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Abstract
Aim: To investigate whether subtoxic concentration of β-sitosterol (SITO) com-
bined with TNF-related apoptosis-inducing ligand (TRAIL) induces apoptosis 
in TRAIL-resistant MDA-MB-231 breast cancer cells.  Methods: Cell viability 
and growth were assessed by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphnyl-2H-tet-
razolim bromide assays, chromatin condensation, release of lactate dehydroge-
nase (LDH), and Annexin V+ cells.  The apoptosis-related proteins were detected 
by Western blotting.  Results: Treatment with TRAIL in combination with 
subtoxic concentrations of SITO sensitized MDA-MB-231 breast cancer cells 
to TRAIL-mediated apoptosis.  The synergistic treatment induced chromatin 
condensation, DNA fragmentation, the release of LDH, and Annexin V+ cells.  
The indicators of apoptosis are correlated to the induction of caspase activities, 
which results in the cleavage of poly(ADP-ribose)polymerase.  Both the cyto-
toxic effects and apoptotic characteristics induced by the synergistic treatment 
were significantly inhibited by a pan-caspase inhibitor z-VAD-fmk, demon-
strating the important role of caspases.  These results indicate that caspases are 
crucial regulators of apoptosis induced by the combined treatment of SITO and 
TRAIL in MDA-MB-231 cells.  Conclusion: The synergistic treatment of SITO 
and TRAIL induces apoptosis, which can serve as a potential preventive and 
therapeutic agent.
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Introduction
The tumor necrosis factor-related apoptosis-inducing li-

gand (TRAIL), a member of the TNF family, is considered 
a promising anticancer agent due to its ability to induce 
apoptosis in various tumor cell types, but is not cytotoxic 
to many normal cell types in vitro or in vivo[1,2].  Cellular 
sensitivity to TRAIL is dependent on the expression of cell 
membrane TRAIL receptors and caspase-8[3,4].  Caspase-8 
is activated in response to TRAIL and released cytochrome 
c, where it initiates a protease cascade that activates effector 
caspases, including caspase-3 and caspase-9[5].  Although 
the majority of breast cancer cell lines are resistant in 
TRAIL-induced apoptosis, TRAIL with chemotherapeutic 
drugs resulted in the synergistic induction of cell death[6].  
A previous study reported that more than 250 ng/mL 

TRAIL induces 30% apoptosis in MDA-MB-231 cells[7].  
These results suggest that anticancer agents can be used in 
synergistic treatment with TRAIL to sensitize resistant cells 
to TRAIL-mediated apoptosis[8].  A better understanding of 
the molecular mechanisms underlying identification of the 
sensitizing agents capable of overcoming TRAIL resistance 
may facilitate the establishment of TRAIL-based combina-
tion regimens for the improved treatment of breast cancers.

Phytosterols or plant sterols are the counterparts of 
animal cholesterol[9] and are not synthesized endogenously 
in humans, but are derived solely from the diet through in-
testinal absorption[10,11].  Among them, β-sitosterol (SITO) 
is one of the most common dietary phytosterols in the blood.  
Previous studies revealed that SITO reduces carcinogen-
induced cancer of the colon in rats[12] and exhibits anti-
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inflammatory[13,14], anti-angiogenic[15], and immune-
modulating properties[16,17].  SITO also induces apoptosis in 
hormone-insensitive and metastatic MDA-MB-231 human 
breast cancer cells through the activation of caspases[18–21].  
When the cells are treated with high dosages of SITO (≥
16 µmol/L) or long time points (more than 3 d), the cells 
can become more sensitive to SITO-induced apoptosis.  To 
overcome these problems, the synergistic treatment of che-
mopreventive agents and TRAIL is a promising approach 
to selectively induce apoptosis and regression of breast 
cancer with minimal toxicity to normal cells[6,7].

In the present study, we first investigated whether 
SITO is a potent sensitizer for TRAIL-induced apoptosis 
in TRAIL-resistant MDA-MB-231 breast cancer cells.  
Moreover, we determined the first evidence that synergistic 
treatment with SITO and TRAIL regulates the activation of 
caspases and pro-apoptotic proteins, leading to a significant 
induction of TRAIL-mediated signaling and cell death in 
MDA-MB-231 human breast cancer cells.

Materials and methods
Reagents  SITO (Cat No: S9889), 2-hydroxypropyl-

cyclodextrin (CD), 4,6-diamidino-2-phenylindole (DAPI), 
and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) were obtained from Sigma (St Lou-
is, MO, USA).  Caspase activity assay kits were obtained 
from R&D Systems (Minneapolis, MN, USA).  An en-
hanced chemiluminescence (ECL) kit was purchased from 
Amersham (Arlington Heights, IL, USA).  Pan-caspase 
inhibitor (z-VAD-fmk) was obtained from Calbiochem (San 
Diego, CA, USA).  RPMI-1640 medium and fetal bovine 
serum (FBS) were purchased from Invitrogen (Carlsbad, 
CA, USA) and GIBCO (Gaithersburg, MD, USA), respec-
tively.  Soluble recombinant TRAIL (Cat No: K0112977; 
Koma Biotech, Seoul, Korea) was purchased from R&D 
Systems (USA).  SITO was complexed with 5 mmol/L CD 
in order to solubilize it; 5 mmol/L CD was used as a vehicle 
control.

Antibodies  Antibodies against Bax, Bad, Bcl-2, Bcl-
XL, Fas, FasL, cIAP-1, cIAP-2, XIAP, DFF40/CAD, 
DFF40/ICAD, poly(ADP-ribose) polymerase [PARP], 
lamin A, capase-3, capase-8, and capase-9 were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).  
The antibody against â-actin came from Sigma.  Peroxi-
dase-labeled donkey antirabbit and sheep antimouse immu-
noglobulin were purchased from Amersham.

Cell culture  Human breast cancer MDA-MB-231 cells 
were obtained from the American Type Culture Collection 

(Rockville, MD, USA). The cells were cultured at 
37 °C in a 5% CO2 humidified incubator and maintained 
in RPMI-1640 culture medium containing 10% heat-inacti-
vated FBS.

Cell viability and growth  The cells were treated with 
the indicated concentrations of SITO, TRAIL, or synergis-
tic treatment (SITO+TRAIL).  Control cells were supple-
mented with 5 mmol/L CD for 48 h.  Following the treat-
ment, cell viability was determined by MTT assay.

Nuclear staining After treatment with the indicated 
compounds for 48 h, the cells were harvested, washed in 
ice-cold phosphate-buffered saline (PBS), and fixed with 
3.7% paraformaldehyde for 10 min at room temperature.  
The fixed cells were permeabilized with 0.5% Triton X-100 
and stained with DAPI solution for 10 min at room temper-
ature.  The nuclear morphology of the cells was examined 
by fluorescence microscopy.

Annexin V  analysis For the analysis of apoptosis, 
the cells were stimulated with the indicated compounds, 
and apoptosis was analyzed over time by the staining of 
phosphatidylserine translocation with fluorescein-isothio-
cyanate-Annexin V (PharMingen, SinDiego, CA, USA) 
according to the manufacturer’s instructions.

Protein extraction and Western blot analysis  The 
cells were harvested, washed once with ice-cold PBS, and 
gently lysed for 10 min in 80 µL ice-cold lysis buffer (20 
mmol/L sucrose, 1 mmol/L EDTA, 20 µmol/L Tris-Cl [pH 
7.2], 1 mmol/L dithiothreitol, 10 mmol/L KCl, 1.5 mmol/L 
MgCl2, 5 µg/mL pepstatin A, 10 µg/mL leupeptin, and 2 
µg/mL aprotinin).  The supernatants were collected and 
the protein concentrations were determined using a Bio-
Rad protein assay kit (Bio-Rad, Hercules, CA, USA).  The 
samples were stored at –80 °C or immediately used for the 
Western blot analysis.  Aliquots containing 50 µg of total 
protein were separated on SDS–PAGE and transferred to 
nitrocellulose membranes (Schleicher & Schuell, Keene, 
NH, USA) for the Western blot analysis using the indicated 
primary antibodies.  Peroxidase-conjugated secondary anti-
bodies were detected using an ECL detection system.

Lactate dehydrogenase assay   To determine plasma 
membrane integrity loss, lactate dehydrogenase (LDH) 
release into the extracellular medium was measured using 
the cyto-tox96 nonradioactive assay from Promega (Madi-
son, WI, USA) in order to determine cytotoxicity.  This 
assay measures the formation of a red formazan product 
after the conversion of lactate and nicotinamide adenine 
dinucleotide to pyruvate and NADH.  The assay was used 
according to the manufacturer’s instructions.  Briefly, the 
maximum release of LDH was obtained by adding 100 µL 
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of 2% Triton X-100 to the untreated cells.  In total, 100 mL 
of each sample were incubated with 100 µL of LDH assay 
reagents for 10 min, and the absorbance of the samples was 
measured at 490 nm.  The percentage of LDH release was 
determined by dividing the amount of LDH released by 
the cells under each condition by the maximum amount of 
LDH release, and then multiplying the fraction by 100.

Determination of caspase activity  Caspase activities 
were determined by colorimetric assays using caspases-3, 
-8, and -9 activation kits according to the manufacturer’s 
protocol.  Briefly, the cells were lysed in the supplied lysis 
buffer.  The supernatants were collected and incubated with 
the supplied reaction buffer containing dithiothreitol and 
substrates at 37 °C.  The caspase activities were determined 
by measuring changes in absorbance at 405 nm using the 
microplate reader.

Statistical analysis  All data from the MTT assays, 
FACS analyses, Western blot analysis, and caspase activ-
ity experiments were derived from at least 3 independent 
experiments.  The images were visualized with Chemi-
Smart 2000 (Vilber Lourmat, Marine, Cedex, France).  The 
images were captured using Chemi-Capt (Vilber Lourmat, 
France) and transported into Photoshop.  All data are pre-
sented as mean±SD.  Significant differences among the 
groups were determined using one-way ANOVA with 
Scheffe’s test.  A value of P<0.05 was accepted as an indi-

cation of statistical significance.

Results
High dosages of SITO (≥ 16 µmol/L) induces apop-

tosis in MDA-MB-231 breast cancer cells  To investigate 
whether SITO decreases cell viability, the MDA-MB-231 
cells were stimulated with the various concentrations of 
SITO for 48 h and then subjected to MTT assay.  As shown 
in Figure 1A, the inhibition of cell viability was dramati-
cally observed at 16 µmol/L (65%±5%), which in turn 
decreased to 39%±5% when the cells were exposed to 32 
µmol/L SITO at 48 h.  CD (5 mmol/L), used as a vehicle 
control, did not affect cell proliferation and viability.  We 
next examined whether SITO-induced cell death was fol-
lowed by morphological features.  As shown in Figure 
1B, 16 or 32 µmol/L SITO induced distinct morphological 
change and the formation of the apoptotic body of the cells 
(white arrow), while the vehicle control displayed intact 
morphology and nuclear structure.  Additionally, SITO (16 
or 32 µmol/L) resulted in a significant increase of LDH 
release to 18%±2% or 35%±4%, respectively (Figure 
1C).  These results indicate that a high dose of SITO (≥ 16 
µmol/L) inhibits cell proliferation and induces cell death in 
MDA-MB-231 cells.

SITO induces apoptosis through upregulation of 
caspases and pro-apoptotic proteins, and downregula-

Figure 1. SITO induces antiproliferation and apoptosis in MDA-
MB-231 human breast cancer cells.  Cells were plated at 2×104 cells/60 
mm plate and were treated with the indicated concentrations of SITO 
for 48 h.  (A) cell viability was measured using MTT assay.  (B) cellu-
lar (i) and nuclear (ii) morphology incubated with or without SITO for 
48 h was examined under light and fluorescence microscopy (×400), 
respectively.  Results are from 1 representative experiment of 3 per-
formed that showed similar patterns.  (C) LDH release was quantified 
as a marker of cytotoxicity using the manufacturer’s instructions.  CD 
(5 mmol/L), when used as a vehicle control, did not affect cell prolif-
eration, viability, or morphological change.  Each point represents the 
mean±SD of 3 independent experiments.  bP<0.05 compared with the 
vehicle control.
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tion of anti-apoptotic proteins  In order to investigate 
whether caspases are likely to be involved in the apoptotic 
response observed in Figure 1, the cells were treated with 
the indicated concentrations of SITO for 48 h, and the 
caspase activity from the cell lysates was determined.  As 
shown in Figure 2A, caspases-3, -8, and -9 were activated 
at concentrations greater than 16 µmol/L SITO.  As shown 
by the Western blot analysis, SITO significantly increased 
the cleavage of PARP and the expression of DFF40/CAD 
with the downregulation of DFF40/ICAD at concentra-
tions of 16 or 32 µmol/L SITO.  These results indicate that 
treatment with more than 16 µmol/L SITO increases the 
activation of caspases-3, -8, and -9 followed by increases 
in PARP cleavage and DFF40/CAD expression (Figure 
2B).  In a parallel experiment, to determine the expression 
of anti- and pro-apoptotic proteins in SITO-mediated apop-
tosis, we analyzed the expressions of Bcl-2 and inhibitor of 
apoptosis (IAP) family proteins by Western blot analysis.  
As shown in Figure 2C, SITO dose dependently increased 
the Bax level and slightly decreased the Bcl-2 level.  We 
further revealed that more than 16 µmol/L SITO decreased 
IAP family proteins, such as XIAP, but not cIAP-1 and 
cIAP-2 in the MDA-MB-231 cells.  The SITO-treated cells 
resulted in a dose-dependent downregulation of IAP family 

members.  These results suggest that the apoptotic actions 
of SITO are closely related with the upregulation of the 
Bax/Bcl-2 ratio, the downregulation of the IAP family, and 
caspase activation.

Non-toxic dose of SITO significantly triggers 
TRAIL-mediated apoptosis in a low dose of TRAIL-re-
sistant MDA-MB-231 cells  To investigate the synergistic 
effects, the MDA-MB-231 cells were treated with subtoxic 
concentration of SITO and TRAIL for 48 h and the cell via-
bility was assessed using the MTT assay.  As shown in Fig-
ure 3A, treatment with SITO (8 µmol/L) or TRAIL alone 
(30 ng/mL) for 48 h was not able to reduce cell viability in 
the MDA-MB-231 cells.  Notably, the MDA-MB-231 cells 
treated with a synergistic treatment of 8 µmol/L SITO and 
30 ng/mL TRAIL significantly reduced cell viability (42%
±6%), which was similar to treatment with more than 32 
µmol/L SITO alone.  For an assessment of apoptosis, we 
analyzed chromatin condensation and apoptotic bodies.  
Treatment with SITO (8 µmol/L) or TRAIL (30 ng/mL) 
alone did not induce any morphological features or apop-
totic bodies indicative of cell death (Figure 3B).  However, 
the synergistic treatment with SITO and TRAIL induced 
significant decreased membrane shrinkage, cell rounding, 
and the appearance of apoptotic bodies in MDA-MB-231 

Figure 2.  SITO treatment results in caspase activation in MDA-MB-231 
human breast cancer cells.  Cells plated at 2×104 cells/60 mm plate were 
treated with the indicated concentrations of SITO for 48 h.  (A) caspase 
activities were determined following the manufacturer’s protocol.  (B) 
total cell lysates were prepared, and 50 µg protein were subjected to 
SDS-PAGE followed by Western blot analysis with specific antibodies 
(B: anti-PARP, anti-DFF40/CAD, and anti-DFF40/ICAD; C: anti-Bax, 
anti-Bcl-2, anti-XIAP, anti-cIAP-1, and cIAP-2), and then chemilumines-
cence was detected as described. β-Actin was used as an internal control.  
Results are from 1 representative experiment of 3 performed that showed 
similar patterns.  Data are expressed as mean±SD of 3 independent ex-
periments.  bP<0.05 compared with the vehicle control.
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cells.  Additionally, LDH release was also increased more 
than 4 times than that of the control in the synergistic treat-
ment with SITO and TRAIL (Figure 3C).  Next, we ana-
lyzed the apoptotic effects using flow cytometric analysis 
to detect Annexin V+ cells.  The synergistic treatment re-
sulted in a markedly increased accumulation of Annexin V+ 
cells, whereas treatment with SITO or TRAIL alone did not 
(Figure 3D).  We also examined whether SITO could sen-
sitize various resistant tumor cells to the apoptotic effects 
of TRAIL.  The treatment of MCF-7, A549, HepG2, and 
Hep3B cells with 30 ng/mL and 8 µmol/L SITO reduced 
cell viability in all of the tested cells, but the effects were 
weaker than the MDA-MB-231 cells.  TRAIL alone or 
SITO alone had no significant effect on the viability (Figure 
4).  Taken together, these results indicate that SITO signifi-
cantly sensitizes TRAIL-induced apoptosis in a low dose 
of TRAIL-resistant MDA-MB-231 cells.

Synergistic treatment with SITO and TRAIL up-
regulates pro-apoptotic proteins and downregulates 

anti-apoptotic proteins  Caspases are known to act as 
important mediators of apoptosis and contribute to the 
overall apoptotic morphology by cleavage of various cel-
lular substrates.  Therefore, we investigated the activation 
and expression of caspases-3, -8, and -9 in MDA-MB-231 
cells treated with SITO and TRAIL for 48 h.  Cell lysates 
containing equal amounts of total protein from cells treated 
with SITO and TRAIL were assayed for in vitro caspase ac-
tivity.  As shown in Figure 5A, treatment with TRAIL alone 
slightly increased caspase activity; however, the synergistic 
treatment with SITO (8 ìmol/L) and TRAIL (30 ng/mL) 
significantly increased the activity of caspases-3, -8, and 
-9 in MDA-MB-231 cells.  The Western blot analysis also 
revealed that the synergistic treatment markedly induced 
cleavage of caspases in MDA-MB-231 cells (Figure 5B).  
To evaluate the expression of anti- and pro-apoptotic fami-
ly proteins in the synergistic treatment, we analyzed the ex-
pression of these proteins using Western blot analysis.  As 
shown in Figure 5C, the pro-apoptotic Bax expression was 

Figure 3.   Synergistic treatment with SITO and TRAIL induces cell death in MDA-MB-231 cells.  Cells were seeded at 2×104 cells/mL and then treated 
with SITO (8 µmol/L), TRAIL (30 ng/mL), or SITO+TRAIL for 48 h.  (A) cell viability was determined by MTT assay.  (B) cellular (i) and nuclear (ii) 
morphology was examined under light and fluorescence microscopy (×400).  Results are from 1 representative experiment of 3 performed that showed 
similar patterns.  (C) LDH release was quantified as a marker of cytotoxicity using the manufacturer’s instructions.  (D) cells were also stained with An-
nexin V and propidium iodide and analyzed by flow cytometry.  Percentage of cells in Annexin V+ was calculated with computer software and presented.  
Each point represents the mean±SD of 3 independent experiments.  bP<0.05 compared with the vehicle control.
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significantly induced in the synergistic treatment, whereas 
the levels of anti-apoptotic Bcl-2 and Bcl-XL remained un-
changed.  One of the IAP family members, anti-apoptotic 
XIAP was markedly downregulated, and the expressions of 
Fas and FasL were significantly augmented by the syner-
gistic treatment.  As shown in Figure 5D, synergistic treat-
ment-induced apoptosis was significantly suppressed in the 
presence of pan-caspase inhibitor z-VAD-fmk, indicating 

that the TRAIL-induced apoptosis sensitized by SITO was 
mediated through caspase activation in the MDA-MB-231 
cells.  These results indicate that caspases are crucial regu-
lators of apoptosis by the combined treatment of SITO and 
TRAIL in MDA-MB-231 cells.

Discussion
TRAIL has aroused great interest in cancer therapy 

because it can selectively induce cancer cells, and trans-
formed cells can undergo apoptosis with no toxicity to nor-
mal cells[1,2].  These observations indicate that TRAIL may 
prove to be a safe and effective biological agent for cancer 
therapy in humans.  However, recent studies have shown 

that many cancer cells, including human breast carcinoma 
cells, are resistant to the apoptotic effects of TRAIL[18

–20].  Recent studies have also reported that SITO, as a che-
motherapeutic agent, can induce apoptosis in metastatic 
MDA-MB-231 breast cancer cells[21–24].  If the breast cancer 
cells are treated with high concentrations of SITO for more 
than 2 or 3 d, SITO can significantly induce apoptosis.  To 
overcome these problems, in the present study, we investi-
gated whether synergistic treatment with SITO and TRAIL 
triggers apoptosis in MDA-MB-231 breast cancer cells that 
are normally resistant to either agent alone.  The synergis-
tic treatment induced cell death followed by cell shrinkage 
and apoptotic body formation, which are hallmark features 
of apoptosis.  Our results also revealed that the synergis-
tic treatment with SITO and TRAIL enhances apoptosis 
through the activation of caspases in MDA-MB-231 cells.  
This synergistic chemotherapy is very efficient to sensi-
tize TRAIL-induced apoptosis in TRAIL-resistant MDA-
MB-231 breast cancer cells.

Recently, several researchers reported that some che-
mopreventive agents sensitize TRAIL-mediated apoptosis 
through the activation of caspase-3 in TRAIL-resistant 

Figure 4.  Synergistic treatment with SITO and TRAIL inhibits proliferation and induces cell death in various cancer cell lines (MCF-7, A549, HepG2, 
and Hep3B).  Cells were seeded at 2×104 cells/mL and then treated with the indicated concentrations of SITO (8 µmol/L), TRAIL (30 ng/mL), or 
SITO+TRAIL for 48 h.  Cell viability was determined by MTT assay.  Each point represents the mean±SD of 3 independent experiments.  bP<0.05 com-
pared with the vehicle control.
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cancer cells[25,26].  Caspases belong to a family of cysteine 
proteases that are integral parts of the apoptotic pathway.  
In particular, activated caspases have many cellular targets, 
that when severed and/or activated, produce the morpho-
logical features of apoptosis[27].  Many studies have deter-
mined that a variety of chemotherapeutic agents induce 
apoptosis through the activation of caspases and the deg-
radation of PARP and lamin A[28,29].  Our findings indicate 
that caspases are critical protease mediators of apoptosis 
triggered by the synergistic treatment of TRAIL and SITO.  
Furthermore, downstream in the TRAIL-induced apop-
totic pathway, mutations to the pro-apoptotic protein Bax 
and increased expression of IAP family members such as 

XIAP and cIAP, can contribute to the resistance to TRAIL-
mediated apoptosis[30–32].  In the present study, we found 
that the synergistic treatment increases the expression of 
the pro-apoptotic Bax, Fas, and FasL protein and results in 
a decrease of the anti-apoptotic XIAP, but not cIAP-1 and 
cIAP-2.  The ability to induce apoptosis makes synergistic 
treatment with SITO and TRAIL a potentially effective pre-
ventive and therapeutic agent to combat malignant breast 
cancer cells.

Thus, the results of this study suggest that SITO sen-
sitizes TRAIL-mediated apoptosis by the upregulation of 
apoptotic proteins, including Bax and caspases.  Therefore, 
the use of TRAIL with low concentrations of SITO may 

Figure 5.  Synergistic treatment with SITO and TRAIL modulates the expression levels of anti- and pro-apoptosis-related proteins in MDA-MB-231 
cells.  Cells were treated with the indicated concentrations of agents for 48 h.  (A) caspase activities were determined using caspase assay kits following 
the manufacturer’s protocol.  Equal amounts of cell lysates (50 µg) were resolved by SDS-PAGE, transferred to nitrocellulose, and probed with specific 
antibodies (B: anticaspase-3, anticaspase-8, and anticaspase-9; C: anti-Bax, anti-Bcl-2, anti-Bcl-XL, anti-Fas, anti-FasL, anti-XIAP, anti-cIAP-1, and 
anti-cIAP-2).  A representative study is shown, and 2 additional experiments yielded similar results.  (D) cells were incubated with SITO+TRAIL for 48 
h after 1 h pretreatment with z-VAD-fmk (50 µmol/L).  Cell viability was determined by MTT assay.  Data are expressed as mean±SD of 3 independent 
experiments.  band eP<0.05 compared with the vehicle control and TRAIL treatment, respectively.
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provide an effective therapeutic strategy for safely treating 
TRAIL-resistant breast cancer cells.
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