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ABSTRACT

We have recently shown that 4-(E)-{(4-hydroxyphenylimino)-methylbenzene, 
1,2-diol} (HPIMBD) and 4-(E)-{(p-tolylimino)-methylbenzene-1,2-diol} (TIMBD), 
novel analogs of resveratrol (Res), selectively inhibited the proliferation of breast 
cancer cells. In the current study, we tested HPIMBD and TIMBD individually in 
combination with tamoxifen (Tam) for inhibition of growth of breast cancer cells. 
Tamoxifen was first tested on non-neoplastic breast epithelial cell lines and its dose 
that does not inhibit their growth was determined. A combination of this low dose 
of Tam with either of the Res analogs HPIMBD or TIMBD, resulted in synergistic 
inhibition of proliferation of breast cancer cells. Both estrogen receptor (ER)-
positive and negative breast cancer cell lines responded to the combination. The 
combination resulted in a substantial decrease in IC50 values of Res analogs in all 
breast cancer cell lines tested. Mechanistic studies showed a synergistic increase 
in apoptosis and autophagy genes (beclin-1 and LC3BII/I) with the combination in 
ER-negative MDA-MB-231 cells. In ER-positive MCF-7 and T47D cells, the mechanism 
of synergy was found to be inhibition of expression of ERα and oncogene c-Myc. 
The combination treatment had a synergistic effect in inhibiting the colony forming 
and spheroid forming ability of cancer cells. Taken together, our findings indicate 
that a combination of Tam and Res analogs HPIMBD or TIMBD represents a novel 
approach to enhancing the use of Tam in therapy for breast cancers. Considering the 
urgent need for novel therapeutic strategies to treat ER-negative breast cancers and 
overcoming resistance in ER-positive cancers, this combinatorial approach is worthy 
of continued investigation.

INTRODUCTION

Breast cancer is the second leading cause of 
cancer deaths among women in the United States [1–3]. 
Prolonged exposure to estrogens is considered as a major 
risk factor in the development of breast cancers [4–7]. In 
2001, steroidal estrogens were added to the list of known 
human carcinogens [8]. Both estrogen receptor-mediated 
and estrogen metabolism-mediated pathways have been 

implicated as molecular mechanisms of estrogen-induced 
breast carcinogenesis [9–11]. Estrogens are known to act 
through their binding to estrogen receptors (ERs) α and 
β, leading to their activation [12, 13]. Activation of ERα 
leads to cellular proliferation by induction of cellular 
oncogenes like c-myc and cell cycle proteins like cyclin 
D1, that result in progression of cancer [12, 13]. More 
than 70 % of clinical breast cancers overexpress ERα and 
are hormone responsive [14]. Currently, the expression 
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of ERα is considered as a prognostic marker to predict 
response to anti-hormonal therapy [15]. Tamoxifen is 
widely used in the treatment of ER positive breast cancers 
and has also been approved as a chemopreventive agent 
for women with high risk for breast cancer [16, 17].
Tamoxifen is classified as a selective estrogen receptor 
modulator (SERM) that acts as an antagonist of ERα in 
the breast [18]. Tamoxifen mainly inhibits the proliferation 
of ER-positive breast cancer cells by competing with 
estrogens’ binding to ERα [18, 19]. Tamoxifen has also 
been shown to mediate apoptosis in an ERα-independent 
manner by regulation of several signaling targets such 
as protein kinase C, transforming growth factor-β, 
calmodulin, mitogen-activated protein kinases (MAPK) 
p38 and c-Jun terminal kinases [20]. Apart from inducing 
ERα-independent apoptosis, Tam is also known to induce 
autophagy, a process for recycling cellular components 
during stress/starvation conditions, in breast cancer 
cells [21, 22]. However, despite the multiple molecular 
targets, Tam therapy remains primarily tumoristatic and 
long-term Tam treatment leads to serious adverse effects 
such as development of endometrial cancers [23, 24, 
25]. Another factor that limits the efficacy of Tam is the 
development of endocrine resistance [26]. Studies suggest 
that endocrine-resistance may account for up to one-
quarter of all breast cancers [26]. Several mechanisms 
such as loss of ERα expression, mutations in ERα and 
activation of other survival signaling pathways have been 
implicated in the development of Tam resistance [27]. In 
order to overcome the adverse effects of Tam, combination 
therapies with other synthetic and natural agents have been 
suggested [28–31]. Combination therapy not only reduces 
the effective dose of Tam, leading to decreased toxicity 
but also has the potential of synergistic inhibition and re-
sensitization of resistant cancer cells [28–31]. Although 
combination with synthetic agents does improve the 
therapeutic outcomes and life-expectancy, their toxicities 
also add up [32]. Thus, combination therapies with agents 
of natural origin have been suggested [29–31].

Phytoestrogens from plants have been regarded 
as important untapped sources of potential anticancer 
molecules [33, 34]. Evidence suggests that early exposure 
to high phytoestrogen containing diets may reduce the 
risk of breast cancer in women [33, 34]. Resveratrol 
(Res, 3,5,4’-trihydroxystilbene) is a naturally occurring 
phytoestrogen found abundantly in red grapes, berries 
and nuts that has shown potent anti-cancer activity [35]. 
Resveratrol has been shown to inhibit the proliferation of 
breast cancer cells in in vitro and xenograft studies [36]. 
Resveratrol induces apoptosis and cell cycle arrest in cancer 
cells, which are its primary mechanisms of cancer inhibition 
[36]. Resveratrol has sensitized resistant breast cancer cells 
to Tam in combination studies by induction of transforming 
growth factor-β signaling pathways [37]. However, extensive 
metabolism and poor oral bioavailability of less than 1% 
have limited the use of Res in clinical studies [38]. To 

improve the anti-cancer potential of Res we have recently 
synthesized five azaresveratrol analogs resembling the basic 
skeleton of Res and having additional pharmacophoric 
groups [39]. Structurally, the 3,4-dihydroxy substituents on 
the A ring of Res have been maintained and those on the C-4 
position in the B ring have been varied along with inclusion 
of the aza functionality in the conjugated system [39]. These 
novel azaresveratrol analogs were characterized, purified and 
screened for their anti-cancer activities against breast cancer 
cell lines [39]. Two analogs, 4-(E)-{(4-hydroxyphenylimino)-
methylbenzene, 1, 2-diol} (HPIMBD) and 4-(E)-{(p-
tolylimino)-methylbenzene-1,2-diol} (TIMBD) (please note 
that HPIMBD and TIMBD are referred to as compounds 
3e and 3b in reference # 39, and HPIMBD and TIMBD are 
their chemical names according to IUPAC nomenclature) 
showed better potency than Res in inhibiting the proliferation 
of breast cancer cell lines following cell viability assays 
[39]. Also, HPIMBD and TIMBD did not have any effect 
on the proliferation of normal breast epithelial cells up to 
a concentration of 50 µM, suggesting their safety towards 
normal breast epithelial cells and selectivity for cancer cells 
[39]. It was also observed that both HPIMBD and TIMBD 
induced the protein expression levels of beclin-1 protein, 
an accepted biomarker for the induction of autophagy, 
suggesting that autophagy induction may be one of the 
pathways activated by novel Res analogs [39].

In the present study, we have performed combination 
treatments with Tam and Res analogs HPIMBD and 
TIMBD in breast cancer cell lines. We demonstrate 
that a combination of low dose Tam with HPIMBD or 
TIMBD does not inhibit the growth of non-neoplastic 
breast epithelial cells, suggesting lower toxicity of this 
combination. The combination, on the other hand, has 
a synergistic effect in the inhibition of growth of breast 
cancer cell lines. We demonstrate that the mechanisms 
of synergistic inhibitory effects in breast cancer cells 
differ and correlate with their receptor status. In ERα-
negative MDA-MB-231 cells, the synergistic effect 
seems to be mediated by induction of early autophagy and 
late apoptosis while in ERα-positive MCF-7 and T47D 
cells, inhibition of proliferation may be mediated by the 
synergistic inhibition of ERα and c-Myc expression.

RESULTS

Low dose Tam in combination with HPIMBD or 
TIMBD, did not have any effect on the growth of 
normal breast epithelial cell lines

Non-neoplastic breast epithelial cell lines MCF-10A, 
MCF-10F and HMEC were initially treated with different 
doses of Tam ranging from 0.5 - 10μM in concentration 
and MTT cell survival assays were performed after 
72 hours. A dose of 2 μM did not show any effect on 
the proliferation of non-neoplastic breast epithelial 
cells (Figure 1a) and thus was chosen for subsequent 
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combination studies with HPIMBD and TIMBD. We have 
recently shown that HPIMBD and TIMBD did not have 
any effect on the proliferation of breast epithelial cell line 
MCF-10A up to a dose of 50 μM [39]. A similar effect 
was seen after treatment of MCF-10F and HMEC cell 
lines with 50 μM doses of HPIMBD or TIMBD (Figure 
1b). Normal breast epithelial cell lines MCF-10A, MCF-
10F and HMEC were then treated with a combination of 
2 μM and 50 μM doses of Tam and HPIMBD or TIMBD, 
respectively. The combination treatments also did not 
inhibit the growth of the above tested non-neoplastic 
breast epithelial cells (Figure 1b).

A combination of Tam with HPIMBD or TIMBD 
has a synergistic inhibitory effect on the growth 
of breast cancer cell lines

We have recently shown that HPIMBD and TIMBD 
have a selective inhibitory effect on the growth of several 
breast cancer cell lines [39]. In the current study, the 
combination of Tam with either HPIMBD or TIMBD 
was tested on breast cancer cell lines. MCF-7, T47D, 
MDA-MB-231 and MDA-MB-468 breast cancer cells 
were treated with a combination of Tam and HPIMBD or 
TIMBD for 72 hours and MTT assays were performed. 
Tam was used at a dose of 2 μM while HPIMBD and 
TIMBD were used at their IC50 doses in respective cell 

lines, as determined previously [39]. A combination 
of Tam with HPIMBD or TIMBD synergistically 
inhibited the proliferation of breast cancer cell lines 
compared to either drug treatment alone (Figure 2a). 
Tamoxifen alone did not have a significant effect on the 
proliferation of breast cancer cells. HPIMBD and TIMBD 
treatments alone resulted in about 50% inhibition of 
cancer cell proliferation (Figure 2a). The combination, 
however, resulted in about 70-80% inhibition in cellular 
proliferation which was statistically synergistic (Figure 
2a). The % inhibition of proliferation for either treatment 
alone and in combination were calculated and have been 
listed in Table 1. Estrogen receptor positive cell lines 
MCF-7 and T47D showed about 70% inhibition of cell 
growth on an average while the ER-negative breast cancer 
cell lines MDA-MB-231 and MDA-MB-468 showed a 
higher sensitivity to the combination with around ~80% 
inhibition (Table 1).

The combination of Tam with HPIMBD or 
TIMBD has significantly reduced IC50 in breast 
cancer cells compared to single drug treatments

We next determined the IC50 values of inhibition of 
breast cancer cells by the combination of Tam and Res 
analogs HPIMBD or TIMBD. Breast cancer cell lines 
noted above were treated with a constant dose of Tam 

Figure 1: Low dose tamoxifen in combination with resveratrol analogs HPIMBD or TIMBD does not inhibit the 
growth of non-neoplastic breast epithelial cells. a. Breast epithelial cell lines MCF-10A, MCF-10F and HMEC were treated with 
varying doses of tamoxifen ranging from 0.5 to 10 μM for 72 hours and MTT assays were performed. Data are expressed as relative cell 
viabilities of treatments compared to vehicle (DMSO) control plotted against the dose of treatments. Fold change was determined by 
dividing the average optical density of treated cells by that of control cells. Each experiment was performed in quadruplicates and the data 
are expressed as fold change ± SEM relative to control. (*) indicates a P value ≤ 0.05 compared to controls of the same cell type. b. Non-
neoplastic breast epithelial cell lines MCF-10A, MCF-10F and HMEC were treated with either vehicle or 2 μM Tam, 50 μM HPIMBD 
or TIMBD or a combination of Tam + HPIMBD or TIMBD for 72 hours and MTT assays were performed. Relative cell viability was 
determined by dividing the absorbance in treated cells by that in vehicle-only cells. Each experiment was performed in quadruplicates and 
data are expressed as fold change ± SEM relative to respective vehicle-treated controls. (*) indicates a P value ≤ 0.05 compared to controls 
of the same cell type.
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(2 μM) in combination with graded doses of HPIMBD 
or TIMBD from 0.1 – 60 μM for a period of 72 hours 
and MTT assays were performed (Figure 2b and 2c). 
Dose-response curves were plotted and IC50 values were 
calculated as described in the Materials and Methods 
section. HPIMBD and TIMBD showed a dose-dependent 
inhibition of cellular proliferation in combination with 
Tam (Figure 2b and 2c). HPIMBD and TIMBD in 
combination with Tam showed IC50 values in the range of 
10-30 μM for ER-positive and 2-10 μM for ER-negative 
breast cancer cells (Table 2). TIMBD in combination with 
Tam showed lower IC50 values compared to HPIMBD, 
suggesting that it is a better analog in inhibition of breast 
cancer cell growth (Table 2). When compared to either 
analog treatments alone, combinations of Tam + HPIMBD 
or TIMBD showed maximum decreases of 68% and 
72% in IC50 values in MDA-MB-231 and T47D cells, 
respectively (Table 2).

Tamoxifen in combination with HPIMBD or 
TIMBD induces late apoptosis in breast cancer 
cells

Apoptosis and necrosis assays were performed to 
determine the mechanism of cell death induced by the 
combination treatment in breast cancer cells. T47D and 

MDA-MB-231 cells were treated with a combination 
of Tam (2μM) and HPIMBD or TIMBD (IC50 dose in 
respective cell line) for 48 hours and apoptosis/necrosis 
assays were performed by Annexin-V/7-AAD staining. 
Tamoxifen alone induced apoptosis in about 4% of cells, 
late-stage apoptosis in about 6% of cells and did not induce 
necrosis in both T47D and MDA-MB-231 cells after 48 
hours of treatment (Figure 3a, b, c and 3d). HPIMBD 
and TIMBD significantly induced late apoptosis in about 
11% and 13% of MDA-MB-231 cells respectively, which 
synergistically increased to 25% and 37% when treated 
with the combination of Tam and HPIMBD or TIMBD, 
respectively (Figure 3a and 3b). In T47D cells, both 
HPIMBD and TIMBD significantly induced late-stage 
apoptosis in 21% and 20% cells which further increased 
to 27% and 28% in cells treated with the combination, 
respectively (Figure 3c and 3d). HPIMBD and TIMBD 
induced more late-stage apoptosis in T47D cells 
compared to MDA-MB-231 cells to begin with, however, 
the combination treatment synergistically induced late 
apoptosis in MDA-MB-231 cells when compared to 
T47D cells (Figure 3a, b, c and 3d). This suggests that 
the combination of Tam and HPIMBD or TIMBD has a 
synergistic effect by the mechanism of inducing late-stage 
apoptosis in MDA-MB-231 cells but not as much in T47D 
cells.

Figure 2: Low dose tamoxifen in combination with HPIMBD or TIMBD synergistically inhibits the growth of breast 
cancer cells and substancially reduces the IC50 values of HPIMBD and TIMBD. a. Breast cancer cell lines MCF-7, T47D, 
MDA-MB-231 and MDA-MB-468 were treated with either vehicle or 2 μM Tam, HPIMBD or TIMBD (IC50 µM) or a combination of Tam 
+ HPIMBD or TIMBD for 72 hours and MTT assays were performed. Relative cell viability was determined by dividing the absorbance in 
treated cells by that in vehicle-only cells. Each experiment was performed in quadruplicates and data are expressed as fold change ± SEM 
relative to respective vehicle-treated controls. (IC50 values in μM of HPIMBD in breast cancer cell lines T47D = 44, MCF-7 = 41, MDA-
MB-231 = 29, MDA-MB-468 = 5; IC50 values in μM of TIMBD in breast cancer cell lines T47D = 32, MCF-7 = 31, MDA-MB-231 = 21, 
MDA-MB-468 = 4). (*) indicates a P value ≤ 0.05 compared to vehicle controls of the same cell type. (#) indicates a synergistic effect of 
the combination of Tam + HPIMBD/TIMBD compared to either single drug treatments.
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Figure 2: Low dose tamoxifen in combination with HPIMBD or TIMBD synergistically inhibits the growth of breast 
cancer cells and substancially reduces the IC50 values of HPIMBD and TIMBD. b. Breast cancer cell lines were treated with 
a constant low dose of 2 μM Tam in combination with graded doses of HPIMBD for 72 hours and MTT assays were performed. Relative 
cell viability was determined by dividing the absorbance in treated cells by that in vehicle-only cells and a dose-response curve was plotted. 
Each experiment was performed in triplicate and data are expressed as fold change ± SD relative to respective vehicle-treated controls. (*) 
indicates a P value ≤ 0.05 compared to controls of the same cell type. c. Breast cancer cell lines were treated with a constant low dose of 2 
μM Tam in combination with graded doses of TIMBD for 72 hours and MTT assays were performed. Relative cell viability was determined 
by dividing the absorbance in treated cells by that in vehicle-only cells and a dose-response curve was plotted. Each experiment was 
performed in triplicate and data are expressed as fold change ± SD relative to respective vehicle-treated controls. (*) indicates a P value ≤ 
0.05 compared to controls of the same cell type.
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A combination of Tam with HPIMBD or TIMBD 
significantly induces autophagy markers beclin-1 
and LC3BII in MDA-MB-231 breast cancer cells

We have previously shown that autophagy inducer, 
beclin-1 is increased in response to HPIMBD and TIMBD 
treatments [39]. We next assessed the expression of 
autophagy markers, beclin-1 and LC3BII, in response 
to the combination treatment. Breast cancer cells MDA-
MB-231 and T47D were treated with a combination of 
Tam (2 μM) and HPIMBD or TIMBD (IC50 dose) for up to 
24 hours. In MDA-MB-231 cells, the combination of Tam 
with both analogs synergistically induced the expressions 
of beclin-1 and LC3BII/I by more than 2-fold and 5-fold, 

respectively after 6 hours of treatment (Figure 4a and 4b). 
In T47D cells, however, the induction of both beclin-1 
and LC3BII were not synergistic even after 24 hours of 
treatment (Figure 4a and 4b). A time-course study showed 
that the combination significantly induced both beclin-1 
and LC3BII/I in MDA-MB-231 cells after 3, 6 and 12 
hours, with maximal induction observed at 6 hours post 
treatment (Figure 4b). HPIMBD was better than TIMBD 
in inducing both beclin-1 and LC3BII/I in MDA-MB-231 
cells (Figure 4a and 4b). Our studies show a cell-type 
specific mechanism of synergy in inhibition of cancer 
cells by the combination; with apoptosis and autophagy 
being synergistically induced only in ER-negative MDA-
MB-231 cells.

Table 1: Percent inhibition in breast cancer cell lines following treatments with tamoxifen, HPIMBD, TIMBD and a 
combination of Tam + HPIMBD or TIMBD

Cell line Vehicle control
(%)

Tamoxifen 2 
μM
(%)

HPIMBD IC50 
(μM)
(%)

TIMBD IC50 
(μM)
(%)

Tamoxifen + 
HPIMBD

(%)

Tamoxifen + 
TIMBD

(%)

T47D 0 ± 4.1 9 ± 3.1 50* ± 2.7 51* ± 2.1 68# ± 4.3 77# ± 5.2

MCF-7 0 ± 4.5 13 ± 2.0 53* ± 3.7 49* ± 2.1 73# ± 2.7 75# ± 3.3

MDA-MB-231 0 ± 5.1 4 ± 2.8 58* ± 3.1 56* ± 1.6 78# ± 2.9 84# ± 4.1

MDA-MB-468 0 ± 4.8 7 ± 5.0 55* ± 2.3 59* ± 5.9 77# ± 3.1 84# ± 4.0

(*) indicates a P value ≤ 0.05 compared to controls of the same cell type.
(#) indicates a synergistic effect of a combination of Tam + HPIMBD/TIMBD compared to single drug treatments.
Breast cancer cell lines T47D, MCF-7, MDA-MB-231 and MDA-MB-468 were treated with either vehicle or 2 μM 
Tam, HPIMBD or TIMBD (IC50 µM) or a combination of Tam + HPIMBD/TIMBD for 72 hours and MTT assays were 
performed. Relative cell viability was determined by dividing the absorbance in treated cells by that in vehicle-only cells 
and percent cell viability was calculated from Figure 2a. Percent inhibition of cellular proliferation was calculated by 
subtracting percent cell viability from 100. Each experiment was performed in quadruplicate and data are expressed as 
percent inhibition ± SEM relative to respective vehicle-treated controls.

Table 2: IC50 values of a combination of tamoxifen + HPIMBD or TIMBD in breast cancer cell lines

Cell line Tamoxifen + 
HPIMBD
IC50 (μM)

Tamoxifen + TIMBD
IC50 (μM)

% Decrease in IC50 
from HPIMBD alone

% Decrease in IC50 
from TIMBD alone

T47D 29.45 ± 2.68 17.29 ± 2.18 34.3 72.7

MCF-7 20.16 ± 2.64 8.89 ± 3.31 50.5 44.9

MDA-MB-231 9.37 ± 1.76 7.56 ± 2.36 68.2 63.6

MDA-MB-468 3.64 ± 0.77 1.77 ± 0.55 26.5 50.0

Breast cancer cell lines T47D, MCF-7, MDA-MB-231 and MDA-MB-468 were treated with a combination of constant 
dose of Tam with increasing doses of either HPIMBD or TIMBD for 72 hours and MTT assays were performed. Relative 
cell viability was determined by dividing the absorbance in treated cells by that in vehicle-only cells. Dose-response curves 
were plotted and IC50 values were determined as described in the Materials and Methods section. Each experiment was 
performed in triplicate and data are expressed as IC50 ± SD.
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A combination of Tam with HPIMBD or TIMBD 
significantly inhibited protein expression levels 
of ERα and c-Myc in MCF-7 and T47D breast 
cancer cells

We have previously shown that both HPIMBD and 
TIMBD significantly inhibit protein expression levels of 
ERα and oncogene c-Myc in breast cancer cell lines MCF-
7 and T47D [40, 41]. We investigated the effect of the 
combination on ERα and c-Myc expression. Breast cancer 

cells MCF-7 and T47D were treated with a combination 
of Tam (2μM) and HPIMBD or TIMBD (IC50 dose) for 48 
hours and protein expression levels of ERα were assessed. 
Tamoxifen by itself did not change the expression of ERα 
in cells (Figure 5a and 5b). Both HPIMBD and TIMBD 
alone inhibited the expression of ERα by 50-60%, which 
was synergistically inhibited by the combination up to 
70-90% (Figure 5b). Both HPIMBD and TIMBD alone 
inhibited c-Myc expression by 50-70%, which was further 
synergistically inhibited by the combination up to 70-90% 

Figure 3: HPIMBD and TIMBD in combination with tamoxifen synergistically induce late-stage apoptosis in MDA-
MB-231, but not in T47D breast cancer cells. a-b. MDA-MB-231 cells were treated with either vehicle, 2 μM Tam, IC50 μM HPIMBD 
or TIMBD or a combination of Tam + HPIMBD or TIMBD for 48 hours and Annexin V/7-AAD staining was performed. Experiments 
were performed in triplicate and data are expressed as percentage of cells undergoing apoptosis or necrosis ± SEM. Representative scatter 
plots with % of cells in each quadrant are shown. (*) indicates a P value ≤ 0.05 compared to controls. (#) indicates a synergistic effect of 
a combination of Tam + HPIMBD/TIMBD compared to single drug treatments. c-d. T47D cells were treated with either vehicle, 2 μM 
Tam, IC50 μM HPIMBD or TIMBD or a combination of Tam + HPIMBD or TIMBD for 48 hours and Annexin V/7-AAD staining was 
performed. Experiments were performed in triplicate and data are expressed as percentage of cells undergoing apoptosis or necrosis ± SEM. 
Representative scatter plots with % of cells in each quadrant are shown. (*) indicates a P value ≤ 0.05 compared to controls.
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Figure 4: Tamoxifen in combination with HPIMBD or TIMBD, significantly induce autophagy markers beclin-1 and 
LC3BII in MDA-MB-231, but not in T47D breast cancer cells. a-b. T47D and MDA-MB-231 cells were treated with either 
vehicle or 2 μM Tam, IC50 μM HPIMBD or TIMBD or a combination of Tam + HPIMBD or TIMBD for up to 24 hours and a time course 
study was performed. Proteins were isolated and western blot analyses were performed at each time point (3, 6, 12 and 24h). Intensities of 
the bands were quantified and normalized to α-tubulin. Fold changes in beclin-1 and ratio of LC3BII/I protein expression (Mean ± SEM) 
compared to vehicle-treated controls were calculated from three individual experiments and are expressed as bar graphs in fig. 4b. (*) 
indicates a P value ≤ 0.05 compared to controls of the same cell type. (#) indicates a synergistic effect of a combination of Tam + HPIMBD/
TIMBD compared to single drug treatments.
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Figure 5: Tamoxifen in combination with HPIMBD or TIMBD, significantly inhibited the protein expressions of ERα 
and c-Myc in MCF-7 and T47D breast cancer cells. a-b. MCF-7 and T47D cells were treated with either vehicle or 2 μM Tam, 
IC50 μM HPIMBD or TIMBD or a combination of Tam + HPIMBD or TIMBD for 48 hours. Proteins were isolated and western blot 
analyses were performed for ERα and c-Myc. Intensities of the bands were quantified and normalized to α-tubulin. Fold changes in ERα 
and c-Myc protein expression (Mean ± SEM) compared to vehicle-treated controls were calculated from three individual experiments and 
are expressed as bar graphs in figure 5b. (*) indicates a P value ≤ 0.05 compared to controls of the same cell type. (#) indicates a synergistic 
effect of a combination of Tam + HPIMBD/TIMBD compared to single drug treatments.
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(Figure 5b). This suggested that in ERα-positive cell lines, 
inhibition of ERα and its downstream oncogene c-Myc 
may be the mechanism of synergistic inhibition of breast 
cancer cells.

A combination of Tam with HPIMBD or TIMBD 
inhibited the spheroid forming and colony 
forming ability of breast cancer cells

The effect of a combination of Tam with Res 
analogs on cancer cell proliferation was evaluated by 
performing spheroid formation and colony formation 
assays. Tamoxifen treatment alone only slightly 
suppressed the size of spheroids and number of colonies 
in both T47D and MDA-MB-231 cells (Figure 6a and 6b). 
HPIMBD and TIMBD treatment substantially inhibited 
the colony forming and spheroid forming ability of T47D 
and MDA-MB-231 cells, which was further inhibited by 
the combination treatment (Figure 6a and 6b). Statistical 
analyses of colony formation studies revealed synergistic 
inhibitory effect of the combination in both the breast 
cancer cell lines tested (Figure 6c).

DISCUSSION

Tamoxifen is not only the first line of therapy for 
women affected by breast cancer but is also most often 
used in combination therapies [16, 17, 28–31]. Tamoxifen 
is also widely used in chemoprevention and clinical 
studies have shown that Tam can significantly reduce 
cancer occurrence and improve survival among women 
with high risk for breast cancer [42, 43]. Combination 
therapies have many advantages over single drug 
treatments [28–31]. Due to the increased toxicity with 
synthetic agents, alternative combinations with agents of 
natural origin are being tested [29–31]. Furanodiene, a 
natural component of Curcuma Wenyujin plant, has been 
reported to increase the anti-cancer efficacy of Tam in 
inhibiting the growth of ER-negative MDA-MB-231 cells, 
broadening its use to hormone-independent types of breast 
cancers [29]. Curcumin, a natural component of turmeric, 
restores the sensitivity of resistant MCF-7 cells to Tam 
[31]. Epigallocatechin gallate, a component of green tea, 
synergistically inhibits the growth of ER-negative MDA-
MB-231 cells in combination with Tam [30].

In the current study, the combination of Tam and 
Res analogs HPIMBD or TIMBD were evaluated. A 
low dose of Tam (2 μM) was chosen such that it does 
not inhibit the proliferation of non-neoplastic breast 
epithelial cells. The combination of Tam with HPIMBD 
or TIMBD did not inhibit the growth of non-neoplastic 
breast epithelial cells, suggesting least cytotoxicity to 
normal cells (Figure 1b). When tested on breast cancer 
cell lines, the combination treatment synergistically 
inhibited proliferation compared to either drug treatments 
alone (Figure 2a and Table 1). Dose-response curves 

plotted with varying doses of HPIMBD or TIMBD in 
combination with constant low dose of Tam showed that 
the combination had significantly lower IC50 compared 
to that of HPIMBD or TIMBD treatments alone (Table 
2). Mechanistic studies showed that the mechanism of 
synergistic inhibition in breast cancer cells correlated 
with their receptor status. In ER-negative MDA-MB-231 
cells, the combination synergistically induced apoptosis 
and autophagy markers, while in ER-positive T47D 
cells, synergistic inhibition of ERα and c-Myc protein 
expression was observed (Figures 3, 4 and 5). These 
studies suggest that, in ER-positive cells, synergistic 
inhibition may occur in an ER-dependent fashion while in 
ER-negative cells, the key upstream regulatory pathway 
operating the effect may be early induction of autophagy 
followed by late-stage apoptosis. Interestingly, literature 
provides evidence that autophagy precedes apoptosis, and 
may act as an initial response to the drug/agent and induce 
late-stage apoptosis in cells [44, 45]. Since we observed 
a similar effect of the combination on MDA-MB-231 
cells, we hypothesize that there may be a link between 
the two pathways induced by the combination in breast 
cancer cells. Colony and spheroid formation assays further 
confirmed the synergistic inhibition of breast cancer cells 
by the combination (Figure 6).

One of the problems associated with the use of 
Tam in chemoprevention is low adherence to therapy 
among women which is attributed to result from increased 
adverse/toxic effects [46, 47]. Reduced toxicity of our 
combination may thus have a potential of increasing 
adherence and advancing treatment options for 
chemoprevention. Current management for women with 
advanced and metastatic breast cancer include surgery 
with chemotherapy and/or radiation therapy followed by 
long term targeted therapy [48]. Five years of tamoxifen is 
the standard of care for ER-positive cancers, trastuzumab 
for HER2+ cancers while the therapy for triple-negative 
breast cancers is not targeted [48, 49]. We have shown that 
Tam combined with Res analogs can inhibit the growth 
of both ER-positive and ER-negative breast cancer cells, 
creating the potential for extending the use of Tam to triple 
negative breast cancers that are otherwise difficult to treat 
[49]. Severe adverse effects and relapses associated with 
single drug Tam therapy have led to the need for newer 
well-tolerable drugs that alone or in combination with 
Tam can help in better management and enhanced quality 
of life for patients [24–27]. Aromatase inhibitors and 
fulvestrant are the currently approved alternative drugs 
for anti-hormonal therapy [50]. Of particular interest is 
fulvestrant which has been reported to have good efficacy 
and acts by binding to ERα and causing its degradation, 
thus inhibiting receptor expression [50]. HPIMBD and 
TIMBD also inhibit the expression of ERα in breast 
cancer cells and this similarity in mechanism along with 
low toxicity make the novel Res analogs attractive drug 
candidates for translational investigations.
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Figure 6: Tamoxifen in combination with HPIMBD or TIMBD, inhibited the spheroid forming and colony forming 
ability of MDA-MB-231 and T47D breast cancer cells. a. T47D and MDA-MB-231 breast cancer cells were seeded in suspension 
in ultra-low attachment plates followed by treatments with 2 μM Tam, IC50 μM HPIMBD or TIMBD or a combination of Tam + HPIMBD 
or TIMBD. After 5 days of incubation, mammospheres formed in suspension were photographed and representative photomicrographs from 
triplicates are shown. b-c. T47D or MDA-MB-231 cells were seeded in triplicate in six-well plates followed by treatments with 2 μM Tam, 
IC50 μM HPIMBD or TIMBD or a combination of Tam + HPIMBD or TIMBD for 48 hours. Treatment medium was replaced with fresh media 
and cells were allowed to form colonies for 8 days. Colonies obtained were stained with crystal violet, photographed and counted (b). The bar 
graph (c) represents mean number of colonies ± SEM from three experiments. (*) indicates a P value ≤ 0.05 compared to controls of the same 
cell type. (#) indicates a synergistic effect of a combination of Tam + HPIMBD/TIMBD compared to single drug treatments. 
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In summary, we have, for the first time, shown 
that a combination of low dose Tam with novel azares 
analogs can synergistically inhibit the proliferation of 
both ER-positive and ER-negative breast cancer cells. 
The combination, having reduced toxicity to normal breast 
epithelial cells, has a potential in both chemoprevention 
and clinical therapy.

MATERIALS AND METHODS

Chemicals

Tamoxifen was purchased from Tocris (Minneapolis, 
MN). Resveratrol was purchased from Sigma-Aldrich (St. 
Louis, MO). Resveratrol analogs, HPIMBD and TIMBD 
were synthesized and purified by our group as reported 
recently [39]. Tamoxifen, HPIMBD and TIMBD were 
dissolved in DMSO prior to treatments. The concentration 
of DMSO in control experiments was always 1/1000th 
(vol/vol) of the final medium volume. 3-(4,5-Dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 
was purchased from Sigma-Aldrich (St. Louis, MO). MTT 
reagent was prepared by dissolving MTT in PBS to a 
final concentration of 1mg/ml which was used as a stock 
solution.

Cell culture

Non-tumorigenic breast epithelial cell lines MCF-
10A, MCF-10F and HMEC, and breast cancer cell lines 
MCF-7, T47D, MDA-MB-231 and MDA-MB-468 were 
purchased from ATCC (Manassas, VA). Breast epithelial 
cell lines MCF-10A, MCF-10F and HMEC were cultured 
in DMEM/F-12 (50:50) media (Mediatech, Herndon VA) 
that was supplemented with 10% horse serum (Atlanta 
Biologicals, Lawrenceville GA) and 1% penicillin/
streptomycin antibiotic (Lonza). Breast cancer cell lines 
MCF-7, T47D, MDA-MB-231 and MDA-MB-468 were 
cultured in DMEM/F-12 (50:50) media (Mediatech, 
Herndon VA) that was supplemented with 10% fetal 
bovine serum (Atlanta Biologicals, Lawrenceville GA) 
and 1% penicillin/streptomycin antibiotic (Lonza). Cells 
from respective cell lines were seeded in 6-well or 96-well 
tissue culture plates and were grown till they achieved 
≃70% confluency. Twenty-four hours prior to treatments, 
cells were washed twice with PBS and then grown in 
phenol red-free DMEM/F-12 (50:50) supplemented with 
10% charcoal dextran stripped fetal bovine serum or 
horse serum for respective cell lines (Atlanta Biologicals, 
Lawrenceville GA). Next day, cells were treated with 
either HPIMBD or TIMBD (at respective IC50 doses for 
each cell line) or Tam (variable doses) or a combination 
of Tam + HPIMBD or TIMBD for up to 72 hours. All 
treatments were done in triplicates or quadruplicates. 
Experiments were performed in passages 2 to 6 of cells 
sub-cultured from frozen stocks of respective cell lines. 

After treatments, the media was removed and cells were 
washed once with PBS and were used for further analyses.

MTT cell proliferation assays

The effect of a combination of HPIMBD or TIMBD 
and Tam on the viability of breast cancer cells was 
measured by MTT assays as described recently [39, 40, 
41]. Cells were plated at a density of 2000 cells/well into 
96-well plates. After overnight incubation in respective 
growth media, cells were treated with either HPIMBD 
or TIMBD (at respective IC50 concentration for each 
breast cancer cell line and 50µM concentration in non-
neoplastic cell lines) or Tam (2µM) or a combination of 
Tam + HPIMBD or TIMBD. After 72 hours, 50μl of MTT 
reagent was added to each well and incubated for 4 hours 
at 37°C. The medium was then removed and 200μl of a 
mixture of DMSO and Sorensen’s reagent (volume ratio 
8:1) was added. The plate was then incubated at 37oC 
for 10 mins and the optical density for each well was 
determined at 570 and 650 nm on BIO-RAD Benchmark 
Plus microplate spectrophotometer (Biorad, Hercules, 
CA) using the Microplate Manager 5.2.1 software. The 
absorbance at 650 nm was subtracted from absorbance at 
570 nm. This value was then used to calculate mean % cell 
viability compared to respective vehicle-treated controls. 
Percent inhibition of proliferation were calculated by 
subtracting % cell viability from 100. Percent inhibition of 
proliferation compared to controls are expressed as mean 
± SEM.

Calculation of IC50 values of the combinations in 
breast cancer cell lines

To determine the IC50 values of a combination of 
Tam + HPIMBD or TIMBD, cells were treated with a 
combination of fixed dose of Tam (2 μM) with increasing 
doses of either HPIMBD or TIMBD and MTT assays were 
performed for 72 hours. Each experiment was performed 
in triplicate. Sigmoidal curves for each replicate values 
were plotted using Regression Wizard in Sigma Plot 11.0 
software (Systat Software Incorporated, CA) and the four 
parameter logistic (4PL) mathematical model was used to 
obtain equations for Tam + HPIMBD or TIMBD in each 
of the four breast cancer cell lines tested [51, 52]. The 4PL 
formula used for IC50 calculation is expressed as:

y y a
1 (x / x )0

0
b= +

+

Where y is fold change in proliferation relative to 
respective vehicle control of each cell line and x is dose/
concentration of HPIMBD/TIMBD in the combination, 
while a, b, x0 and y0 are constants obtained by non-linear 
regression of the curve. Corresponding IC50 values of 
were obtained by substituting y as 0.50 in each equation 
generated from three replicate curves for a given cell line 
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and analog in combination. In this way, three IC50 values 
were obtained and averaged for each combination (Tam + 
HPIMBD or TIMBD) in each of the four tested cell lines. 
Average IC50 μM ± SEM are listed in Table 2.

Apoptosis and necrosis assays

Breast cancer cells were plated in 6-well plates 
and were treated with either HPIMBD, TIMBD, Tam 
or a combination of Tam + HPIMBD or TIMBD for 48 
hours. Post-treatment, apoptosis and necrosis analyses 
were performed using PE Annexin V Apoptosis Detection 
Kit I from BD PharmingenTM(BD Biosciences, San Jose, 
CA). Briefly, after completion of treatments, cells were 
washed twice with cold PBS and were resuspended at a 
concentration of 1 × 106 cells/ml. Annexin V and 7-AAD 
were added at concentrations specified in the kit and were 
incubated for 15 minutes at room temperature in the dark. 
After incubation, % of apoptotic and necrotic cells was 
analyzed by flow cytometry using a BD FACSCantoTM 
II cell analyzer (BD Biosciences, San Jose, CA, USA). 
The data were acquired and analyzed with BD FACSDiva 
software.

Western blot analysis

Thirty microgram total protein, isolated from 
quadruplicates of control or treated cells, was size 
fractionated on a 12% SDS-polyacrylamide gel, and 
transferred onto PVDF membranes under standard 
conditions as described previously [53–57]. Membranes 
were blocked in 5% dry non-fat milk/PBS/0.05% 
Tween-20 at four degrees for two hours. Affinity purified 
rabbit polyclonal antibodies against beclin-1 (Cell 
Signaling, 3738S), LC3B (Cell Signaling, 2775S), ERα 
(Santa Cruz, sc-543) and c-Myc (Santa Cruz, sc-788) were 
used for immune-detection. After overnight incubation 
with the primary antibodies in cold cabinets, membranes 
were washed three times for 8 minutes per wash 
using PBS/0.05% Tween-20. Horse radish peroxidase 
conjugated anti-rabbit IgG (Santa Cruz, sc-2004) was 
used as secondary antibody. After incubation for one hour 
at room temperature, the membrane was washed again 
as described above. Chemiluminescent detection was 
performed using the BM Chemiluminescence Detection 
kit (Roche, Indianapolis, IN) and the FluorChem HD2 
Imaging system (Alpha Innotech Corporation, San 
Leandro CA), with AlphaEaseFC Image Analysis 
software (Alpha Innotech Corporation, San Leandro CA). 
Membranes probed for beclin-1, LC3B, ERα and c-Myc 
were washed twice in PBS/0.05% Tween-20, stripped with 
Restore Western blot stripping buffer (Thermo Scientific, 
Rockford, IL), blocked in milk and re-incubated overnight 
at room temperature with α-tubulin mouse monoclonal 
antibody (Santa Cruz, sc-53030). Horse radish peroxidase-
conjugated anti-rat IgG antibody (Santa Cruz, sc-2006) 
was used as secondary antibody for α-tubulin detection. 

All primary and secondary antibodies were diluted to 
1:2000 concentration in PBS/0.05% Tween-20 prior to 
immune detection.

Clonogenic cell survival assay

About 500 viable MDA-MB-231 and T47D cells 
were seeded in 6-well plates. Next day, the media was 
changed to phenol red-free medium and cells were allowed 
to grow for another 24 hours. Cells were then treated with 
either HPIMBD, TIMBD, Tam or a combination of Tam + 
HPIMBD or TIMBD for 48 hours after which they were 
washed in PBS and incubated for an additional 8 days in 
complete medium. The colonies obtained were washed 
with PBS and fixed in 10% formalin for 10 min and again 
washed twice with PBS followed by staining with crystal 
violet (0.1% w/v solution in 10% ethanol). The colonies 
were counted, photographed and compared with respective 
untreated cells as described previously [58–60]. Each 
treatment was done in triplicate.

Mammosphere formation assay

Mammosphere formation assay was carried out 
using ultra-low attachment plates (catalog # 3473; 
Corning, Lowell, MA) as described previously [58–60]. 
Briefly, 5000 viable MDA-MB-231 or T47D cancer 
cells were seeded into 24-well plates. Cells were grown 
in serum-free and phenol red-free DMEM/F-12 (50:50) 
medium supplemented with 1×B27 (Invitrogen), 20 
ng/ml epidermal growth factor (Invitrogen), 20 ng/
ml basic fibroblast growth factor (Invitrogen), 1 μg/ml 
hydrocortisone (BD Biosciences, Bedford, MA), 5 μg/
ml insulin (Invitrogen), 0.1% penicillin/streptomycin 
(Lonza, Walkersville, MD) and 4 μg/ml heparin calcium 
salt (Thermo Scientific) at 37°C under 5% CO2. Cells 
were treated with HPIMBD, TIMBD, Tam, Tam + 
HPIMBD or Tam + TIMBD. After 4 days of incubation, 
mammospheres were viewed under the microscope and 
photographed. Three replicate wells from a 24-well plate 
were used for each experimental condition.

Statistical analysis

Statistical analyses were performed by using Sigma 
Plot 11.0 software (Systat Software Incorporated, CA). 
All cell culture treatments were done in triplicate or 
quadruplicate and the student’s t-test was used to compare 
the inhibition in proliferation by either Tam, HPIMBD, 
TIMBD or a combination of Tam and HPIMBD or TIMBD 
compared to respective vehicle treated controls. In order 
to determine if the combinations resulted in a synergistic 
effect compared to either treatments alone, two-way 
ANOVA analyses were performed in a generalized linear 
model using the IBM SPSS Statistics Data Editor software 
(IBM Corporation, Armonk, NY). A p-value ≤ 0.05 was 
considered statistically significant.



Oncotarget51760www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS/GRANT 
SUPPORT

This work was supported by the University of 
Missouri Research Board Grant, and financial support 
from the School of Pharmacy, University of Missouri-
Kansas City (HKB).

CONFLICTS OF INTEREST

All authors declare that they have no conflicts 
of interest with the contents in this article with respect 
to third party financial support, financial relationships, 
sources of revenue, sponsor interactions, patents or other 
affiliations.

REFERENCES

1. DeSantis C, Ma J, Bryan L, and Jemal A. Breast cancer 
statistics, 2013. CA Cancer J Clin. 2014; 64:52-62.

2. Shinohara MM, Tozbikian G, Wolfe JT, Shin SJ, Mies C, 
and Elenitsas R. Cutaneous metastatic breast carcinoma 
with clear cell features. J Cutan Pathol. 2013; 40:753-757.

3. Siegel R, Naishadham D, and Jemal A. Cancer statistics, 
2013. CA Cancer J Clin. 2013; 63:11-30.

4. Bhat HK, Calaf G, Hei TK, Loya T, and Vadgama JV. 
Critical role of oxidative stress in estrogen-induced 
carcinogenesis. Proc Natl Acad Sci U S A. 2003; 
100:3913-3918.

5. Mense SM, Remotti F, Bhan A, Singh B, El-Tamer M, 
Hei TK, and Bhat HK. Estrogen-induced breast cancer: 
alterations in breast morphology and oxidative stress as a 
function of estrogen exposure. Toxicol Appl Pharmacol. 
2008; 232:78-85.

6. Singh B, Bhat NK, and Bhat HK. Partial inhibition of 
estrogen-induced mammary carcinogenesis in rats by 
tamoxifen: balance between oxidant stress and estrogen 
responsiveness. PLoS One. 2011; 6:e25125.

7. Yager JD, and Liehr JG. Molecular mechanisms of estrogen 
carcinogenesis. Annu Rev Pharmacol Toxicol. 1996; 
36:203-232.

8. Nelson R. Steroidal oestrogens added to list of known 
human carcinogens. Lancet. 2002; 360:2053.

9. Cavalieri EL, and Rogan EG. A unifying mechanism in the 
initiation of cancer and other diseases by catechol quinones. 
Ann N Y Acad Sci. 2004; 1028:247-257.

10. Patel MM, and Bhat HK. Differential oxidant potential 
of carcinogenic and weakly carcinogenic estrogens: 
Involvement of metabolic activation and cytochrome P450. 
J Biochem Mol Toxicol. 2004; 18:37-42.

11. Yager JD, and Davidson NE. Estrogen carcinogenesis in 
breast cancer. New Engl J Med. 2006; 354:270-282.

12. Watts CK, Sweeney KJ, Warlters A, Musgrove EA, and 
Sutherland RL. Antiestrogen regulation of cell cycle 

progression and cyclin D1 gene expression in MCF-7 
human breast cancer cells. Breast Cancer Res Treat. 1994; 
31:95-105.

13. Le Romancer M, Poulard C, Cohen P, Sentis S, Renoir 
JM, and Corbo L. Cracking the estrogen receptor's 
posttranslational code in breast tumors. Endocr Rev. 2011; 
32:597-622.

14. Keen JC, and Davidson NE. The biology of breast 
carcinoma. Cancer. 2003; 97:825-833.

15. Kuukasjarvi T, Kononen J, Helin H, Holli K, and Isola 
J. Loss of estrogen receptor in recurrent breast cancer is 
associated with poor response to endocrine therapy. J Clin 
Oncol. 1996; 14:2584-2589.

16. Osborne CK. Tamoxifen in the treatment of breast cancer. 
N Engl J Med. 1998; 339:1609-1618.

17. Nelson HD, Smith ME, Griffin JC, and Fu R. Use of 
medications to reduce risk for primary breast cancer: a 
systematic review for the U.S. Preventive Services Task 
Force. Ann Intern Med. 2013; 158:604-614.

18. Peng J, Sengupta S, and Jordan VC. Potential of selective 
estrogen receptor modulators as treatments and preventives 
of breast cancer. Anticancer Agents Med Chem. 2009; 
9:481-499.

19. Dalvai M, and Bystricky K. Cell cycle and anti-estrogen 
effects synergize to regulate cell proliferation and ER target 
gene expression. PLoS One. 2010; 5:e11011.

20. Mandlekar S, and Kong AN. Mechanisms of tamoxifen-
induced apoptosis. Apoptosis. 2001; 6:469-477.

21. Bursch W, Ellinger A, Kienzl H, Torok L, Pandey S, 
Sikorska M, Walker R, and Hermann RS. Active cell death 
induced by the anti-estrogens tamoxifen and ICI 164 384 
in human mammary carcinoma cells (MCF-7) in culture: 
the role of autophagy. Carcinogenesis. 1996; 17:1595-1607.

22. de Medina P, Silvente-Poirot S, and Poirot M. Tamoxifen 
and AEBS ligands induced apoptosis and autophagy 
in breast cancer cells through the stimulation of sterol 
accumulation. Autophagy. 2009; 5:1066-1067.

23. Salazar MD, Ratnam M, Patki M, Kisovic I, Trumbly R, and 
Iman M. During hormone depletion or tamoxifen treatment 
of breast cancer cells the estrogen receptor apoprotein 
supports cell cycling through the retinoic acid receptor 
alpha1 apoprotein. Breast Cancer Res. 2011; 13:R18.

24. Yang G, Nowsheen S, Aziz K, and Georgakilas AG. 
Toxicity and adverse effects of Tamoxifen and other anti-
estrogen drugs. Pharmacol Ther. 2013; 139:392-404.

25. Amir E, Seruga B, Niraula S, Carlsson L, and Ocana A. 
Toxicity of adjuvant endocrine therapy in postmenopausal 
breast cancer patients: a systematic review and meta-
analysis. J Natl Cancer Inst. 2011; 103:1299-1309.

26. Musgrove EA, and Sutherland RL. Biological determinants 
of endocrine resistance in breast cancer. Nat Rev Cancer. 
2009; 9:631-643.

27. Ring A, and Dowsett M. Mechanisms of tamoxifen 
resistance. Endocr Relat Cancer. 2004; 11:643-658.



Oncotarget51761www.impactjournals.com/oncotarget

28. Weng SC, Kashida Y, Kulp SK, Wang D, Brueggemeier 
RW, Shapiro CL, and Chen CS. Sensitizing estrogen 
receptor-negative breast cancer cells to tamoxifen with 
OSU-03012, a novel celecoxib-derived phosphoinositide-
dependent protein kinase-1/Akt signaling inhibitor. Mol 
Cancer Ther. 2008; 7:800-808.

29. Zhong ZF, Li YB, Wang SP, Tan W, Chen XP, Chen 
MW, and Wang YT. Furanodiene enhances tamoxifen-
induced growth inhibitory activity of ERa-positive breast 
cancer cells in a PPARgamma independent manner. J Cell 
Biochem. 2012; 113:2643-2651.

30. Scandlyn MJ, Stuart EC, Somers-Edgar TJ, Menzies AR, 
and Rosengren RJ. A new role for tamoxifen in oestrogen 
receptor-negative breast cancer when it is combined with 
epigallocatechin gallate. Br J Cancer. 2008; 99:1056-1063.

31. Jiang M, Huang O, Zhang X, Xie Z, Shen A, Liu H, 
Geng M, and Shen K. Curcumin induces cell death and 
restores tamoxifen sensitivity in the antiestrogen-resistant 
breast cancer cell lines MCF-7/LCC2 and MCF-7/LCC9. 
Molecules. 2013; 18:701-720.

32. Sheth SP, and Allegra JC. What role for concurrent 
chemohormonal therapy in breast cancer? Oncology. 1987; 
1:19-27.

33. Adlercreutz H. Phytoestrogens: epidemiology and a 
possible role in cancer protection. Environ Health Perspect. 
1995; 103:103-112.

34. Mense SM, Hei TK, Ganju RK, and Bhat HK. 
Phytoestrogens and breast cancer prevention: possible 
mechanisms of action. Environ Health Perspect. 2008; 
116:426-433.

35. Jang M, Cai L, Udeani GO, Slowing KV, Thomas CF, 
Beecher CW, Fong HH, Farnsworth NR, Kinghorn 
AD, Mehta RG, Moon RC, and Pezzuto, JM. Cancer 
chemopreventive activity of resveratrol, a natural product 
derived from grapes. Science. 1997; 275:218-220.

36. Garvin S, Ollinger K, and Dabrosin C. Resveratrol induces 
apoptosis and inhibits angiogenesis in human breast cancer 
xenografts in vivo. Cancer Lett. 2006; 231:113-122.

37. Shi XP, Miao S, Wu Y, Zhang W, Zhang XF, Ma HZ, Xin 
HL, Feng J, Wen AD, and Li Y. Resveratrol sensitizes 
tamoxifen in antiestrogen-resistant breast cancer cells with 
epithelial-mesenchymal transition features. Int J Mol Sci. 
2013; 14:15655-15668.

38. Walle T. Bioavailability of resveratrol. Ann N Y Acad Sci. 
2011; 1215:9-15.

39. Siddiqui A, Dandawate P, Rub R, Padhye S, Aphale S, 
Moghe A, Jagyasi A, Venkateswara Swamy K, Singh 
B, Chatterjee A, Ronghe A, and Bhat HK. Novel Aza-
resveratrol analogs: synthesis, characterization and 
anticancer activity against breast cancer cell lines. Bioorg 
Med Chem Lett. 2013; 23:635-640.

40. Ronghe A, Chatterjee A, Singh B, Murphy L, 
Dandawate P, Padhye S, Bhat NK, and Bhat HK. 
Differential regulation of estrogen receptors α and β by 

4-(E)-{(4-hydroxyphenylimino)-methylbenzene, 1,2-diol}, 
a novel resveratrol analog. J Steroid Biochem Mol Biol. 
2014; 144:500-512. 

41. Ronghe A, Chatterjee A, Singh B, Dandawate P, Abdalla F, 
Bhat NK, Padhye S, and Bhat HK. 4-(E)-{(p-tolylimino)-
methylbenzene-1,2-diol}, 1 a novel resveratrol analog, 
differentially regulates estrogen receptors α and β in breast 
cancer cells. Toxicol Appl Pharmacol. 2016; 301:1-13.

42. Chlebowski RT, Collyar DE, Somerfield MR, and 
Pfister DG. American Society of Clinical Oncology 
technology assessment on breast cancer risk reduction 
strategies: tamoxifen and raloxifene. J Clin Oncol. 1999; 
17:1939-1955.

43. Vogel VG, Costantino JP, Wickerham DL, Cronin WM, 
Cecchini RS, Atkins JN, Bevers TB, Fehrenbacher L, Pajon 
ER, Wade JL 3rd, Robidoux A, Margolese RG, James J, 
et al. Update of the National Surgical Adjuvant Breast and 
Bowel Project Study of Tamoxifen and Raloxifene (STAR) 
P-2 Trial: Preventing breast cancer. Cancer Prev Res (Phila). 
2010; 3:696-706.

44. El-Khattouti A, Selimovic D, Haikel Y, and Hassan M. 
Crosstalk between apoptosis and autophagy: molecular 
mechanisms and therapeutic strategies in cancer. J Cell 
Death. 2013; 6:37-55.

45. Kumar D, Shankar S, and Srivastava RK. Rottlerin-induced 
autophagy leads to the apoptosis in breast cancer stem cells: 
molecular mechanisms. Mol Cancer. 2013; 12:171.

46. Roetzheim RG, Lee JH, Fulp W, Matos Gomez E, Clayton 
E, Tollin S, Khakpour N, Laronga C, Lee MC, and Kiluk 
JV. Acceptance and adherence to chemoprevention among 
women at increased risk of breast cancer. Breast. 2015; 
24:51-56.

47. Lin JH, Zhang SM, and Manson JE. Predicting 
adherence to tamoxifen for breast cancer adjuvant 
therapy and prevention. Cancer Prev Res (Phila). 2011; 
4:1360-1365.

48. Thompson AM, and Moulder-Thompson SL. Neoadjuvant 
treatment of breast cancer. Ann Oncol. 2012; 23:x231-6.

49. André F, and Zielinski CC. Optimal strategies for the 
treatment of metastatic triple-negative breast cancer with 
currently approved agents. Ann Oncol. 2012; 6:vi46-51.

50. Chia S, Gradishar W, Mauriac L, Bines J, Amant F, Federico 
M, Fein L, Romieu G, Buzdar A, Robertson JF, Brufsky 
A, Possinger K, Rennie P, et al. Double-blind, randomized 
placebo controlled trial of fulvestrant compared with 
exemestane after prior nonsteroidal aromatase inhibitor 
therapy in postmenopausal women with hormone receptor-
positive, advanced breast cancer: results from EFECT. J 
Clin Oncol. 2008; 26:1664-1670.  

51. Sebaugh JL. Guidelines for accurate EC50/IC50 estimation. 
Pharm Stat. 2011; 10:128-34.

52. Chen Z, Bertin R, and Froldi G. EC50 estimation of 
antioxidant activity in DPPH· assay using several statistical 
programs. Food Chem. 2013; 138:414-420.



Oncotarget51762www.impactjournals.com/oncotarget

53. Singh B, Bhat NK, and Bhat HK. Induction of NAD(P)
H-quinone oxidoreductase 1 by antioxidants in female 
ACI rats is associated with decrease in oxidative DNA 
damage and inhibition of estrogen-induced breast cancer. 
Carcinogenesis. 2012; 33:156-163.

54. Singh B, Mense SM, Remotti F, Liu X, and Bhat HK. 
Antioxidant butylated hydroxyanisole inhibits estrogen-
induced breast carcinogenesis in female ACI rats. J 
Biochem Mol Toxicol. 2009; 23:202-211.

55. Singh B, Mense SM, Bhat NK, Putty S, Guthiel WA, 
Remotti F, and Bhat HK. Dietary quercetin exacerbates the 
development of estrogen-induced breast tumors in female 
ACI rats. Toxicol Appl Pharmacol. 2010; 247:83-90. 

56. Singh B, Chatterjee A, Ronghe AM, Bhat NK, and Bhat 
HK. Antioxidant-mediated up-regulation of OGG1 via 
NRF2 induction is associated with inhibition of oxidative 
DNA damage in estrogen-induced breast cancer. BMC 
Cancer. 2013; 13:253.

57. Chatterjee A, Ronghe A, Singh B, Bhat NK, Chen J, and 
Bhat HK. Natural antioxidants exhibit chemopreventive 
characteristics through the regulation of CNC-bZip 
transcription factors in estrogen-induced breast 
carcinogenesis. J Biochem Mol Toxicol. 2014; 28:529-538.

58. Singh B, and Bhat HK. Superoxide dismutase 3 is induced 
by antioxidants, inhibits oxidative DNA damage and is 
associated with inhibition of estrogen-induced breast 
cancer. Carcinogenesis. 2012; 33:2601-2610.

59. Singh B, Ronghe AM, Chatterjee A, Bhat NK, and Bhat 
HK. MicroRNA-93 regulates NRF2 expression and is 
associated with breast carcinogenesis. Carcinogenesis. 
2013; 34:1165-1172.

60. Singh B, Shoulson R, Chatterjee A, Ronghe A, Bhat NK, 
Dim DC, and Bhat HK. Resveratrol inhibits estrogen-
induced breast carcinogenesis through induction of NRF2-
mediated protective pathways. Carcinogenesis. 2014; 
35:1872-1880.


