
Abstract. Background: Multidrug resistance (MDR) is a major
impediment to successful cancer chemotherapy. P-glycoprotein
(P-gp), the product of the multidrug resistance 1 (MDR1) gene,
acts as an efflux pump and prevents sufficient intracellular
accumulation of several anticancer agents, thus, playing a major
role in MDR. Tamoxifen (Tam), ICI 182 780 (ICI) and
Adriamycin (Adr) alone or with (–)-gossypol-enriched
cottonseed oil [(–)-GPCSO] possible effects on cell growth
inhibition and regulation of MDR1, mRNA and P-gp expression
were examined in both an MDR human breast cancer cell line,
MCF-7/Adr cells, and primary cultured human breast cancer
epithelial cells (PCHBCEC). Materials and Methods: Cells were
treated with 0.05% of (–)-GPCSO either in the absence or
presence of either 0.1 ÌM Tam, ICI or Adr for 24 h. Results:
Using the non-radioactive cell proliferation MTS assay, none of
these chemotherapeutic agents alone inhibited MCF-7/Adr cell
and PCHBCEC proliferation; meanwhile, the combination of
0.1 ÌM Tam, ICI or Adr with 0.05% (–)-GPCSO significantly
reduced MCF-7/Adr cell growth by approximately 34%, 32%
and 23%, respectively, of that of the vehicle-treated cells. For
PCHBCEC, the combination of 0.05% (–)-GPCSO with 0.1
ÌM of Tam, ICI and Adr reduced cell growth to about 94%,
90%, and 71% respectively, of the vehicle treated PCHBCEC.
Furthermore, (–)-GPCSO inhibited MDR1/P-gp expression in
both MCF-7/Adr and PCHBCEC in a dose-dependent manner.
Our results provide insight into the MDR-reversing potential of
(–)-GPCSO in human breast cancer cells resistant to current
chemotherapeutic agents.

Breast cancer is the most common malignancy diagnosed in
women in the US, with about one in every eight women
affected during their lifetime (1). It is the second leading
cause of cancer death for women (2). The three most
commonly used treatments for breast cancer are surgery,
radiation and chemotherapy. The predominant mode of
treatment for cancer patients is chemotherapy. However, like
the treatment of many other cancers, both intrinsic and
acquired drug resistance are still serious problems. 

Several mechanisms have been reported to be involved in
the generation of drug resistance, such as poor absorption,
rapid metabolism or excretion of the drug, poor tolerance
to the effects of the drug, and/or inability to deliver the drug
to the site of the tumor. One phenomenon is known as
multidrug resistance (MDR) (3), which is defined as the
resistance of cancer cells to the cytostatic or cytotoxic
actions of multiple, structurally dissimilar and functionally
divergent drugs commonly used in cancer chemotherapy (4).
MDR1, and its encoded product, P-glycoprotein 170 (P-gp),
were originally identified by Juliano and Ling in the 1970s
who noted MDR as a prominent feature of their colchicine-
resistant CHO cells (5). The precise mechanism of action of
P-glycoprotein remains unknown, but it has been shown that
in humans the MDR1 gene encodes a 1280 amino acid
protein with two homologous halves, each comprising six
putative trans-membrane domains, and one nucleotide
binding site (6). P-gp can act as an efflux pumping diverse
classes of drug molecules out of cells, thus resulting in a
reduced intracellular drug concentration, increased cancer
cell survival and resistance to other anti-neoplastic drugs
(7). Goldstein et al. found that breast cancer cells can
express high levels of MDR1 RNA after chemotherapy (8).
It was also shown that high P-gp expression in some locally
advanced breast cancers was associated with the lack of
response to neo-adjuvant chemotherapy and a shorter
disease-free survival in patients (9). Walker et al. found that
the inhibition of P-gp expression in solid tumors provided
significant benefit towards restoration of chemotherapeutic
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efficacy in these tumors (10). Much of the current research
efforts have been directed toward the identification of
MDR1 modulators because of their relative safety and
anticancer activities.

Gossypol, (GP) is a naturally occurring polyphenolic
compound extracted from cottonseeds and consumed by
humans and livestock (11). In the late 1970s in China, it was
found that GP inhibited the fertility of male rats (12). In the
early 1980s, Tuxzynski et al. found that the proliferation of
melanoma and colon carcinoma cells was suppressed by
over 90% after 24 h of treatment with 10 ÌM of GP (13).
Our laboratory demonstrated that 10 and 20 ÌM GP
inhibited both basal and E2-stimulated DNA synthesis in
human breast cancer cells; the inhibitory effects of GP on
human breast cancer cells was mediated via mechanisms
independent of estrogenic responses (14). 

Naturally-occurring gossypol is a racemic mixture of two
optical isomers, (+)-enantiomer and (–)-enantimomer (15,
16). Zhang et al. reported that the anti-proliferative activity
of (–)-GP against human breast adipose stromal cells may
be mediated by TGF-‚1 (17). Furthermore, our laboratory
demonstrated that (–)-GP is more potent than other GP
isomers in the inhibition of breast cancer cell growth (18).
The mechanism of inhibition has been ascribed to the
reduction of expression of the cell cycle regulator, cyclin D1,
and the induction of the cell proliferation inhibitor, TGF-
‚1 (18). Based on these results, the USDA produces (–)-
gossypol enriched cottonseed oil containing 65% (–)-GP
and 35% (+)-GP. Whether (–)-GPCSO possesses
anticancer activities against multidrug resistant human
breast cancer cells and primary cultured human breast
cancer epithelial cells (PCHBCEC) was investigated. 

Materials and Methods

Reagents. (–)-GPCSO was provided by Dr. Peter Wan of the USDA
Southern Regional Research Center, (New Orleans, LA, USA) and
was prepared as a 50% stock solution by mixing (–)-GPCSO with
an equal volume of dimethyl sulfoxide (DMSO); 4-OH Tamoxifen
and ICI 182 780 were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Adriamycin was purchased from Fluka
Chemica-Biochemika (Buchs, Switzerland).

Cell culture. Human breast cancer tissue was procured from the
Tissue Procurement Program of The Ohio State University
Hospital. PCHBCEC were isolated from the tissue according to the
method described elsewhere (18) and cultured in a 75 cm2 flask
with 10 ml low calcium (0.04 mM CaCl2) Dulbecco’s modified
Eagle’s medium and Ham’s F12 medium (1:1) (DMEM/F12)
mixture (Atlanta Biologicals, Norcross, GA, USA) supplemented
with 10% of Chelex-100 (Bio-Rad Laboratories, Richmond, CA,
USA) treated fetal bovine serum (FBS) (GIBCO Cell Cultureì,
Grand Island, NY, USA). This medium allows the separation of
PCHBCEC from human breast cancer stromal cells. MCF-7/Adr
cells were purchased from the American Type Culture Collection

(ATCC) and cultured in phenol red-free high calcium DMEM/F12
(1.05 mM CaCl2) containing 5% fetal bovine serum (FBS) and
antibiotic-antimycotic (100 unit/ml penicillin G sodium, 100 Ìg/ml
streptomycin sulfate and 0.25 Ìg/ml amphotericin B) (GibcoBRL,
Bethesda, MD, USA)

Non-radioactive cell proliferation assay (MTS assay). MCF-
7/Adr cells and PCHBCEC were counted using the trypan blue dye
exclusion method and approximately 2000 MCF-7/Adr cells or
PCHBCEC in 100 Ìl DMEM/F12 media supplemented with 5%
FBS, or low calcium DMEM/F12 supplemented with 10% of
Chelex-100 treated FBS respectively, were seeded into wells of 96-
well plates and then cultured at 37ÆC in a humidified atmosphere
of 95% air and 5% CO2. After 24 h, the appropriate medium was
used with the addition of 0.2% bovine serum albumin (BSA) and
cells were cultured for another 24 h. The cells then were treated
either with 0.1% DMSO (the vehicle as control) 0.001, 0.01, 0.1
and 1 ÌM of Tam, ICI, or Adr alone, or in combination with 0.05%
of (-)-GPCSO in their corresponding media for 24 h. At the end of
treatment, cell viability was measured by adding 20 Ìl freshly mixed
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) and phenazine methosulfate
(PMS) (20:1) solution (Promega, Madison, WI, USA) to each well.
The plates were incubated for 30 min and the color density was
measured as the optical density at 490 nm (OD 490 nm) using an
ELISA plate reader (Molecular Devices, Sunnyvale, CA, USA).
Results were expressed as the mean ± standard deviation of four
replicated culture wells.

Cell treatment, total RNA extraction, first strand cDNA synthesis and
real-time PCR. An initial density of 1x105 cells/ well of MCF-
7/Adr cells or PCHBCEC were seeded within 5 ml either high
calcium (1.05 mM CaCl2) DMEM/F12 medium or low calcium
(0.04 mM CaCl2) DMEM/F12 in 6-well plates and incubated for
24 h. For PCHBCEC, the medium was replaced with low calcium
DMEM/F12 supplemented with 10% dextran-coated charcoal
(DCC) (Dextran T-70, Pharmacia; activated charcoal; Sigma)
stripped Chelex-100-treated FBS overnight. For MCF-7/Adr cells,
the medium was replaced with phenol red-free high calcium
DMEM/F12 supplemented with 5% DCC-stripped FBS overnight.
The cells were then treated with desired concentrations of Tam,
ICI, Adr, or (-)-GPCSO alone or in combination for another 24 h.
Total RNA was isolated using 1ml TRIZOL Reagent
(Invitrogenì, Carlsbad, CA, USA) according to the
manufacturer’s instructions. RNA concentrations were measured
using a DU-70 spectrophotometer (Beckman Instruments Inc.
Fullerton, CA, USA). 

The reverse transcription reaction consisted of total RNA (1 Ìg),
200 U M-MLV Reverse Transcriptase (Invitrogen), 0.2 mM dNTP
(1 Ìl mixture of 10 mM each of dATP, dGTP, dCTP and dTTP at
neutral pH, Invitrogen), 1 ÌM random hexamers (Amersham,
Piscataway, New Jersey, USA), 10 Ìl 5X First Strand buffer, 5 Ìl
0.1M DTT and 40 U RNase Inhibitor (Invitrogen) in a total volume
of 50 Ìl. The reaction was incubated at 37ÆC for 50 min followed
by inactivation at 70ÆC for 15 min. 

Real-time PCR conditions were optimized for primers and
probes (MDR1 and 36B4) using a Stratagene MX 3000 P
machine (Stratagene, La Jolla, CA, USA). Briefly, 5 Ìl of the
newly synthesized cDNA was added to a reaction mix consisting
of 12.5 Ìl 2 X Universal PCR master mix (Roche, Branchburg,
New Jersey, USA), 1 ÌM primers mix (MWG-Biotech AG,
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Ebersberg, Germany) and 0.4 ÌM probe (MWG-Biotech AG,
Ebersberg, Germany) in a total volume of 25 Ìl. The reaction was
incubated at 50ÆC for 2 min and 95ÆC for 10 min followed by 45
cycles at 95ÆC for 15 sec and annealing at 63ÆC for 1 min. The
primer sequences for MDR1 were 5’_AAG CCA CGT CAG CT
CTGG ATA_3’(sense, MWG-Biotech AG, Ebersberg, Germany),
and 5’_CGG CCT TCT CTG GCT TTG T_3’(antisense). The
probe sequence for MDR1 was 5’_FAM-CAG GGC TTC TTG
GAC AAC CTT TTC ACT TTC-TAMRA_3’. The primer
sequences for 36B4 were 5’_CTG GAG ACA AAG TGG GAG
CC_3’(sense, MWG-Biotech AG, Ebersberg, Germany), and
5’_TCG AAC ACC TGC TGG ATG AC_3’ (antisense), and the
probe sequence was 5’_FAM-CGCTGCTGAACATGCTCA
ACATCCTAMRA_3’(MWG-Biotech AG, Ebersberg, Germany).
The results were analyzed using MX3000P software (Stratagene,
La Jolla, CA, USA). 

Western Blotting. MCF-7/Adr cells or PCHBCEC at 2x106/10 ml
were seeded in 100 mm dishes and were treated with 0.1% DMSO
as the vehicle control, or 0.025, 0.05 and 0.1% of (-)-GPCSO.
After 24 h, cell lysates from each sample were isolated using M-
PERì mammalian protein extraction reagent (Pierce, Rockford,
IL, USA). Protein concentrations for each cell lysate were
measured using a Micro BCAì protein assay reagent kit (Pierce,
Rockford, IL, USA) and O.D values were read using a kinetic
microplate reader (Molecular Devices Coorperation, Menio Park,
CA, USA) at 560 nm. Approximately 50 Ìg protein from each
sample were separated by SDS-PAGE and transferred to a PVDF
membrane (Millipore, Bedford, MA, USA). Immunoblotting was
performed with primary antibody MDR (sc-1517, Santa Cruz
Biotechnology, Inc, CA, USA) at 1:500, or ‚-actin (sc-1615, Santa
Cruz Biotechnology) at 1:500 followed by donkey anti-goat
horseradish peroxidase-conjugated secondary antibody (sc2020,
Santa Cruz Biotechnology) at 1:1000. Proteins were detected by
ECL plus Western Blotting Detection Reagents (RPN 2133,
Amersham Biosciences, UK) and photographs were taken using a
FUJIFILM LAS-3000 image system (FUJIFILM Medical Systems
USA, Inc. Stanford, CT, USA). The densities of specific bands
were quantified using ImageQuant software (Molecular Dynamics,
Sunnyvale, CA, USA).

Statistical analysis. The results for the cell proliferation assay are
presented as the mean ± standard deviation (SD) of four replicate
culture wells. Analysis was performed using SAS for window (SAS
Institute Inc. Cary, NC, USA). Statistical differences were
determined using the Student’s t-test for independent groups. P-
values of less than 0.05 were considered to be statistically
significant.

Results

Effects of chemotherapeutic agents on a multidrug resistant
breast cancer cell line. The growth of MCF-7/Adr and
PCHNCEC were evaluated after either Tam, ICI or Adr
treatment. None of the agents had significant inhibitory
effects on MCF-7/Adr cells at any concentration after 24 h
treatment (Figure 1A). A similar pattern was also observed
for PCHBCEC (Figure 1B), although 1 ÌM Adr did have a
significant inhibitory effect on PCHBCEC growth.

Effects of 0.1 ÌM of Tam, ICI, and Adr alone or combined
with 0.05% of (–)-GPCSO on MCF-7/Adr cell and
PCHBCEC. The proliferation of two types of cells was
assessed after treatment with 0.1 ÌM of either Tam, ICI or
Adr in the absence or presence of 0.05% (-)-GPCSO.
Individually, Tam, ICI or Adr at 0.1 ÌM had no inhibitory
effect on proliferation in either cell type (Figure 2A and B).
However, the drugs in combination with 0.05% (-)-GPCSO
significantly reduced MCF-7/Adr cell growth by about 34%,
32% and 23%, respectively, compared with the control. In
PCHBCEC, 0.1 ÌM of Tam, ICI and Adr in combination
with 0.05% of (-)-GPCSO significantly decreased
PCHBCEC proliferation to 94%, 90% and 71%,
respectively, compared with the control.

Effects of (-)-GPCSO on MDR1 mRNA expression in MCF-
7/Adr cells and PCHBCEC. The modulation effect of (–)-
GPCSO on MDR1 mRNA expression in two types of cells
was evaluated by real-time PCR to explore if the inhibitory
effect of (–)-GPCSO on two types of cell proliferation is
mediated through the decrease of MDR1 mRNA expression.
Our results demonstrated that (-)-GPCSO reduced MDR1
mRNA expression in both MCF-7/Adr cells and PCHBCEC
in a dose-dependent manner. As shown in Figure 3A,
compared with the control, 0.025% of (–)-GPCSO has no
significant inhibitory effect on MDR1 mRNA expression in
MCF-7/Adr cells, while 0.05% and 0.1% (–)-GPCSO
significantly decreased MDR1 mRNA expression by about
9% and 22.7%, respectively. As for PCHBCEC, 0.025, 0.05,
and 0.1% of (–)-GPCSO significantly decreased MDR1
mRNA expression by about 24, 67, 95%, respectively, as
compared with the control group. 

Combination of (–)-GPCSO with Tam, ICI and Adr
synergistically reduced MDR1 mRNA expression in MCF-7/Adr
cells. MDR1 mRNA expression in MCF-7/Adr cells was
reduced by 22, 24, and 37% after MCF-7/Adr cells were
treated with the combination of 0.05% (–)-GPCSO and 0.1
ÌM of Tam, ICI or Adr respectively, as compared with 0.1
ÌM of Tam, ICI, or Adr treatment alone (Figure 3B).

Effects of (–)-GPCSO on P-gp expression in MCF-7/Adr cells
and PCHBCEC. The expression of P-gp in two types of cells
was evaluated by Western blotting analysis after treated
with (–)-GPCSO for 24 h. The results indicated that (–)-
GPCSO reduced P-gp expression levels in both MCF-7/Adr
cells and PCHBCEC in a dose-dependent manner. In MCF-
7/Adr cells, 0.025, 0.05 and 0.1% (–)-GPCSO significantly
reduced P-gp expression by 21, 32 and 38%, respectively, as
compared with the control; in PCHBCEC, 0.025, 0.05 and
0.1% (–)-GPCSO decreased P-gp expression by 22, 31 and
42%, respectively, as compared with vehicle-treated
PCHBCEC (Figure 4A, B).
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Figure 1. A) Effects of different concentrations of Tam, ICI and Adr on MCF-7/Adr cell proliferation as assessed by MTS assay after 24 h incubation.
Each bar represents the mean ± SD of 4 wells. There was no significant difference between treatment groups and the vehicle-treated group (CT). B)
Effects of different concentrations of Tam, ICI and Adr on PCHBCEC proliferation as assessed by MTS assay after 24 h incubation. Each bar represents
the mean ± SD of 4 wells. The asterisk denotes significant difference from the control group (CT) (p<0.05).
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Figure 2. A) Effects of 0.1 ÌM Tam, ICI and Adr alone or combined with 0.05% (–)-GPCSO on MCF-7/Adr cell proliferation as assessed by MTS
assay after 24 h incubation. Each bar represents the mean + SD of four wells. The asterisks denotes significant differences between bars (p<0.05). B)
Effect of Tam, ICI and Adr alone or combined with (–)-GPCSO on PCHBCEC proliferation as assessed by MTS assay after 24 h incubation. Each bar
represents the mean + SD. The asterisks indicate statistically significant difference between bars (p<0.05). 
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Figure 3. A) Effects of different concentrations of (–)-GPCSO alone on MDR1 mRNA expression in both MCF-7/Adr cells and PCHBCEC as assessed
by real-time RT-PCR. Each bar represents the mean ± SD of three wells. The asterisks indicate statistically significant differences between MDR1 mRNA
expression in MCF-7/Adr, PCHBCEC and in their vehicle-treated control (CT) (p<0.05). B) The effects of (–)-GPCSO combined with 0.1 ÌM Tam,
ICI and Adr on MDR1 mRNA expression in MCF-7/Adr cells as assessed by real time PCR. Each bar represents the mean ± SD for three wells. The
asterisks indicate statistically significant differences between bars (p<0.05). 
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Figure 4. A) Western Blotting analysis of P-gp expression levels in MCF-7/Adr cells after treatment with 0.025-0.1% of (–)-GPCSO for 24 h. ‚-actin was
used as an internal control. The results are expressed as the relative expression ratios of the P-gp to ‚-actin. Each bar represents the mean ± SD for
triplicate individual experiments. The asterisk denotes a statistically significant difference between (–)-GPCSO treatment groups and the vehicle- treated
group (CT) (p<0.05). B) Effects of (–)-GPCSO on P-gp protein expression levels in PCHBCEC after treatment with 0.025-0.1% (–)-GPCSO for 24 h
as evaluated by Western-blotting. ‚-actin was used as an internal control. The results are expressed as the relative expression ratios of the P-gp to ‚-actin.
Each bar represents the mean ± SD for triplicate individual experiments. The asterisk denotes a statistically significant difference in P-gp expression
between PCHBCEC treated with different concentrations of (-)-GPCSO and PCHBCEC treated with vehicle control (CT) (p<0.05). C) The effects of
a combination of (–)-GPCSO and different chemotherapeutic agents on P-gp expression in MCF-7/Adr cells as determined by Western blotting analysis.
The results are expressed as the relative expression ratios of the P-gp to ‚-actin. The results showed that combination of 0.05% (–)-GPCSO with Tam,
ICI and Adr synergistically decreased P-gp expression in MCF-7/Adr cells. The asterisk denotes a statistically significant difference between bars (p<0.05).



Effects of (-)-GPCSO combined with Tam, ICI and Adr on P-
glycoprotein expression levels in MCF-7/Adr cells. To correlate
the inhibitory effect with the reduction of P-gp expression in
breast cancer cells, a western Blotting assay was performed
to analyze P-gp expression in MCF-7/Adr cells after treated
with a combination of 0.05% (-)-GPCSO with 1 ÌM Tam,
ICI or Adr for 24 h. The results showed that 1 ÌM of Tam,
ICI or Adr alone decreased the P-gp expression level in
MCF-7/Adr cell by about 3, 7, 8%, respectively, as compared
to the control; the combination of 1mM of Tam, ICI or Adr
with 0.05% of (-)-GPCSO synergistically decreased P-gp
expression levels in MCF-7/Adr cells by about 14, 24 and
21% respectively, as compared to the control (Figure 4C).

Discussion

The emergence of acquired or de novo resistance of cancer
cells to chemotherapeutic agents is a major obstacle to
effective therapy (19, 20). Tam, a first generation selective
estrogen receptor modulator (SERM) approved by the
FDA, reduces the prevalence of breast cancer in women at
high risk by approximately 50% (21, 22). However, it is of
no benefit in women with ER-negative tumors, which
account for about 1/3 of all patients with breast cancer (23).
Furthermore, the side-effects caused by Tam, such as hot
flashes, endometrial cancer and cataracts, also limit the use
of Tam for breast cancer chemoprevention. Moreover, the
development of resistance to Tam therapy in breast cancer
has been reported since the 1990s (24-29). ICI is a new type
of estrogen antagonist with no agonist effect. Research
found that it lacks cross-resistance with other treatments,
but it was found that over-expression of c-myc in MCF-7
cells was associated with resistance to ICI treatment (30).
The administration of Adr in breast cancer patients has also
encountered the emergence of drug resistance (31). 

A strong correlation between drug resistance and
MDR1/P-gp expression has been established (32, 33). Wang
et al. detected MDR1 mRNA and P-gp expression in patients
with primary breast cancer who had undergone neo-adjuvant
therapy. Their results demonstrated that expression of both
MDR1 and P-gp correlated significantly with resistance to
neo-adjuvant therapy (34). A meta-analysis of MDR1/P-gp
expression showed that treatment with cytotoxic or hormonal
agents was associated with a significant increase in the
proportion of tumors expressing MDR1/P-gp (35). Inhibition
of MDR1/P-gp over-expression likely plays an important role
in overcoming multidrug resistance in breast cancer (36).
Taken together, these data support the critical need to
develop novel compounds that both induce the death of
cancerous cells and decrease MDR1/P-gp expression.

The investigation of naturally occurring compounds in
food capable of preventing or reversing premalignant
lesions and/or reducing second primary tumor incidence has

attracted a great deal of interest (37). Several nutrients that
affect MDR1 expression in two human intestinal epithelial
cell lines have been identified (38). GP has been shown to
possess anticancer activity against a variety of cancer types.
Jaroszewski et al. reported that the 50% inhibitory
concentration (IC50) of GP in MCF-7/Adr cells is 4.3 ÌM,
much less than the IC50 value for rhodamine 123 (125 ÌM),
and that MCF-7/Adr cells exhibited an increase in pyridine
nucleotide peaks as measured by nuclear magnetic
resonance (NMR) after cells were treated with 10 ÌM of GP
for 24 h, which is indicative of the membrane viscosity-
increasing effect of GP (39). Hu et al. in our laboratory
treated three lactating Brown Swiss dairy cows with 450
ppm of GP for six days by oral administration of the
compound, and then collected milk on the 6th day of GP
treatment. The milk contained approximately 25 ÌM GP
and was shown to significantly inhibit 3H-thymidine
incorporation in MCF-7/Adr cells in a dose-dependent
manner. The 50% effective dose (ED50) was estimated at
15% for GP-Milk (40). 

In our present study, (–)-GPCSO combined with different
chemotherapeutic agents acted synergistically to significantly
inhibit proliferation of both the MDR breast cancer cell line
MCF-7/Adr, and PCHBCEC. One possible explanation may
be that the effect is mediated by down-regulation of MDR1/P-
gp expression, as we demonstrated in the current study. In
addition, (-)-GPCSO might (i) bind directly to one or more
binding sites on P-gp, therefore blocking the transport of
chemotherapeutic agents; or (ii) deplete pump energy by
inhibiting binding of ATP; or (iii) modify P-gp conformation
by its interaction with the cell membrane. These possible
mechanisms still need to be investigated. The present study
revealed that (–)-GPCSO alone or combined with different
chemotherapeutic agents significantly decreased MDR1/P-gp
expression in both MCF-7/Adr cells and PCHBCEC.
Therefore, it is reasonable to assume that at least the part of
the mechanism of action of (–)-GPCSO combined with those
chemotherapeutic agents might be increased accumulation of
drugs in the cells by decreasing P-gp expression. We have
preliminary data using confocal laser scanning microscopy that
supports this hypothesis (unpublished).

In conclusion, it was demonstrated that (–)-GPCSO
combined with different chemotherapeutic agents can
significantly inhibit both MCF-7/Adr cell and PCHBCEC
growth and this inhibitory effect may be partially related to
decreased MDR1/P-gp expression in these cells. Our results
demonstrated a causal link between a food component and
improved breast cancer chemotherapy in vitro, suggesting
that (–)-GPCSO may act as a non-toxic dietary agent to
overcome MDR in breast cancer patients when combined
with other chemotherapeutic agents. More studies are
needed to explore the exact molecular mechanism of action
of (–)-GPCSO.
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