
Abstract. Background: Resveratrol (RES) inhibits cell
growth, induces apoptosis and augments chemotherapeutics
in multiple cancer types, although its effects on drug-
resistant cancer cells are unknown. Materials and Methods:
To study the effects of resveratrol in triple-negative breast
cancer cells that are resistant to the common cancer drug,
paclitaxel, a novel paclitaxel-resistant cell line was
generated from the MDA-MB-231 cell line. Results: The
resistant MDA-MB-231/PacR cells exhibited a 12-fold
increased resistance to paclitaxel. RES treatment reduced
cell proliferation and colony formation and increased
senescence and apoptosis in both parental and resistant
cells. Importantly, RES augmented the effects of paclitaxel in
both cell lines. Up-regulation of the MDR1 and CYP2C8
genes were shown to be potential mechanisms of paclitaxel
resistance in the resistant cells. Conclusion: RES, both alone
and in combination with paclitaxel, may be useful in the
treatment of paclitaxel-sensitive and paclitaxel-resistant
triple-negative breast cancer cells.

The anticancer effects of resveratrol (RES) have been
extensively studied in many in vitro and in vivo human
cancer models. RES has been shown to inhibit angiogenesis
and cell proliferation, as well as induce cell-cycle arrest and
apoptosis in various cancers (1, 2). Although the anticancer
effects of RES are seen at high micromolar concentrations
in vitro, it has been shown that RES can accumulate to these
high amounts in tissue (3, 4). In addition, RES is very well
tolerated in animals and humans (5). These properties make
RES an attractive anticancer agent, particularly for solid
tumors. Interestingly, these anticancer effects and their

mechanisms seem to be cell-type dependent. For example,
the type of cell-cycle arrest caused by RES, if any, is
dependent on cancer cell-type (6). Therefore, it is important
to study the effects of RES in different cancer models.
Notably, RES was shown to inhibit tumor growth and cause
cell death in an ectopic mouse model of triple- negative
breast cancer (7).

The mechanism of RES-induced apoptosis has been
extensively studied, but the pathways are not fully-
understood. Sirtuin 1 (SIRT1) can be activated by RES
indirectly by dissociation with the negative protein regulator,
Deleted in Breast Cancer 1 (DBC1), via the
cAMP/PKA/AMPK pathway (8, 9). SIRT1 activation by
RES has been shown to decrease survivin protein levels in a
dose-dependent manner, which allows activated caspase 3
and 7 to induce apoptosis (10-14). To explore the mechanism
of resveratrol in paclitaxel-sensitive and –resistant triple-
negative breast cancer cells, the effects of RES on survivin,
SIRT1, DBC1 and P-AMPK protein levels were investigated.

Recent studies show positive combination effects of RES
and irradiation, as well as various chemotherapeutics in
multiple human cancers (15, 16). Although paclitaxel is a
very successful drug, some tumors are intrinsically resistant
and others can acquire resistance to paclitaxel.
Approximately one third of paclitaxel-resistant breast cancers
are triple-negative (17). Many mechanisms of paclitaxel
resistance in breast cancer have been identified such as
evading chemotherapeutic-induced cell death by hijacking
apoptosis pathways, removing the drug quickly by efflux or
metabolism, or altering drug-binding sites (18). Studying
these mechanisms is important for developing strategies for
overcoming drug resistance. We, therefore, wanted to
determine if RES can be used alone or in combination with
paclitaxel in triple-negative breast cancer cells and whether
RES can re-sensitize paclitaxel-resistant cells to paclitaxel.
To study paclitaxel resistance in triple negative breast
cancers, we developed a cellular model that mimics acquired
drug resistance in tumors.
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Herein we present data showing that RES induces cell
proliferation inhibition, senescence and apoptosis in
paclitaxel-sensitive and -resistant triple-negative breast
cancer cells. Importantly, we show that RES can be used in
combination with paclitaxel to not only re-sensitize the
resistant cells to paclitaxel but also to augment the effects of
paclitaxel in both the parent and resistant cells. The
overexpression of both P-glycoprotein (P-gp), a paclitaxel
efflux pump, and CYP2C8, a paclitaxel metabolizing
enzyme, was found to be involved in the paclitaxel-resistance
of our breast cancer cell model, which provides a possible
mechanism of RES sensitization in these cells. 

Materials and Methods

Cell culture and reagents. MDA-MB-231 cells (American Type
Culture Collection (ATCC); Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) media (Corning
cellgro; Corning, NY, USA) with Hyclone 10% Cosmic Calf Serum
(Thermo Fisher Scientific; Waltham, MA, USA) at 37˚C, 5% CO2
and 95% humidity. Cells were periodically tested to ensure
mycoplasma contamination was not present. RES and paclitaxel
(Sigma-Aldrich; St. Louis, MO, USA) were dissolved in DMSO and
further diluted with 1x Hank’s Balanced Salt Solution (HBSS).
SIRT1 (Active Motif; Carlsbad, CA, USA), DBC1, survivin, caspase
7, AMPK, P-AMPK (Cell Signaling; Danvers, MA, USA)
antibodies were used according to manufacturer’s suggestion. For
all experiments, treatments were done after allowing cells to attach
to the plate overnight.

Resistant cell line generation. To generate the paclitaxel-resistant
line, an intermittent, stepwise method of treatment was used (19).
MDA-MB-231 cells were treated with the determined 24-hour 30%
inhibitory concentration (IC30) of paclitaxel for 3-4 days. The drug
was then removed for 3-4 days before treating again. This interval
lasted for 2-4 weeks before the treatment was increased to the IC40.
This process was repeated until the cells were growing successfully
under IC60 treatment of paclitaxel. After these cells were obtained,
they were no longer grown in the presence of paclitaxel. Single cell
derived clones were obtained by limiting dilution in which cells
were serially diluted across a 96-well plate and single clones were
expanded.

Methylene blue cell proliferation assay. Cells were fixed in methanol
for 15 minutes and then stained with 0.05% methylene blue stain
(Ricca Chemical; Arlington, TX, USA) for 10 minutes (20). The plates
were washed, dried and de-stained with 0.5 M hydrochloric acid
solution. The absorbance was then measured using a plate reader at
610 nm. For IC50 determinations, cells were treated with a serial
dilution of paclitaxel or resveratrol. Combination assays were
completed using a checkerboard method such that cells plated onto 96-
well plates were treated for 5 days with a serial dilution of paclitaxel
across the plate horizontally and a dilution of resveratrol (2.5-40 μM)
across the plate vertically; the data were analyzed by determining the
IC50 value for the constant drug ratio curves using the Chou Talalay
method (21, 22). For the P-glycoprotein and CYP2C8 inhibitor assays,
cells were treated with a serial dilution of paclitaxel either alone or in
combination with 1 μM verapamil, 25 μM trimethoprim (Sigma-

Aldrich) or both. GraphPad Prism version 4.00 for Windows
(GraphPad Software; San Diego, CA, USA) was used to calculate IC50
values.

Clonogenic cell survival assay. A clonogenic cell survival assay was
conducted as previously described with modification (23). Cells
were plated in 6-well plates at 30 cells per well and treated for 72 h.
RES was then removed and the cells were allowed to grow
undisturbed for 17 days. Plates were then washed with 1X HBSS,
fixed with methanol for 15 minutes, stained with crystal violet for 1
hour and washed. Colonies consisting of 50 cells or more were
counted and scored.

Senescence staining. Cells were plated onto 24-well plates, treated
for 3 days and stained using the Senescence Detection Kit (EMD
Millipore; Billerica, MA, USA) per manufacturer’s instructions.
Positive and negative cells were counted in triplicate for each
treatment using a phase-contrast microscope at 20x optical fields.

Cell cycle analysis and Annexin V apoptosis flow cytometry. To
analyze the cells’ cycle phases following resveratrol treatment, cells
were fixed and permeabilized with 70% ethanol and stained with
propidium iodide (PI). For apoptosis analyses, cells were stained
with FITC-conjugated Annexin V and PI using the FITC Annexin
V Apoptosis Detection Kit I (BD Biosciences; Franklin Lakes, NJ,
USA) according to manufacturer’s instructions. Fluorescence was
measured using a LSRII 561 nM laser flow cytometer (BD
Biosciences; San Jose, CA, USA) and data was analyzed with
FlowJo (TreeStar; Ashland, OR, USA).

Immunoblotting. Samples were lysed by sonication in
radioimmunoprecipitation assay (RIPA) buffer supplemented with
protease inhibitor cocktail (Hoffmann-La Roche; city, Switzerland)
and phosphatase inhibitor cocktail (Thermo Fisher Scientific) and
run on 6, 10 or 12% polyacrylamide gels. Polyvinylidene difluoride
(PVDF) membranes (Pall Corporation; Port Washington, NY, USA)
were used for overnight or 2-h transfer. Blotting was conducted
using Pierce ECL Western Blotting Reagent (Thermo Fisher
Scientific). ImageJ was used for densitometry quantification.

siRNA knockdown. Caspase 7 and Non-Targeting Dharmacon ON-
TARGETplus SMARTpool siRNA constructs were used with
Dharmacon lipofection transfection reagent (Thermo Fisher
Scientific) according to manufacturer’s instructions. Cells were
transfected for 72-96 h. The transfection media was removed and
the cells were then treated with RES for 48-72 h before the cells
were collected and analyzed by immunoblotting or quantitative
reverse transcriptase polymerase chain reaction (qRT-PCR).

Co-immunoprecipitation. Cells treated with RES for 2 hours were
collected and lysed in co-IP lysis buffer (25 mM Tris, pH 8.0, 150 mM
NaCl, 0.5 mM EDTA, 0.5 mM EGTA, 1% NP-40) supplemented with
protease inhibitor cocktail (Hoffmann-La Roche). Protein A/G PLUS-
Agarose Immunoprecipitation Reagent (Santa Cruz Biotechnology;
Santa Cruz, CA, USA) was used according to manufacturer’s
instructions and samples analyzed by immunoblotting.

Real-time RT-PCR and PCR array. RNA extraction was performed
according to manufacturer’s instructions using the RNeasy Mini kit
(Qiagen SABiosciences; city, The Netherlands). The Human Cancer
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Drug Resistance PCR Array (Qiagen SABiosciences) was used
according to manufacturer’s instructions. Primers for ABCB1,
CYP2C8 and actin (Qiagen SABiosciences) were used in
combination with the corresponding RT2 Primer Assay (Qiagen
SABiosciences) reagents and used according to manufacturer’s
instructions. Real-time PCR was performed with SYBR Green/ROX
on an ABI 7500 machine (Supplier, address). P-values and standard

deviations (SD) for PCR Array and real-time RT-PCR validation
were calculated based on a Student’s t-test of the replicate 2^(-ΔCT)
values for each gene in the control group and treatment groups as
suggested by the manufacturer.

Statistics. Student’s T-test, two- and one-way ANOVA with
Bonferroni correction were used to determine p-values where
appropriate using GraphPad Prism version 4.00 for Windows
(GraphPad Software; San Diego, CA, USA) where p<0.05 was
considered statistically significant.

Results

Paclitaxel-resistant cell line generation. To provide a cellular
model of acquired paclitaxel resistance in MDA-MB-231
breast cancer cells, we developed a paclitaxel-resistant cell
line by an intermittent, stepwise treatment with paclitaxel.
The limiting dilution cloning method yielded 29 clones that
could be successfully established as resistant cell lines. Out
of these clones, the 12-fold increased resistance clone,
MDA-MB-231/PacR, was selected for further study. The 5-
day IC50 value of the parent MDA-MB-231cells was 5 nM
compared to 62 nM for the MDA-MB-231/PacR cells.

RES inhibits cell proliferation. To determine the effects of RES
on cell proliferation of the parent MDA-MB-231 and highly
resistant MDA-MB-231/PacR cells, cell counts and a colony
formation assay were used. Although the population doubling of
the MDA-MB-231/PacR cells was increased to 52 h compared to
the MDA-MB-231 cells at 35 h, 100 μM RES significantly
inhibited the ability of both cell populations to proliferate (Figure
1A-B). Treatment with 100 μM resveratrol in a clonogenic cell
survival assay completely inhibited colony formation in both cell
lines, indicating that resveratrol inhibited the ability of a single
cell to proliferate (Figure 1C). Treatment with 10 μM resveratrol
showed significant proliferation inhibition, but cells were still
able to form colonies (data not shown). 

RES induces senescence. Due to the inhibition of cellular
proliferation observed in both cell lines by RES, we next
analyzed the effect of RES on cell-cycle profiles in parental
MDA-MB-231 and MDA-MB-231/PacR cells. We chose a
48-hour time point based on the cellular proliferation data
which indicates a difference between vehicle-treated and
resveratrol-treated is just becoming evident. In addition, a
higher concentration, 300 μM, of RES was added to evaluate
the effects of RES at concentrations previously used in anti-
cancer studies (24, 25) and shown to accumulate in tissues
(3). There was no difference of cell-cycle phase between
untreated, 10 μM resveratrol or DMSO treatment (Figure
2A); therefore, only DMSO is shown for simplicity. At 48 h,
neither 100 nor 300 μM RES treatment caused any
accumulation in G1, G2/M of S phase compared to vehicle
control. Instead, there was accumulation in sub-G1 phase in
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Figure 1. RES inhibits cell proliferation and colony formation. A) Total
cell count from 24-72 h post RES treatment of MDA-MB-231 cells B)
MDA-MB-231/PacR (n=3) C) surviving fraction after 72 h of RES
treatment and a 17-day incubation (n=3). Error bars signify standard
deviation (UT=untreated; *p<0.05; **p<0.01; ***p<0.001; *p-values
compare resveratrol treatment to DMSO control).



both cell lines, which suggests apoptosis. In the MDA-MB-
231 cell line, the sub-G1 phase increased from 3% in the
untreated and DMSO treated to 18% and 49% in the 100 and
300 μM treated cells, respectively. In the MDA-MB-
231/PacR cell line, the sub-G1 phase increased from 8% in
the untreated and DMSO-treated to 23% and 34% in the 100
and 300 μM treated cells, respectively. In addition, in both
cell lines treated with 300 μM resveratrol, we observed
accumulation of a peak with higher DNA content than G2/M
phase, but not enough to denote cell aggregation or mitotic
catastrophe. The population increased from 10% and 9% to
24% and 26% in the MDA-MB-231 and MDA-MB-
231/PacR cells, respectively. It has been suggested in the
literature that micronucleated cells can collect between G1
and G2 phase and after G2/M phase (26). Furthermore,
micronuclei were present in both cell populations (data not
shown). Therefore, we hypothesize this peak represents a
population of micronucleated cells. Because we observed
inhibition of cell proliferation without a prominent cell cycle
arrest with 100 μM RES treatment, we hypothesized RES
treatment was causing senescence in the cells. Due to the
greatest cell proliferation difference occurring at 3 days, we
used this treatment time to look for senescent cells. We
observed 37% and 38% of the MDA-MB-231 and MDA-
MB-231/PacR cells, respectively, were senescent by positive
β-galactosidase staining (Figure 2B-C).

Resveratrol induces apoptosis. To ensure that the
accumulated sub-G1 phase cells were apoptotic, Annexin V
flow cytometry was conducted. After 3 days of 300 μM RES
treatment, 96% of MDA-MB-231 cells and 89% of MDA-
MB-231/PacR cells had undergone apoptosis. Additionally,
after 5 days, 64% of MDA-MB-231 cells and 53% of MDA-
MB-231/PacR cells treated with 100 μM RES were apoptotic
(Figure 3A-B). Caspase activation was assessed at 48 hs, 3
days and 5 days after RES treatment. After 48 h of treatment
with 300 μM RES, procaspase 7 was significantly decreased
and the activated, cleaved caspase 7 was significantly
increased for both cell lines (Figure 3C-D). Only slight
activation of caspase 7 was seen with 100 μM of resveratrol
treatment at this time point (Figure 3E). Significant caspase
activation was present in the 100 μM but not the 300 μM
detected at 3 and 5 days for both cell lines (data not shown).
In addition, at 48 h there was slight but significant activation
of caspase 3 with 300 μM treatment (data not shown). 

RES decreases survivin protein expression at high
concentrations. To explore possible mechanisms of resveratrol
action, the survivin and SIRT1 pathways were examined as
these have been shown to be important in other cancer cells
(10). Complete inhibition of survivin protein expression was
achieved with 300 μM resveratrol at 48 h and persisted for at
least 5 days (Figure 4A-D). However, while we did observe

apoptosis occurring at 3 and 5 days with 100 μM treatments,
there was no significant difference in survivin protein levels,
suggesting that survivin may not be critical in resveratrol-
induced apoptosis in these cells at this concentration (Figure
4C-D). Furthermore, the decrease of survivin with 300 μM
RES may not be caused by caspase 7 cleavage activity as
neither 40% in MDA-MB-231 cells nor 70% of caspase 7-
knockdown in MDA-MB-231/PacR cells resulted in any
recovery of survivin levels (Figure 4E-F). This result was
further supported by the activation of caspase 7 in both cell
lines treated with 100 μM RES (Figure 4E) with no resulting
decrease in survivin expression (Figure 4B-D). RES showed
no effect on the expression of SIRT1 or the protein regulator
of SIRT1, DBC1, in these cell lines (data not shown). Further,
although 300 μM RES did activate AMPK, which has been
shown to cause dissociation of SIRT1 and DBC1 (9), co-
immunoprecipitation studies showed little to no association of
SIRT1 and DBC1 in these cells (data not shown).

RES augments paclitaxel treatment. To determine whether
RES treatment could re-sensitize the resistant cells to
paclitaxel, checkerboard combination assays were conducted.
The addition of micromolar (2.5-40 μM) amounts of RES
simultaneously with paclitaxel resulted in a significant
lowering of the IC50 value of paclitaxel in both MDA-MB-
231and MDA-MB-231/PacR cells without any change in
RES IC50 (Figure 5A and B). By comparing the effects the
same ratios had on the different cell lines, it appears that less
RES is required to achieve similar fold changes in IC50 in
the resistant cells compared to the parent cells. A
combination treatment of 1 part paclitaxel to 2,560 parts
RES produced the same IC50 value in both the MDA-MB-
231 and MDA-MB-231/PacR cells; this IC50 value was
significantly lower than the IC50 value of paclitaxel alone in
MDA-MB-231 cells. In both cell lines, there were some
ratios that caused a decrease of IC50 value of both drugs,
though more RES was required in the MDA-MB-231 cells
compared to the MDA-MB-231/PacR cells to achieve this
(Table I). Most combinations did not give a synergistic
effect, but rather appear additive or even antagonistic when
represented in an isobologram due to the IC50 value of
resveratrol not decreasing. Some combination ratios resulted
in similar IC50 values for both cell lines. In contrast, other
combination ratios significantly decreased the IC50 of the
resistant cells but had no effect on the parental cells
suggesting that RES may act on two different mechanisms
to have a combination effect, one that is specific to the
resistant cells and one common to both parental and
resistant. Due to these observations, we hypothesized that the
mechanism of resistance of the MDA-MB-231/PacR cells
was important to the effect of RES in combination with
paclitaxel and, therefore, explored the mechanism of
resistance in these cells.
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P-glycoprotein and CYP2C8 up-regulation contribute to
paclitaxel resistance in MDA-MB-231 cells. To determine the
mechanism of resistance in these cells, a commercial PCR
array for human cancer drug resistance genes was used.
Analyses of the PCR array identified two genes to be highly
up-regulated in the resistant clone that are known to be
factors in paclitaxel resistance, MDR1 (ABCB1) and
CYP2C8 (Table II). The over-expression levels of these
genes were validated by real-time RT-PCR and the levels
were compared between the parent MDA-MB-231 and the
MDA-MB-231/PacR cells. ABCB1 was overexpressed in
MDA-MB-231/PacR compared to the parent line with a fold
increase of 4488.14±0.51 (p=0.026). CYP2C8 was also
significantly up-regulated the MDA-MB-231/PacR with a
fold increase of 19.09±0.90 (p=0.0013).

Finally, the functional importance of the gene expression data
was tested with inhibitors of the protein products. Verapamil was
used to inhibit P-glycoprotein, the protein product of ABCB1, and
trimethoprim was used to selectively inhibit CYP2C8. Inhibition
of P-glycoprotein or CYP2C8 alone decreased the resistance of
the MDA-MB-231/PacR cells to paclitaxel, as measured by
proliferation assays (Figure 6). The paclitaxel IC50 for MDA-
MB-231/PacR cells alone was 61 nM. After trimethoprim
treatment, the IC50 decreased to 40 nM. After verapamil
treatment the IC50 decreased to 8 nM. Simultaneous inhibition of
both P-glycoprotein and CYP2C8 did not further lower the IC50
value, likely because verapamil-alone lowered the IC50 to that of
the parent MDA-MB-231 cells. Therefore, it seems that although
both P-glycoprotein and CYP2C8 are relevant to the resistance,
P-glycoprotein is likely the more important factor.
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Figure 2. RES induces sub-G1 accumulation and senescence. A) Cell-cycle analysis showing percent of cells in each phase after 48 h of RES
treatment (n=4). The untreated control was omitted for simplicity; there was no difference between untreated and DMSO control. B) β-galactosidase
senescence staining after 48 h, representative fields. White arrows point to positive cells. Scale bar represents 200 μm. C) Quantification of percent
positive β-galactosidase cells from three representative fields (n=3). Error bars signify standard deviation (*p<0.05; **p<0.01; ***p<0.001; *p-
values compare treatment to DMSO control).



Discussion

A novel, paclitaxel-resistant triple-negative breast cancer cell
line was successfully developed with a 12-fold resistance to
paclitaxel compared to parental cells. Clinically-relevant
acquired drug resistance spanning from 2- to 12-fold

increased resistance compared to cells from tumors prior to
treatment (27). Therefore, this cellular model is closer to a
relevant level of acquired resistance than many other
laboratory models, which are often very highly resistant (27).
Importantly, this clinically-relevant resistance is maintained
unchanged though the cells are no longer cultured in
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Table I. Combination treatment decreases paclitaxel IC50. 

Paclitaxel: Paclitaxel Fold decrease compared RES Fold decrease compared
Resveratrol IC50 (nM) to paclitaxel alone IC50 (μM) to resveratrol alone

MDA-MB-231 Alone 4.40±1.49 - 7.79±0.57 -
1:40960 0.16±0.06*** 28.19 6.39±2.58 1.22
1:20480 0.41±0.09*** 10.75 8.38±1.83 0.93
1:10240 0.80±0.11*** 5.53 8.15±1.08 0.96
1:5120 1.48±0.24*** 2.97 7.60±1.22 1.02
1:2560 2.42±0.38* 1.82 6.20±0.98 1.26
1:1280 2.91±0.42 1.51 3.73±0.53* 2.09
1:640 3.34±0.42 1.32 2.14±0.27** 3.64
1:320 2.41±0.21* 1.82 0.77±0.07*** 10.08

MDA-MB-231/PacR Alone 37.64±13.29 - 9.07±1.57 -
1:2560 2.52±0.61*** 14.93 6.45±1.57 1.41
1:1280 6.77±1.23*** 5.56 8.66±1.58 1.05
1:640 15.28±2.11* 2.46 9.78±1.35 0.93
1:320 25.67±4.21 1.47 8.21±1.35 1.10
1:160 35.96±10.01 1.05 5.75±1.60 1.58
1:80 25.61±9.37 1.47 2.05±0.75*** 4.43
1:40 2.51±2.57*** 15.00 0.10±0.10*** 90.41
1:20 0.16±0.27*** 240.95 0.00±0.01*** 2904.51

IC50 values for paclitaxel and RES and the fold decrease of IC50 compared to each drug alone of all combination treatments plus or minus the
standard deviation (*p<0.05; **p<0.01; ***p<0.001; *p-values compare IC50 values of combination treatment to individual drug alone). 

Table II. Genes identified by PCR array up-or down-regulated in MDA-MB-231/PacR-Hi cells compared to MDA-MB-231 cells.

Symbol Description Function Fold change t-Test Fold up- 
or down-
regulation

MDA-MB- p-Valuea MDA-MB-
231/PacR-Hi/ 231/PacR-

MDA-MB-231 Hi/MDA-
MB-231

ABCB1 ATP-binding cassette, sub-family B (MDR/TAP), member 1 Xenobiotic metabolism 181.99 0.21 181.99
CYP2C8 Cytochrome P450, family 2, subfamily C, polypeptide 8 Xenobiotic metabolism 12.51 0.16 12.51
CYP1A1 Cytochrome P450, family 1, subfamily A, polypeptide 1 Xenobiotic metabolism 5.06 0.16 5.06
ATM Ataxia telangiectasia mutated S/T protein kinase 3.35 0.01 3.35
TNFRSF11A Tumor necrosis factor receptor superfamily, member 11a NFKB activator 3.11 0.00 3.11
APC Adenomatous polyposis coli Tumor repressor 3.11 0.05 3.11
CYP2E1 Cytochrome P450, family 2, subfamily E, polypeptide 1 Xenobiotic metabolism 0.03 0.01 –31.07
ERBB4 V-erb-a erythroblastic leukemia viral oncogene homolog 4 (avian) Receptor tyrosine kinase 0.15 0.02 –6.71
AR Androgen receptor Androgen receptor 0.21 0.04 –4.80
ABCC3 ATP-binding cassette, sub-family C, member 3 Xenobiotic metabolism 0.23 0.14 –4.27
ABCG2 ATP-binding cassette, sub-family G, member 2 Xenobiotic metabolism 0.24 0.11 –4.11
FOS FBJ murine osteosarcoma viral oncogene homolog Transcription factor 0.32 0.06 –3.16

ap-Values were calculated with a Student’s t-test of the replicate 2^(- ΔCT) values for each gene.



paclitaxel unlike other clinically-relevant cell lines that must
be continuously grown in the presence of the drug to
maintain resistance (27).

The data presented herein show that RES induces cell
proliferation inhibition, senescence and apoptosis in
paclitaxel-sensitive and -resistant triple-negative breast
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Figure 3. RES induces apoptosis and activates caspase 7. A) Percent of cells undergoing apoptosis measured by Annexin V flow cytometry after 3
days of RES treatment and B) after 5 days of resveratrol treatment (n=3). C) Representative immunoblot for caspase 7 at 48 h after resveratrol
treatment. D) Densitometry quantification normalized to actin of procaspase 7 and E) cleaved caspase 7 (n=3). Error bars signify standard deviation
(*p<0.05; **p<0.01; ***p<0.001; *p-values compare treatment to respective DMSO control).
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Figure 4. RES inhibits survivin expression at high concentration. A) Representative immunoblot of survivin 48 h after RES treatment. B) Densitometry
quantification normalized to actin of survivin after 48 h. C) 3 days and D) 5 days (n=3). E) Knockdown achieved with caspase 7 siRNAs (n=3). F)
Densitometry quantification normalized to actin of survivin expression following siRNA treatment (n=3). Error bars signify standard deviation
(*p<0.05; **p<0.01; ***p<0.001; *p-values compare treatment to respective DMSO control).



cancer cells. RES did not induce cell-cycle arrest in the cells
used in this study, which has also been observed in multiple
other cancer cell lines (6). Senescence and cells undergoing
apoptosis account for almost all of the cell proliferation
inhibition in both cell lines, though there is a small gap. Cell-

cycle arrest at different time points or an induction of
autophagy, which has been reported with resveratrol
treatment in other cells (28), may explain this gap.
Importantly, the effects of RES were not significantly
different between the paclitaxel-resistant and -sensitive cells,
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Figure 5. RES augments paclitaxel-mediated growth inhibition in MDA-MB-231 and MDA-MB-231/PacR cells. Dose-response curves of the constant
ratios from the checkerboard combination assay in A) MDA-MB-231 and B) MDA-MB-231/PacR cells (n=3). Each drug ratio has two graphs; one
representing the % inhibition versus the amount of paclitaxel in the mixture, as well as one representing the % inhibition versus the amount of RES
in the mixture. (*p<0.05; **p<0.01; ***p<0.001; *p-values compare combination treatment IC50 values to the paclitaxel alone treatment IC50 value).



suggesting that RES may be useful in treating triple-negative
breast cancers regardless of paclitaxel sensitivity.

Based on our results, the mechanism of RES-induced
apoptosis in this model does not appear to be solely
dependent on the decrease of survivin expression. Indeed,
only high concentrations of RES caused any decrease in
survivin protein levels contrary to what has been observed in
other human cancer cell lines (10-13). Therefore, we
hypothesized survivin may only play a role at high
concentrations of RES treatment or may be an off-target
effect of resveratrol in these cells. RES did not affect protein
levels of SIRT1 or DBC1 but did activate AMPK, as
expected if resveratrol were activating SIRT1 by interrupting
the binding of SIRT1 and DBC1. However, we observed
little to no binding between SIRT1 and DBC1, which is in
accordance with a previous study (29). Together these data
suggest the mechanism of RES-induced apoptosis in these
cells does not seem to be dependent of survivin depression,
changes in SIRT1 and DBC1 levels, nor the binding of
SIRT1 and DBC1. Yet, it is possible that RES acts through
SIRT1 activation in these cells by allosteric activation (30)
or altering SIRT1 localization (31).

Importantly, our data show that resveratrol can augment the
effects of paclitaxel when used in simultaneous combination,
contrary to a previous report showing RES to attenuate
paclitaxel treatment in MDA-MB-231 cells (32). Interestingly,
Fukui et al. (32) used a 48-h simultaneous treatment, and we
also observed similar attenuation of paclitaxel treatment with
RES at this time point (data not shown). The present study

suggested at a 5-day time point, RES enhances paclitaxel
treatment. The IC50 values of paclitaxel for both the parent
and the resistant cells were lowered significantly with the
addition of RES. Notably, addition of RES decreased the
paclitaxel IC50 value of the resistant MDA-MB-231/PacR
cells to the IC50 value of the parent line. Moreover, the IC50
value could be lowered below that of the parent line with
more RES. A trend emerged in these data suggesting that the
more RES that there is in the combination solution, the lower
the resulting paclitaxel IC50 value. This was true in both the
parental and the resistant cells. It is most likely that higher
amounts of RES in the MDA-MB-231/PacR cells could lower
the IC50 of paclitaxel further down to similar levels as the
combination treatments achieved in the MDA-MB-231 cells.
In addition, lower concentrations of resveratrol in the
combination decreased the IC50 value of both drugs compared
to the single drugs alone. Necessary amounts of resveratrol
are attainable and well tolerated in humans. Both high
concentrations of RES decreasing the paclitaxel IC50 with no
change in RES IC50 and lower concentrations of RES
decreasing both paclitaxel and RES IC50 could be useful
clinical tools. RES has been shown to inhibit P-glycoprotein
gene expression (33-35) and decrease the formation of the
less active paclitaxel metabolite formed by CYP2C8 (36).
Therefore, up-regulation of P-gp and CYP2C8 may partially
explain the resensitizing ability of resveratrol to paclitaxel in
the resistant cells. However, the inhibitors used in this study
did not affect the paclitaxel IC50 in the parent cells suggesting
there is an alternate resveratrol-paclitaxel combination effect
mechanism. These data suggest, for the first time, RES could
be used to treat triple-negative breast cancers in combination
with paclitaxel to sensitize paclitaxel-resistant cancers and
decrease the dose of paclitaxel needed without changing the
efficacy of treatment. This proposed regimen could both
improve outcomes for patients with paclitaxel-resistant
cancers and decrease the general toxicity caused by paclitaxel
in patients with both paclitaxel-resistant and -sensitive
cancers, though in vivo animal studies and clinical trials need
to be conducted to validate this in animals and humans.
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Figure 6. Inhibition of p-glycoprotein and CYP2C8 re-sensitize MDA-
MB-231/PacR cells to paclitaxel. The 5-day IC50 values for MDA-MB-
231 and MDA-MB-231/PacR cells with paclitaxel alone or in
simultaneous combination with the p-glycoprotein inhibitor, verapamil
(1 μM), the CYP2C8 inhibitor, trimethoprim (25 μM), or both (n=3).
Error bars signify standard deviation (*p<0.05; **p<0.01; ***p<0.001;
*p-values compare inhibitor treatment to paclitaxel-alone treatment).
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