93 69437.66±2261.53*

AUC0→ ∞ / h·ng·ml−1 73683.7±5566.34 69715.33±2249.92*

MRT/h 1.54±0.02 1.6±0.05*

The main pharmacokinetic parameters of paclitaxel were summarized between two group mice pretreated with or without
FG020326. The mice in experimental group were treated and plasma samples were assayed for paclitaxel as described in
“Materials and Methods”. The paclitaxel plasma concentration-time data were analyzed using non-compartment model
analysis to determine distribution half life (t1/2α), half life (t1/2β), apparent volume of distribution (Vd), plasma clearance
(CL), area under the curve (AUC) and mean retention time (MRT). The data represent the means and standard deviations of
three independent samples.
*
P>0.05 for values versus those in paclitaxel alone.
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