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Abstract: Breast cancer is the second most common cancer and the second leading cause of death
from cancer among women in the United States (US). Cancer prevention and therapy through the use
of phytochemicals that have epigenetic properties has gained considerable interest during the past
few decades. Such dietary components include, but are not limited to, grape seed proanthocyanidins
(GSPs) and resveratrol (Res), both of which are present in red wine. In this study, we report
for the first time the synergistic effects of GSPs and Res on inhibiting MDA-MB-231 and MCF-7
human breast cancer cells. Our results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assays and clonogenic assays indicate that treatments with the combinations of
GSPs and Res synergistically decreased cell viability and posttreatment cell proliferation in both cell
lines. Additional analyses show that treatments with GSPs and Res in combination synergistically
induced apoptosis in MDA-MB-231 cells by upregulating Bax expression and down-regulating Bcl-2
expression. DNA methyltransferase (DNMT) activity and histone deacetylase (HDAC) activity were
greatly reduced in MDA-MB-231 and MCF-7 cells after treatments with GSPs and Res in combination.
Collectively, our findings suggest that GSPs and Res synergistically inhibit human breast cancer cells
through inducing apoptosis, as well as modulating DNA methylation and histone modifications.
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1. Introduction

Breast cancer is the second most common cancer and the most common invasive cancer among
women in the United States (US). Preceded only by lung cancer, breast cancer is also the second leading
cause of death from cancer with more than 200,000 new cases and a mortality rate of about 40,000 women
per year [1]. According to current projections, approximately one in eight women (12.3%) will be
diagnosed with breast cancer at some stage of their lives. To address this problem, a myriad of epigenetic
studies have been conducted.

Epigenetics has gained considerable interest in biomedical science as well as cancer prevention
and therapy [2]. It refers to the study of heritable changes, such as DNA methylation and histone
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modifications, in phenotype without altering the DNA sequence. These epigenetic changes have
been known to play important roles in the development of different types of cancer, including breast
cancers [3]. A number of dietary phytochemicals that are derived from plants have been shown to
modulate these epigenetic changes including proanthocyanidins and resveratrol.

Proanthocyanidins refer to a large class of polyphenols called flavanols. Proanthocyanidins can
be found in many plants, like apples, cinnamon, aronia fruit, and cocoa beans, but the powerful
compound is most abundant in the bark of the maritime pine and in grapes with roughly 60–70% of
them being held in the seeds. Grape seed proanthocyanidins (GSPs) are mostly composed of dimers,
trimers, tetramers, and oligomers of monomeric catechins and epicatechins [4]. Studies have shown
that GSPs are potent antioxidants with many biological properties [5–7]. Chief among them are their
anticancer effects, which have also been reported in various types of cancer, such as skin cancer and
lung cancer, as well as breast cancer [1,8–12].

3,5,4’-trihydroxy-trans-stilbene or resveratrol (Res) is a stilbenoid, a polyphenol, as well as
a phytoalexin naturally produced by a number of plants, such as grapes, berries, peanuts, and the roots
of Japanese knotweed when under attack by pathogens. But, it is most abundant in the skin of red grapes;
thus, it is rich in red wine [13,14]. Like other polyphenols, resveratrol exhibits anticancer properties
through a number of epigenetic regulations, among which its ability to inhibit histone deacetylases
(HDACs) has been well studied [15–20]. Resveratrol and its analogues have also been reported to regulate
histone phosphorylation in various cancers [21,22].

Both GSPs and Res have exhibited anti-carcinogenic properties in a number of studies as
aforementioned. The effect of GSPs and Res in combination on cancer, however, remains elusive.
To investigate this effect along with the underlying mechanisms at the molecular level, the estrogen
receptor-negative (ER-), progesterone receptor-negative (PR-), and HER2-negative (HER2-) MDA-MB-231
human breast cancer cells and the ER+, PR+, and HER2-MCF-7 human breast cancer cells were selected
for this study. Moreover, since both GSPs and Res are abundant in red grapes and in red wine, which are
vastly consumed around the world, it is likely that some of the components that are present in the GSPs act
synergistically with Res [23–25]. We therefore sought to examine the combined effects and mechanisms
of these dietary components on breast cancer cells in humans.

2. Results

2.1. GSPs and Res Synergistically Inhibit Cell Viability and Proliferation in MDA-MB-231 and MCF-7
Human Breast Cancer Cells

To determine the anti-carcinogenic effect of GSPs, Res, and their combinations on human breast
cancer cells, an MTT assay was firstly performed. As shown in Figure 1A,B, all treatments with
GSPs (20, 40 µg/ML), Res (10, 20 µM), and their combinations (20 µg/ML GSPs with 10 µM
Res, and 40 µg/ML GSPs with 20 µM Res) resulted in reduction in cell viability in a dose-and
time-dependent manner when compared with the DMSO-treated control groups in MDA-MB-231 and
MCF-7 cells. The treatments with GSPs resulted in significant decreases in cell viability by 9% to 19%
(p < 0.05) after 48 h and 30% to 41% (p < 0.05) after 72 h in MDA-MB-231 cells, 13% to 35% (p < 0.05)
after 48 h and 28% to 44% (p < 0.05) after 72 h in MCF-7 cells. The treatments with Res led to significant
decreases in cell viability by 15% to 42% (p < 0.05) after 48 h and 42% to 80% (p < 0.05) after 72 h in
MDA-MB-231 cells, 18% to 47% (p < 0.05) after 48 h and 44% to 78% (p < 0.05) after 72 h in MCF-7 cells.
The treatments with GSPs and Res in combinations resulted in a significant decrease in cell viability by
44% to 79% (p < 0.05) after 48 h and 69% to 90% (p < 0.05) after 72 h in MDA-MB-231 cells, 41% to 77%
(p < 0.05) after 48 h and 77% to 91% (p < 0.05) after 72 h in MCF-7 cells. Furthermore, each combinational
treatment exhibited a more significant (p < 0.05) reduction in cell viability than treatment with either
GSPs or Res alone in both cell lines, suggesting that GSPs and Res inhibited MDA-MB-231 and MCF-7
cells synergistically.
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Figure 1. MTT Assay. Inhibition of cell viability in MDA-MB-231 (A) and MCF-7 (B) human breast 
cancer cells after treatment with grape seed proanthocyanidins (GSPs) (20, 40 μg/ML), Res (10, 20 
μM), and their combinations (20 μg/ML GSPs with 10 μM Res, 40 μg/ML GSPs with 20 μM Res) as 
compared with the dimethyl sulfoxide (DMSO)-treated control cells for 48 h and 72 h. MCF10A 
human mammary epithelial cells (C) were used as the control cells to determine the toxicity of these 
phytochemicals of varying concentrations. Results were generalized from three independent 
experiments with very similar observations. The cell viability of each treatment group is represented 
in percentage compared with the control group as the mean ± SD. Mean values without any same 
superscript letter (lowercase letters for 48 h in MDA-MB-231 and MCF-7 cells and 72 h in MCF10A 
cells; uppercase letters for 72 h in MDA-MB-231 and MCF-7 cells) were considered to be 
significantly different (p < 0.05). 

Figure 1. MTT Assay. Inhibition of cell viability in MDA-MB-231 (A) and MCF-7 (B) human breast
cancer cells after treatment with grape seed proanthocyanidins (GSPs) (20, 40 µg/ML), Res (10, 20 µM),
and their combinations (20 µg/ML GSPs with 10 µM Res, 40 µg/ML GSPs with 20 µM Res) as compared
with the dimethyl sulfoxide (DMSO)-treated control cells for 48 h and 72 h. MCF10A human mammary
epithelial cells (C) were used as the control cells to determine the toxicity of these phytochemicals of
varying concentrations. Results were generalized from three independent experiments with very similar
observations. The cell viability of each treatment group is represented in percentage compared with the
control group as the mean ± SD. Mean values without any same superscript letter (lowercase letters
for 48 h in MDA-MB-231 and MCF-7 cells and 72 h in MCF10A cells; uppercase letters for 72 h in
MDA-MB-231 and MCF-7 cells) were considered to be significantly different (p < 0.05).
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To confirm the synergistic effect on human breast cancer cells between GPSs and SFN, the results
from the aforementioned MTT assay were further analyzed by the software CompuSyn version 1.0
(http://www.combosyn.com/) (accessed on 12 October 2014). Combination index (CI) values were
generated by the software. CI < 1 indicates synergism, CI = 1 indicates additive effect, CI > 1 indicates
antagonism [26,27]. As shown in Table 1, all CI values of the combinational treatments of the MTT
assay exhibited synergism (CI > 1) in both MDA-MB-231 and MCF-7 cells.

Table 1. Synergism between GSPs and resveratrol (Res) indicated by combination index (CI) values.

Cell Line Treatment
Time (h)

Dose GSPs
(µg/ML)

Dose Res
(µM)

Normalized
Effect CI Value

MDA-MB-231 48 20 10 0.56362 0.67285
MDA-MB-231 48 40 20 0.21186 0.54965
MDA-MB-231 72 20 10 0.31165 0.74780
MDA-MB-231 72 40 20 0.10106 0.75330

MCF-7 48 20 10 0.58774 0.99477
MCF-7 48 40 20 0.22958 0.88512
MCF-7 72 20 10 0.22885 0.62425
MCF-7 72 40 20 0.09354 0.70506

The CI values were generated by the CompuSyn software from calculating the normalized effect (the effect of
treatment with phytochemicals compared with that of treatment with DMSO) of the combinational treatments
compared with the normalized effect of the treatments with GSPs and Res alone (not shown in this table) from
the data of the MTT assays. CI < 1 indicates synergism. CI = 1 indicates additive effect. CI > 1 indicates antagonism.

To investigate the toxicity of GSPs, Res, and their combinations, an MTT assay was performed on
the immortalized non-cancerous MCF10A human mammary epithelial cells. The cells were treated
with 0.5% (v/v) DMSO, GSPs (20, 40 µg/ML), Res (10, 20 µM), and their combinations (20 µg/ML GSPs
with 10 µM Res, and 40 µg/ML GSPs with 20 µM Res) for 72 h. As shown in Figure 1C, the lower dose
treatments with GSPs (20 µg/ML), Res (10 µM), and their combination exhibited little to no apparent
reduction in cell viability when compared with the DMSO-treated control group in MCF10A cells.
The higher dose treatments with Res (20 µM) and the combination (40 µg/ML GSPs with 20 µM Res)
led to significant decreases in cell viability by 17% and 26% (p < 0.05) respectively.

2.2. GSPs and Res Synergistically Inhibit Posttreatment Colony Forming Ability in MDA-MB-231 and MCF-7
Human Breast Cancer Cells

To examine the long-term anti-carcinogenic effect of GSPs, Res, and their combinations on cell
proliferation in MDA-MB-231 and MCF-7 human breast cancer cells, clonogenic assays were performed.
As indicated in Figure 2, GSPs (20, 40 µg/ML) and Res (10, 20 µM) inhibited the posttreatment colony
forming abilities of MDA-MB-231 (A) and MCF-7 (B) cells in a synergistic manner during a seven-day
period when compared with the DMSO-treated control groups after treatment for 48 h. The groups
previously treated with GSPs showed significant decreases in colony formation by 13% to 22% (p < 0.05)
in MDA-MB-231 cells and 19% to 30% (p < 0.05) in MCF-7 cells. The groups that were formerly treated
with Res exhibited significant decreases in colony formation by 17% to 40% (p < 0.05) in MDA-MB-231
cells and 20% to 47% (p < 0.05) in MCF-7 cells. The pretreatments with GSPs and Res in combinations
led to significant reductions in colony formation by 34% to 75% (p < 0.05) in MDA-MB-231 cells and
50% to 82% (p < 0.05) in MCF-7 cells.

http://www.combosyn.com/
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Figure 2. Clonogenic Assay. Inhibition of colony forming ability in MDA-MB-231 (A) and MCF-7 (B) 
human breast cancer cells as well as MCF10A (C) human mammary epithelial cells in seven days 
after treatment with GSPs (20, 40 μg/ML), Res (10, 20 μM), and their combinations (20 μg/ML GSPs 
with 10 μM Res, 40 μg/ML GSPs with 20 μM Res) as compared with the DMSO-treated control 
groups for 48 h. Results were generalized and representative images were selected from three 
independent experiments with very similar observations. The colony forming ability of each 
treatment group is represented in percentage compared with the control group as the mean ± SD. 
Mean values without any same superscript letter were considered significantly different (p < 0.05). 

The posttreatment colony forming ability of MCF10A cells was also accessed while using the 
same method. As shown in Figure 2C, treatments with 20 μg/ML GSPs, 10 μM Res, and their 
combination expressed no reduction of colony formation. Treatment with 20 μM Res resulted in a 7% 
reduction (not significant) and the combinational treatment with 40 μg/ML GSPs and 20 μM Res 
resulted in a 15% reduction (significant, p < 0.05) of colony formation in MCF10A cells. Thus, together 
with the results of the MTT assay, it is safe to conclude that GSPs, Res, and their combinations 
exhibited no toxicity in lower doses, which had been chosen for the rest of the experiments in this 
study. As a consequence, the rest of the study proceeded without the use of MCF10A as control cells. 

2.3. GSPs and Res Synergistically Induce Apoptosis in MDA-MB-231 Human Breast Cancer Cells, Whereas 
GSPs and Their Combination with Res Inhibit Apoptosis in MCF-7 Human Breast Cancer Cells 

To investigate whether or not the synergistic effects of GSPs and Res on the inhibition of cell 
viability and proliferation, as well as on the reduction of posttreatment colony forming ability in 
MDA-MB-231 and MCF-7 human breast cancer cells are associated with the induction of apoptosis, 
apoptosis analysis was performed by using the Annexin V-conjugated Alexafluor 488 (Alexa488) 
Apoptosis Vybrant Assay Kit, following the manufacture’s protocol. Firstly, cell density was 
reduced in groups treated with GSPs (20 μg/ML) and Res (10 μM) alone and was greatly reduced in 
the group that was treated with their combination when compared with the DMSO treated control 
group after treatment for 48 h in both MDA-MB-231 and MCF-7 cells, as shown in Figure 3A,B. 

Figure 2. Clonogenic Assay. Inhibition of colony forming ability in MDA-MB-231 (A) and MCF-7
(B) human breast cancer cells as well as MCF10A (C) human mammary epithelial cells in seven days
after treatment with GSPs (20, 40 µg/ML), Res (10, 20 µM), and their combinations (20 µg/ML GSPs
with 10 µM Res, 40 µg/ML GSPs with 20 µM Res) as compared with the DMSO-treated control groups
for 48 h. Results were generalized and representative images were selected from three independent
experiments with very similar observations. The colony forming ability of each treatment group is
represented in percentage compared with the control group as the mean ± SD. Mean values without
any same superscript letter were considered significantly different (p < 0.05).

The posttreatment colony forming ability of MCF10A cells was also accessed while using the same
method. As shown in Figure 2C, treatments with 20 µg/ML GSPs, 10 µM Res, and their combination
expressed no reduction of colony formation. Treatment with 20 µM Res resulted in a 7% reduction
(not significant) and the combinational treatment with 40 µg/ML GSPs and 20 µM Res resulted in a 15%
reduction (significant, p < 0.05) of colony formation in MCF10A cells. Thus, together with the results of
the MTT assay, it is safe to conclude that GSPs, Res, and their combinations exhibited no toxicity in lower
doses, which had been chosen for the rest of the experiments in this study. As a consequence, the rest of
the study proceeded without the use of MCF10A as control cells.

2.3. GSPs and Res Synergistically Induce Apoptosis in MDA-MB-231 Human Breast Cancer Cells, Whereas
GSPs and Their Combination with Res Inhibit Apoptosis in MCF-7 Human Breast Cancer Cells

To investigate whether or not the synergistic effects of GSPs and Res on the inhibition of cell viability
and proliferation, as well as on the reduction of posttreatment colony forming ability in MDA-MB-231
and MCF-7 human breast cancer cells are associated with the induction of apoptosis, apoptosis analysis
was performed by using the Annexin V-conjugated Alexafluor 488 (Alexa488) Apoptosis Vybrant Assay
Kit, following the manufacture’s protocol. Firstly, cell density was reduced in groups treated with GSPs
(20 µg/ML) and Res (10 µM) alone and was greatly reduced in the group that was treated with their
combination when compared with the DMSO treated control group after treatment for 48 h in both
MDA-MB-231 and MCF-7 cells, as shown in Figure 3A,B. Morphological changes were also observed
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in the phytochemical-treated groups as compared with the control group. Secondly, apoptosis was
analyzed using flow cytometry as described above. Cells were counted in four quadrants in the FACS
histograms where Q1 (the upper left quadrant) represents dead cells (stained by propidium iodide)
that are not associated with apoptosis, Q2 (the upper right quadrant) represents late apoptotic cells
(stained by Alexa488 and propidium iodide), Q3 (the lower left quadrant) represents live cells, and
Q4 (the lower right quadrant) represents early apoptotic cells (stained by Alexa488). Q2 and Q4 were
grouped together when the percentage of all four quadrants of cells from each treatment was illustrated
in Figure 3C,D. The results show that the combinational treatment of GSPs and Res significantly induced
apoptosis by 21.8% (p < 0.05) compared to 3.4% and 4.1% induced by treatment with GSPs and Res alone
respectively in MDA-MB-231 cells (Figure 3A,C). However, such induction of apoptosis was not observed
in MCF-7 cells as suggested by Figure 3B,D, GSPs, and their combination with Res inhibited apoptosis
in MCF-7 cells compared with the groups treated with DMSO and Res alone. Furthermore, GSPs and
their combination with Res increased cell death, which was not resulting from apoptosis in MCF-7 cells.
The combinational treatment led to 24.6% cell death in MCF-7 cells, which is greater than 19.1% as caused
by GSPs and 5.1% s caused by Res combined. All of the evidence suggests that the synergism between
GSPs and Res discovered in previous experiments may be associated with the induction of apoptosis in
MDA-MB-231 cells but not in MCF-7 cells.
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dead cells (stained by propidium iodide) that are not associated with apoptosis. Q2 (the upper right 
quadrant) represents late apoptotic cells (stained by Alexa488 and propidium iodide). Q3 (the lower 
left quadrant) represents live cells. Q4 (the lower right quadrant) represents early apoptotic cells 
(stained by Alexa488). The percentage of all four quadrants of cells from each treatment was 
indicated in C and D. Results were generalized and representative images were selected from three 
independent experiments with very similar observations. 
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MDA-MB-231 and MCF-7 human breast cancer cells, as the induction of apoptosis is linked to the 
upregulation of Bax and to the down-regulation of Bcl-2 [28,29]. As shown in Figure 4A, Res (10 μM) 
increased Bax expression by 70%, GSPs (20 μg/ML) more than doubled Bax expression, and their 
combination nearly quadrupled the expression of Bax when compared with the control group 

Figure 3. Apoptosis Assay. Morphological and apoptotic changes of MDA-MB-231 (A,C) and MCF-7
(B,D) human breast cancer cells induced by GSPs (20 µg/ML), Res (10 µM), and their combination when
compared with the DMSO-treated control groups after treatment for 48 h. The images were taken at
40× magnification under a microscope after the cells were treated for 48 h. Apoptosis analysis was
performed by the Annexin V-conjugated Alexafluor 488 (Alexa488) Apoptosis Vybrant Assay Kit and
analyzed by FACS. Q1 (the upper left quadrant) of the FACS histogram represents dead cells (stained by
propidium iodide) that are not associated with apoptosis. Q2 (the upper right quadrant) represents late
apoptotic cells (stained by Alexa488 and propidium iodide). Q3 (the lower left quadrant) represents live
cells. Q4 (the lower right quadrant) represents early apoptotic cells (stained by Alexa488). The percentage
of all four quadrants of cells from each treatment was indicated in C and D. Results were generalized and
representative images were selected from three independent experiments with very similar observations.

2.4. GSPs, Res, and Their Combination Upregulate Bax Expression and Down-Regulate Bcl-2 Expression in
MDA-MB-231 Human Breast Cancer Cells, Whereas GSPs and Their Combination with Res Down-Regulate
Bax Expression in MCF-7 Human Breast Cancer Cells

To verify the results of the apoptosis analysis, western blot analysis was performed to determine
the expression of the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2 in MDA-MB-231
and MCF-7 human breast cancer cells, as the induction of apoptosis is linked to the upregulation
of Bax and to the down-regulation of Bcl-2 [28,29]. As shown in Figure 4A, Res (10 µM) increased
Bax expression by 70%, GSPs (20 µg/ML) more than doubled Bax expression, and their combination
nearly quadrupled the expression of Bax when compared with the control group treated with DMSO
in MDA-MB-231 cells after treatment for 48 h. GSPs and Res decreased Bcl-2 expression by 10%
and 20%, respectively, and their combination synergistically decreased Bcl-2 expression by 70% in
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MDA-MB-231 cells. While, in MCF-7 cells, Bax expression was reduced to 15% in both GSPs treated
group and the group treated with GSPs and Res in combination as compared with the control group.
Little or no change in the expression of Bcl-2 was detected in the groups that were treated with GSPs
either alone or in combination with Res. Although, Res, as in MDA-MB-231 cells, led to a more
than two-fold increase in Bax expression and resulted in a 30% decrease in Bcl-2 expression when
compared with the control group in MCF-7 cells. Bax:Bcl-2 protein ratio was further calculated
in both cell lines, since the ratio is considered to play a determinant role in signal transmission
of apoptosis [30]. As displayed in Figure 4B, the Bax:Bcl-2 protein ratio from the combinational
treatment group demonstrated a significant increase (p < 0.05) when compared to the other groups
in MDA-MB-231 cells, while the ratio from the groups that were treated with GSPs either alone or in
combination with Res expressed a significant decrease (p < 0.05) as compared to the other groups in
MCF-7 cells. These results suggest that GSPs and Res synergistically induce apoptosis in MDA-MB-231
cells through promoting transmission of apoptotic signals, whereas GSPs either alone or in combination
with Res inhibit apoptosis by suppressing transmission of apoptotic signals in MCF-7 cells.
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Figure 4. Western Blot Analysis. Change of expression of Bax and Bcl-2 in MDA-MB-231 and MCF-7
human breast cancer cells induced by GSPs (20 µg/ML), Res (10 µM), and their combination when
compared with the DMSO-treated control groups after treatment for 48 h (A). β-actin was used to confirm
equivalent loading of the protein samples. The relative density of each band was measured by ImageJ and
was shown under each blot of Bax and Bcl-2 after normalization to the control. A representative image
was selected from three independent experiments with very similar results. The Bax:Bcl-2 protein ratio is
represented as the mean ± SD (B). Mean values without any same superscript letter were considered
significantly different (p < 0.05).

2.5. GSPs, Res, and Their Combination Decrease DNMT Activity as Well as HDAC Activity in MDA-MB-231
and MCF-7 Human Breast Cancer Cells

To further explore the mechanisms of the inhibitory effects of GSPs and Res on MDA-MB-231 and
MCF-7 human breast cancer cells, DNMT and HDAC activity assays were performed. As shown in
Figures 5 and 6, GSPs (20 µg/ML), Res (10 µM), and their combination significantly decreased DNMT



Int. J. Mol. Sci. 2018, 19, 2204 10 of 18

activity and HDAC activity when compared with the DMSO-treated control group in both MDA-MB-231
and MCF-7 cells after treatment for 48 h (p < 0.05). The combinational treatment resulted in greater
decreases in DNMT activity and HDAC activity in both cell lines. The inhibitory effect on HDAC
activity in MCF-7 cells of the combinational treatment was more than additive (Figure 6B), suggesting
an epigenetic mechanism at least for HDACs that could be involved in the effects of these compounds.
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Figure 5. DNA methyltransferases (DNMT) Activity. Inhibition of DNMT activity in MDA-MB-231
(A) and MCF-7 (B) human breast cancer cells after treatment with GSPs (20 µg/ML), Res (10 µM),
and their combination compared with the DMSO-treated control groups for 48 h. Results were
generalized from three independent experiments with very similar observations. The DNMT activity
of each treatment group is represented in percentage when compared with the control group as the
mean ± SD. Mean values without any same superscript letter were considered significantly different
(p < 0.05).
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Figure 6. HDAC Activity. Inhibition of HDAC activity in MDA-MB-231 (A) and MCF-7 (B) human
breast cancer cells after treatment with GSPs (20 µg/ML), Res (10 µM), and their combination compared
with the DMSO-treated control groups for 48 h. Results were generalized from three independent
experiments with very similar observations. The HDAC activity of each treatment group is represented
in percentage as compared with the control group as the mean ± SD. Mean values without any same
superscript letter were considered significantly different (p < 0.05).

3. Discussion

In recent years, the effects of dietary components in combination on cancer have gained increasing
interest. In this study, we report for the first time the combinational inhibitory effect of grape seed
proanthocyanidins (GSPs) and resveratrol (Res) on MDA-MB-231 and MCF-7 human breast cancer
cells. We chose GSPs and Res for our study because they are both abundant in grapes, which are some
of the most consumed fruits by humans and they are considered to have considerable health benefits.
However, most grapes on the market for direct consumption are seedless due to a natural genetic
mutation some time ago that prevented the young seeds from maturing and developing a hard coat.
Since proanthocyanidins are mostly contained in the seeds of grapes, these seedless grapes, as a result,
offer little to no proanthocyanidins. Fortunately, the grapes that are used to produce red wines are
seeded and both skin and seeds are preserved and utilized during red wine production. In addition,
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red wine offers more concentrated GSPs and Res than do red grapes, which makes it more feasible to
consume a glass of red wine than a good amount of grapes every day.

Investigations on GSPs and Res have increased during recent years. It has been reported that GSPs
dose- and time-dependently inhibited cell viability in human epidermoid carcinoma A431 cells [11].
Our lab previously reported that Res decreased cell viability in HCC1806 and MDA-MB-157 human breast
cancer cells in a dose- and time-dependent manner [27]. Such dose- and time-dependent inhibition
is also seen in this study in MDA-MB-231 and MCF-7 human breast cancer cells (Figures 1 and 2).
However, no study, thus far, has investigated their combinational effects on cancer in humans. It has
long been believed that dietary components are easier to absorb and offer better effects in their natural
form than in their purified form. One explanation is that there may be other natural compounds that
are acting synergistically with the dietary component (s) of interest in their natural form. Our results
lend credence to this concept. As shown in our MTT assay (Figure 1), the combinational treatments
of GSPs and Res reduced cell viability and proliferation in both MDA-MB-231 and MCF-7 cells
significantly more than did treatment with either GSPs or Res of the same concentration alone after
48 h and 72 h. The combination index (CI) values generated by the software CompuSyn indicate strong
synergism (CI < 1) between GSPs and Res (Table 1). Additionally, to determine the long-term effect of
GSPs, Res, and their combinations on the posttreatment colony forming ability in MDA-MB-231 and
MCF-7 cells, we performed clonogenic assays, in which the cells were treated with the aforementioned
phytochemicals at the same concentrations as was used in our MTT assays for 48 h before they were
trypsinized, counted and the same number of cells were seeded in fresh media to allow adherence,
proliferation, and colony formation for seven days. The results suggest that cell proliferation in
MDA-MB-231 and MCF-7 cells was reduced not only under the treatment with GSPs, Res, and their
combinations, but after the treatment as well (Figure 2). The dose-dependent inhibition in the MTT
assay was also observed in the clonogenic assay, as the groups that were treated with the higher doses of
GSPs, Res, and their combination exhibited fewer colonies than these with the lower dose treatments.
Also, the posttreatment effect of GSPs and Res on MDA-MB-231 and MCF-7 cells proved to be synergistic.
Collectively, the results of the clonogenic assay support our findings in the MTT assay.

We also used the immortalized non-cancerous MCF10A human mammary epithelial control cells to
examine the toxicity of the phytochemicals that we used in this study. We report that GSPs at 20 µg/ML,
Res at 10 µM, and their combination demonstrated no toxicity in cell viability or posttreatment cell
proliferation after 72 h treatment (Figures 1C and 2C). However, Res at 20 µM resulted in a significant
decrease in cell viability and a non-significant decrease in posttreatment colony formation when
compared to the DMSO-treated control group in MCF10A cells. Moreover, the combination of GSPs
at 40 µg/ML and Res at 20 µM rendered significant reductions in cell viability and in posttreatment
colony formation. Yet, it may be imprudent to conclude that the combination of GSPs and Res at
such concentrations could be toxic since MCF10A cells, though non-carcinogenic, are immortalized.
Thus, they are considered to exhibit at least some degree of telomerase activity. We have previously
reported that Res (15 µM) down-regulated hTERT (telomerase reverse transcriptase in humans) mRNA
levels in HCC1806 human breast cancer cells after 72 h treatment [27]. Therefore, it is reasonable to deduce
that the presence of Res may have given rise to the inhibition of MCF10A cells through down-regulating
hTERT expression rather than toxicity. Regardless, we had chosen the lower concentration of GSPs
(20 µg/ML), Res (10 µM), and their combination, which led to significant decreases in cell viability and
posttreatment colony forming ability in MDA-MB-231 and MCF-7 cells (Figures 1 and 2), for the rest of
the experiments in this study.

Both GSPs and Res have been reported to induce apoptosis in human cancer cells [11,27,30]. In this
study, we tested their combinational effect on the induction of apoptosis in MDA-MB-231 and MCF-7
human breast cancer cells. Our results show that GSPs (20 µg/ML) and Res (10 µM) synergistically
induced apoptosis in MDA-MB-231 cells, but not in MCF-7 cells (Figure 3). Treatment with Res
induced apoptosis when compared to the DMSO-treated control group; however, treatments with
GSPs alone and in combination with Res almost eliminated both early (Q4) and late (Q2) apoptotic cells
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in MCF-7 cells. The combination did, however, exhibit a more than additive effect on non-apoptotic
cell death (Q1), as shown in Figure 3B,C. We then examined the effects of the phytochemicals on
the protein expression of Bax and Bcl-2, since the proteins of the Bcl-2 family are highly associated
with the induction of apoptosis. As expected, the results of our Western blot analysis show that
GSPs, Res, and their combination upregulated Bax expression and down-regulated Bcl-2 expression in
MDA-MB-231 cells (Figure 4A). In addition, the Bax:Bcl-2 protein ratio, which is a determinant role in
the signal transmission of apoptosis, was significantly higher after treatment with the combination
for 48 h when compared with the groups treated with DMSO, GSPs or Res (Figure 4B), suggesting
that GSPs and Res in combination greatly enhance apoptotic signal transmission; thus, apoptosis
may contribute to their synergism. In MCF-7 cells, however, GSPs significantly down-regulated Bax
expression and caused little to no change in Bcl-2 expression, regardless of the presence of Res in
comparison with the DMSO treated control group after 48 h treatment (Figure 4A). The Bax:Bcl-2
protein ratio was significantly lower after being treated with GSPs alone and in combination with Res
for 48 h when compared with the DMSO-treated control group (Figure 4B), which indicates that GSPs
inhibit apoptosis via blocking apoptotic signal transmission in MCF-7 cells. These findings from the
Western blot analysis provide evidence for the results of our apoptosis analysis.

DNA methylation and histone deacetylation have been recognized to be associated with cancer
prevention and therapy through regulating the expression of tumor suppressor genes and oncogenes.
DNA methyltransferases (DNMTs) and histone deacetylases (HDACs), which are enzymes that play
crucial roles in these processes respectively, have been reported to act in collaboration in cancer
development [31,32]. Previous studies in our lab have shown that phytochemicals acting as DNMT
inhibitors as well as those with HDAC inhibiting properties can work in synergy in inhibiting human
cancer [33–35]. Thus, we performed DNMT activity assays and HDAC activity assays to further
understand the effects of GSPs, Res, and their combination on MDA-MB-231 and MCF-7 human breast
cancer cells. The results show that both GSPs and Res acted as strong DNMT inhibitors as well as HDAC
inhibitors in MDA-MB-231 and MCF-7 cells, and their combination resulted in a greater reduction in
DNMT activity and HDAC activity than did GSPs and Res alone in both of the cell lines (Figures 5
and 6), which may suggest that GSPs and Res synergistically inhibit MDA-MB-231 and MCF-7 cells by
upregulating cancer suppressor genes through decreasing DNMT and HDAC activities. These findings
help to illuminate understanding of the enzymatic activities of DNMTs and HDACs in these human
breast cancer cell lines. Further analysis of the specific epigenetic modifiers in the DNMT family (DNMT1,
DNMT3A, and DNMT3B) and HDAC family (HDAC1 etc.) is to be conducted in future studies. It would
also be interesting in future studies to investigate which cancer suppressor genes these phytochemicals
modulate to give rise to such antagonistic inhibition on these human breast cancer cell lines.

Some studies have shown that MCF-7 human breast cancer cells lack caspase-3 expression
and undergo apoptosis through caspase-3-independent pathways [36–38]. Another study further
investigated whether caspase-3 would affect Bax-induced apoptosis in MCF-7 cells by using normal
caspase-3-deficient MCF-7 cells and ones that were transfected with the CASP3 gene (MCF-7/CASP3) [39].
The study showed that the protein expression of Bax was upregulated in both MCF-7 and MCF-7/CASP3
cells, and that the apoptotic rate was unaffected with caspase-3 expression in MCF-7/CASP3 cells,
suggesting that the lacking caspase-3 did not impact on Bax-induced apoptosis in MCF-7 cells.
Therefore, caspase-3 defeciency is unlikely to be a factor contributing to the different apoptotic responses
to the treatments with GSPs and their combination with Res between MDA-MB-231 and MCF-7 cell lines.

Another difference worth mentioning between the two cell lines is that MDA-MB-231 cells are
estrogen receptor-negative (ER-), whereas MCF-7 cells are ER+. Flavonoids have been reported to play
major roles in the reduction of cell proliferation in MCF-7 cells through antiestrogenic activities [40–42],
and to inhibit 17 β-estradiol-related cancer by reducing ERα signal transduction [43]. Thus, it is
reasonable to speculate that GSPs, which mostly consist of flavonoids, may have contributed to
the different results from the apoptosis assays in this study between the two cell lines through regulations
of estrogenic and/or antiestrogenic activities. The underlying mechanism of these observations is yet
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to be investigated in future studies. It would also be of great interest to explore the effects of GSPs
on the activation of alternative cell death pathways and inhibition of caspase-3-independent apoptotic
pathways in the ER+ MCF-7 human breast cancer cells.

4. Materials and Methods

4.1. Cell Culture and Treatment

The ER-, PR-, and HER2- MDA-MB-231 human breast cancer cells and the ER+, PR+, and HER2-
MCF-7 human breast cancer cells were obtained from ATCC (Manassas, VA, USA). The immortalized
non-cancerous MCF10A human mammary epithelial cells, which were also obtained from ATCC
(Manassas, VA, USA), were used as the control [44]. Both cell lines of human breast cancer were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. The MCF10A control cells were cultured in DMEM/F12 medium with
5% donor horse serum (DHS), 100 ng/ML of cholera endotoxin, 20 ng/ML of epidermal growth
factor (EGF), 0.5 µg/ML of hydrocortisone, 2 mM L-glutamine, and 1% penicillin/streptomycin.
The penicillin/streptomycin, the DMEM and the DMEM/F12 media were obtained from Mediatech
Inc. (Manassas, VA, USA). The FBS and the DHS were obtained from Atlanta Biologicals (Lawrenceville,
GA, USA). The rest of the reagents that are listed above were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All cells were cultured in an incubator at 37 ◦C with 5% CO2 where humidity was
controlled, and sub-cultured at 85–90% confluence. After sub-culturing, all of the cells were given 24 h
to adhere and to recover before they were treated with GSPs (20, 40 µg/ML), Res (10, 20 µM), and their
combinations (20 µg/ML GSPs with 10 µM Res, 40 µg/ML GSPs with 20 µM Res) for 48 h. Media and
treatment agents were refreshed every 24 h for two- and three-day treatments. Dimethyl sulfoxide
(DMSO) was used as the vehicle control at the concentration of 0.5% (v/v) in media.

4.2. Chemicals

Grape seed proanthocyanidins (GSPs) (>95% pure) were purchased from Kikkoman Corporation
(Tokyo, Japan). Resveratrol (Res) (>99% pure; HPLC) and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). GSPs were prepared in DMSO and were stored as a stock at
the concentration of 100 mg/ML at −20 ◦C. Resveratrol (Res) was prepared in DMSO and was stored
as a stock at the concentration of 100 mM (mmol/L) at −20 ◦C.

4.3. MTT Assay

The number of viable cells in each well was estimated by the uptake of the tetrazolium salt,
3-(4,5-dinethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Approximately 4000 cells per well
of each cell line were plated in 96-well plates and incubated for 24 h at 37 ◦C with 5% CO2 to allow for
the cells to adhere to the bottom. Then, the cells were treated with 0.5% (v/v) DMSO, GSPs (20, 40 µg/ML),
Res (10, 20 µM), and their combinations (20 µg/ML GSPs with 10 µM Res, 40 µg/ML GSPs with 20 µM
Res) for 48 h and 72 h. After the treatments, the cells were incubated with 100 µL of 1 mg/ML MTT
solution for an additional 3.5 h at 37 ◦C. Thereafter, the MTT solution was aspirated and 150 µL of
DMSO was added to each well to dissolve the formazan crystals. Finally, the absorbance was read at
595 nm using the iMark microplate reader (Bio-Rad, Hercules, CA, USA) with the software Microplate
Manager 6 (Bio-Rad). Cellular viability was calculated as a percentage relative to the vehicle control
treated by DMSO.

4.4. Clonogenic Assay

Approximately the same number of cells were treated with 0.5% (v/v) DMSO, GSPs (20, 40 µg/ML),
Res (10, 20 µM), and their combinations (20 µg/ML GSPs with 10 µM Res, 40 µg/ML GSPs with
20 µM Res) in six-well plates for 48 h at 37 ◦C with 5% CO2. The cells were then harvested and
approximately 500 cells of each treatment were seeded in six-well plates with fresh media and were
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incubated undisturbed at 37 ◦C with 5% CO2 for seven days, during which time the cells were allowed
for proliferation and colony formation. Afterwards, the media was aspirated, the colonies were washed
with cold phosphate buffer saline, fixed with cold 70% methanol, and were stained with 0.25% trypan
blue solution. Finally, photographs were taken and colonies with over 50 cells were counted.

4.5. Apoptosis Assay

Apoptosis of breast cancer cells induced by GSPs, Res, and their combinations were quantitatively
determined by flow cytometry while using the Annexin V-conjugated Alexafluor 488 (Alexa488)
Apoptosis Vybrant Assay Kit (Life Technologies, Carsbald, CA, USA). Approximately 2 × 105 cells
were seeded in each well of six-well plates and were left for 24 h at 37 ◦C with 5% CO2 for adherence
and recovery. The cells were then treated with 0.5% (v/v) DMSO, GSPs (20 µg/ML), Res (10 µM),
and their combination for 48 h. Thereafter, the cells were harvested by brief trypsinization, washed
with PBS, and incubated at room temperature in the dark for 10 min, during which time the cells
were stained with Alexa488 and propidium iodide (PI) in Annexin-binding buffer. The cells were then
measured by a fluorescence-activated cell sorting (FACS) machine and analyzed by the CellQuest
software version 3.3 from BD Biosciences (San Jose, CA, USA).

4.6. Western Blot Analysis

Approximately the same number of cells were treated with 0.5% (v/v) DMSO, GSPs (20 µg/ML),
Res (10 µM), and their combination in six-well plates for 48 h at 37 ◦C with 5% CO2. The cells were then
harvested, and protein extracts were prepared by RIPA lysis buffer (Upstate Biotechnology, Lake Placid,
NY, USA), following the manufacturer’s protocol. Protein concentrations were determined by Bradford
using the Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA). Protein extract (50 µg) was loaded into
a 4–15% Tris-HCl gel (Bio-Rad) and separated by electrophoresis at 200 V until the dye arrived near to
the end of the gel. The separated proteins were transferred to a nitrocellulose membrane at 25 V for
10 min by the Trans-Blot Turbo transfer system (Bio-Rad). Afterwards, the membrane was blocked in
Tris-buffered saline (TBS) solution with 0.5% dry milk and 0.5% Tween (TBST), following the SNAP
i.d. 2.0 protein detection system protocol (EMD Millipore, Billerica, MA, USA). Primary and secondary
antibody incubations were performed according to the manufacturer’s protocol. Immunoreactive bands
were visualized using Clarity Western ECL Substrate (Bio-Rad).

4.7. DNMT Activity Assay

Cells were treated with 0.5% (v/v) DMSO, GSPs (20 µg/ML), Res (10 µM), and their
combination in six-well plates for 48 h at 37 ◦C with 5% CO2. The cells were then harvested, and
nuclear extracts were prepared using EpiQuik Nuclear Extraction Kit (EpiGentek, Farmingdale,
NY, USA), following the manufacturer’s protocol. DNMT activity assay was performed while
using EpiQuik DNA Methyltransferase Activity/Inhibition Colorimetric Assay Kit (EpiGentek),
following the manufacturer’s protocol.

4.8. HDAC Activity Assay

Cells were treated with 0.5% (v/v) DMSO, GSPs (20 µg/ML), Res (10 µM), and their combination
in six-well plates for 48 h at 37 ◦C with 5% CO2. The cells were then harvested, and nuclear extracts
were prepared using EpiQuik Nuclear Extraction Kit (EpiGentek, Farmingdale, NY, USA), following
the manufacturer’s protocol. HDAC activity assay was performed while using EpiQuik HDAC
Activity/Inhibition Colorimetric Assay Kit (EpiGentek), according to the manufacturer’s protocol.

4.9. CompuSyn Analysis

The CompuSyn software version 1.0 (http://www.combosyn.com/) (accessed on 12 October 2014)
was used to determine synergism/antagonism of combinational treatments. Combination index (CI)

http://www.combosyn.com/
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values were generated by the software. CI < 1 indicates synergism, CI = 1 indicates additive effect, CI > 1
indicates antagonism [26,27].

4.10. Statistical Analysis

All of the results were generalized from at least three independent experiments with very similar
observations. Error bars indicate standard deviation. Significance was calculated by one-way ANOVA
and post-hoc analysis (Tukey’s HSD test). A p value < 0.05 was considered statistically significant.
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