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Abstract: Prostate (PC) and breast cancer (BC) are heterogeneous hormonal cancers. Treatment
resistance and adverse effects are the main limitations of conventional chemotherapy treatment. The
use of sensitizing agents could improve the effectiveness of chemotherapeutic drugs as well as obviate
these limitations. This study analyzes the effect of single catechin (CAT), procyanidin B2 (ProB2)
treatment as well as the co-adjuvant treatment of each of these compounds with docetaxel (DOCE).
We used PC- and BC-derived cell lines (PC3, DU-145, T47D, MCF-7 and MDA-MB-231). The short
and long-term pro-apoptotic, anti-proliferative and anti-migratory effects were analyzed. RT-qPCR
was used to discover molecular bases of the therapeutic efficacy of these compounds. ProB2 treatment
induced a two- to five-fold increase in anti-proliferative and pro-apoptotic effects compared to single
DOCE treatment, and also had a more sensitizing effect than DOCE on DU145 cells. Regarding BC
cells, ProB2- and CAT-mediated sensitization to DOCE anti-proliferative and pro-apoptotic effects
was cell-independent and cell-dependent, respectively. Combined treatment led to high-efficacy
effects on MCF-7 cells, which were associated to the up-regulation of CDKN1A, BAX, caspase 9 and
E-cadherin mRNA under combined treatment compared to single DOCE treatment. CAT and ProB2
can enhance the efficacy of DOCE therapy on PC and BC cells by the sensitizing mechanism.

Keywords: antitumor activity; catechin; docetaxel; docetaxel-sensitization; hormone-related cancer;
natural substances; plant co-adjuvant therapy; procyanidin

1. Introduction

Breast and prostate cancers are hormone-related cancers, since their appearance and
development is modulated by gonadal steroids. They both present underlying biological
similarities [1,2] and are the first and second most common cancer in women and men,
respectively [3]. Furthermore, familial history of breast cancer (BC) is associated with
prostate cancer (PC) [4] and vice versa [5]. These cancers are highly heterogeneous at
cellular and molecular level. Molecular signatures based on gene expression pattern
include hormonal receptors such as androgen receptor (AR), estrogen receptor (ER), human
epidermal growth factor receptor 2 (HER2) and progesterone receptor (PR). Molecular
subtypes can predict baseline prognosis, distant relapse-free survival and therapeutic
decision-making strategies [6–14].

Docetaxel (DOCE) is a taxane derivate used in BC and PC. Despite its long success,
DOCE has a number of problems in use, such as drug-related cumulative toxicity and
chemoresistance [15–17].

Many dietary phytochemicals are being examined as potential chemopreventive
and chemosensitizer agents. The term chemopreventive entails the administration of
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synthetic, natural or biochemical compounds to prevent the appearance of cancer or even
to inhibit or reverse its progression and dissemination [18]. Further, some new therapeutic
approaches include the combination of natural compounds with chemotherapeutic drugs
to enhance chemotherapy efficacy (chemosensitization) [15] and reduce chemotherapy-
induced adverse effects [15,17,18].

Among all dietary phytochemicals advocated for BC and PC therapy, proanthocyani-
dins have received much attention since they showed potential biological activity in
diabetes, cardiovascular diseases, inflammation, infection and cancer [19,20]. In particular,
catechins (CATs) seem to be promising chemopreventive agents not only of high-grade
prostatic intraepithelial neoplasia (the precursor form of PC) [21,22] but also localized and
advanced PC [23].

Proanthocyanidins are compounds that have a flavan-3-ol structure but show wide
structural diversity due to their different monomeric constituents, degree of oligomer-
ization and connectivity between the flavan units [24]. The most common flavan-3-ols
are catechin (CAT) and epicatechin. The assembly of flavan-3-ol monomer units gives
proanthocyanidin oligomers and proanthocyanidin polymers linked mainly through B-
type bonds (C4→C8 or C4→C6 bonds). Additionally, they can have another bond between
C2→C7 (A-type bond). The proanthocyanidins composed exclusively of CAT and epicate-
chin are designated as procyanidins (Pro). Dimeric Pro are Pro A1, A2, B1, B2, B3, B4, B5,
B6, B8, trimeric Pro are C1, C2, and tetrameric Pro are acatannin A2 and cinnamtannin
A2 [25].

CAT and Pro are present in grape seeds and are considered to contribute to the
beneficious health effects of wine and grape juice, such as anti-oxidant and anti-carcinogenic
effects. CATs’ content depends on, between other factors, geographical origin [26].

The aims of the present research were to examine the in vitro efficacy of ProB2 and
CAT compared to the gold standard DOCE, as well as the efficacy of co-adjuvant therapy
with CAT and ProB2 plus DOCE on hormone-related BC and PC cancer. Taking into
account that BC [8–10,27] and PC [11–14] have different molecular subtypes, we used
human tumor-derived cell lines that mirror many molecular and clinical aspects of BC
and PC in the clinical practice and can play important roles in translational medicine and
biology [28]. We observed the cell line-specific efficacy of single and combined treatments
as well as the cell line-specific efficacy of CAT and ProB2 sensitizing effects.

2. Results
2.1. Cytotoxic Effects on Health Cells

As chemotherapy treatments may cause damage to both cancerous and healthy cells,
we investigated the cytotoxicity of ProB2 and CAT on healthy cells at first. The selected
doses used on cancer cells were chosen according to the toxicity levels of ProB2 and CAT
treatment on mammary and prostate healthy cells.

The survival of mammary and prostate healthy cells was minimally affected (differ-
ences p > 0.05) by ProB2 and CAT. Thus, 97.31% ± 0.76 and 98.04% ± 0.78 of mammary
health cells (p > 0.05 compared with controls) were viable after 72 h treatment with 50 µM
ProB2 (Figure 1A, Table 1B) and 50 µM CAT (Figure 1B, Table 1B), respectively. Fur-
ther, 96.62% ± 0.78 and 99.05% ± 0.68 of prostate health cells were viable following
a 72 h exposure to 150 µM ProB2 (Figure 1C, Table 1A) and 100 µM CAT (Figure 1D,
Table 1A), respectively.
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Figure 1. Effect of single or combined therapy on proliferation of healthy cells (trypan blue dye exclusion assay). (A) Effect 
of different concentrations of ProB2 (10–100 µM), with and without DOCE (60–120 nM) on healthy mammary cells. (B) 
Effect of different concentrations of CAT (5–50 µM), with and without DOCE (60–120 nM) on healthy mammary cells. (C) 
Effect of different concentrations of ProB2 (25–200 µM), with and without DOCE (1–2 nM) on healthy prostate cells. (D) 
Effect of different concentrations of CAT (50–150 µM), with and without DOCE (1–2 nM) on healthy prostate cells. The 
data are means ± SD (n = 3). * p < 0.05, significantly different compared with control treatment. Abbreviations: CAT, cate-
chin; DOCE, docetaxel; ProB2, procyanidin B2. 
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Figure 1. Effect of single or combined therapy on proliferation of healthy cells (trypan blue dye exclusion assay). (A) Effect
of different concentrations of ProB2 (10–100 µM), with and without DOCE (60–120 nM) on healthy mammary cells. (B) Effect
of different concentrations of CAT (5–50 µM), with and without DOCE (60–120 nM) on healthy mammary cells. (C) Effect of
different concentrations of ProB2 (25–200 µM), with and without DOCE (1–2 nM) on healthy prostate cells. (D) Effect of
different concentrations of CAT (50–150 µM), with and without DOCE (1–2 nM) on healthy prostate cells. The data are
means ± SD (n = 3). * p < 0.05, significantly different compared with control treatment. Abbreviations: CAT, catechin;
DOCE, docetaxel; ProB2, procyanidin B2.

Table 1. Effect of ProB2 and CAT on proliferation of (A) healthy prostate and (B) healthy mammary cells (72 h).

(A)

DOCE (nM) ProB2 (µM) Mean SD DOCE (nM) CAT(µM) Mean SD

0 0 98.84 0.87 0 0 98.01 0.87
0 25 98.51 0.92 0 50 99.6 0.79
0 50 97.83 0.65 0 70 98.87 0.88
0 100 97.75 1.03 0 80 98.32 0.86
0 150 96.62 0.78 0 100 99.05 0.68
0 200 32.22 * 0.93 0 150 32.8 * 1.15

1 0 99.11 1.11 1 0 97.87 0.5
1 25 99.27 1.06 1 50 98.67 0.74
1 50 98.08 0.93 1 70 98.86 0.87
1 100 98.45 0.68 1 80 99.34 0.75
1 150 97.9 0.86 1 100 98.43 0.67
1 200 27.86 * 0.92 1 150 24.32 * 0.87

2 0 98.33 1.21 2 0 97.08 1.21
2 25 98.08 1.23 2 50 98.06 1.13
2 50 99.43 0.96 2 70 97.97 0.94
2 100 98.52 0.87 2 80 98.87 0.89
2 150 98.31 0.79 2 100 99.56 1.27
2 200 24.12 * 0.93 2 150 21.13 * 0.83
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Table 1. Cont.

(B)

DOCE (nM) ProB2 (µM) Mean SD DOCE (nM) CAT (µM) Mean SD

0 0 97.32 0.61 0 0 98.33 1.17
0 10 98.91 0.87 0 5 97.09 1.72
0 25 98.10 1.13 0 20 99.93 1.22
0 50 97.02 0.65 0 30 97.53 0.96
0 60 42.21 * 0.83 0 50 98.04 0.78

0 80 31.01 * 1.29 60 0 97.13 1.04
0 100 25.47 * 1.09 60 5 97.21 1.62

60 0 95.31 1.24 60 20 97.22 1.77
60 10 96.04 1.20 60 30 98.28 0.94
60 25 96.92 1.28 60 50 97.67 0.79

60 50 97.31 0.76 120 0 98.75 1.65
60 60 37.06 * 0.56 120 5 98.59 1.31
60 80 29.23 * 0.72 120 20 98.81 0.84
60 100 14.26 * 0.37 120 30 98.01 1.52

120 0 96.72 1.36 120 50 97.27 1.19
120 10 97.44 1.03
120 25 97.03 0.74
120 50 96.15 0.82
120 60 35.24 * 0.59
120 80 22.97 * 0.43
120 100 13.28 * 0.47

Proliferative activity detected using a trypan blue dye exclusion assay. The data are means ± SD (n = 3). Significantly different compared
with control, * p < 0.05. Abbreviations: CAT, catechin; DOCE, docetaxel; ProB2, ProB2, procyanidin B2.

It should be noted that the same treatment regimen (dose and treatment time) signifi-
cantly reduced the viability of tumor cells. By way of illustration, the survival rate was
≈70% and 48% in DU145 PC cells (Figure 2) and MCF-7 BC cells (Figure 3A), respectively,
after 72 h exposure to 150 µM ProB2.
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significant difference between ProB2 treatment alone for 72 h and control treatment at 48 h; c represents the significant 
difference between ProB2 treatment alone for 72 h and 1 nM DOCE treatment alone; d represents the significant difference 
between ProB2 treatment alone for 72 h and 2 nM DOCE treatment alone. Abbreviations: CAT, catechin; DOCE, docetaxel; 
ProB2, procyanidin B2.  

The effect of single ProB2 treatment on proliferation of T47D, MCF-7 and MDA-MB-
231 cells is shown in Figures 3 and 4. ProB2 significantly reduced the viability of MCF-7 
(Figure 3A) and T47D (Figure 3B) cells (p < 0.05); however, the viability of MDA-MB-231 
cells was unaffected (Figure 4). A comparison of both cell lines revealed that ProB2 had 
anti-proliferative effect in a dose- and time-dependent manner on MCF-7 cells, and only 
in a dose-dependent manner on T47D cells. Despite the fact that the effect was more pro-
nounced in MCF-7 cells (73% at 24 h exposure to 50 µM), the inhibition of the growth of 
T47D ones was observed with lower doses (10–50 µM for MCF-7 versus 0.5–10 µM for 
T47D). Concretely, the maximum inhibitory effect on MCF-7 cells (47% at 72 h) was ob-
served with the highest dose tested that was not toxic to normal mammary cells, whereas 
the maximum effectiveness on T47D cells (87% at 72 h) was noted at 10 µM. 

Figure 2. Trypan blue dye exclusion assay results showing viability of DU 145 PC cells under different concentrations of
the test compound (ProB2, DOCE, ProB2 + DOCE) at 24 h (A), 48 h (B) and 72 h (C). Columns, mean; bars, SD (n = 3).
a represents the significant difference between ProB2 treatment alone for 72 h and control treatment at 24 h; b represents
the significant difference between ProB2 treatment alone for 72 h and control treatment at 48 h; c represents the significant
difference between ProB2 treatment alone for 72 h and 1 nM DOCE treatment alone; d represents the significant difference
between ProB2 treatment alone for 72 h and 2 nM DOCE treatment alone. Abbreviations: CAT, catechin; DOCE, docetaxel;
ProB2, procyanidin B2.
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Figure 3. Trypan blue dye exclusion assay results showing viability of MCF-7 (A) and T47D (B) BC cells under different
concentrations of the test compound (ProB2, DOCE, ProB2 + DOCE) at 24 h, 48 h and 72 h. Columns, mean; bars, SE
(n = 3). a represents the significant difference between ProB2 treatment alone and control treatment; b represents the
significant difference between ProB2 treatment alone for 48 or 72 h and ProB2 treatment alone for 24 h; c represents the
significant difference between ProB2 treatment alone and 120 nM DOCE alone; d represents the significant difference
between combination treatment (ProB2 + DOCE 60 nM or DOCE 50 nM) and 60 nM DOCE or 50 nM DOCE alone;
e represents the significant difference between combination treatment (ProB2 + DOCE 120 Nm or DOCE 50 nM) and 120 nM
DOCE or DOCE 50 nM alone (p < 0.05; one-way ANOVA). Abbreviations: DOCE, docetaxel; ProB2, procyanidin B2.

2.2. Antitumor Effects
2.2.1. Anti-Proliferative Activity

Time course cytotoxic effects were evaluated at different time points after exposure to
single ProB2, CAT and DOCE treatment or ProB2 plus DOCE, CAT plus DOCE co-adjuvant
therapy in comparison to untreated cells and single DOCE treatment. We used PC as well
as BC lines with different degrees of malignancy and hormonal receptor status.

Single ProB2 treatment induced dose- and time-dependent cytotoxicity on DU145
PC cells (Figure 2), whereas single CAT treatment did not induce a significant cell death
toward the PC cell lines, and over the concentration ranges tested.

The effect of single ProB2 treatment on proliferation of T47D, MCF-7 and MDA-MB-
231 cells is shown in Figures 3 and 4. ProB2 significantly reduced the viability of MCF-7
(Figure 3A) and T47D (Figure 3B) cells (p < 0.05); however, the viability of MDA-MB-231
cells was unaffected (Figure 4). A comparison of both cell lines revealed that ProB2 had
anti-proliferative effect in a dose- and time-dependent manner on MCF-7 cells, and only
in a dose-dependent manner on T47D cells. Despite the fact that the effect was more
pronounced in MCF-7 cells (73% at 24 h exposure to 50 µM), the inhibition of the growth
of T47D ones was observed with lower doses (10–50 µM for MCF-7 versus 0.5–10 µM
for T47D). Concretely, the maximum inhibitory effect on MCF-7 cells (47% at 72 h) was
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observed with the highest dose tested that was not toxic to normal mammary cells, whereas
the maximum effectiveness on T47D cells (87% at 72 h) was noted at 10 µM.
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Figure 4. Trypan blue dye exclusion assay results showing viability of MDA-MB-231 cells under different concentrations
of the test compound (ProB2, DOCE, ProB2 + DOCE) at 24 h (A), 48 h (B) and 72 h (C). Columns, mean; bars, SE (n = 3).
e represents the significant difference between combination treatment (ProB2 + DOCE 50 nM) and 50 nM DOCE alone;
f represents the significant difference between combination treatment (ProB2 + DOCE 100 nM) and 100 nM DOCE alone
(p < 0.05; one-way ANOVA). Abbreviations: DOCE, docetaxel; ProB2, procyanidin B2.

Moreover, ProB2 was more effective on MCF-7 cells than DOCE time-course of treat-
ment (Figure 3A). A comparison of the two treatments reveals that ProB2 (50 µM) reduced
cell proliferative activity by≈21% and 51%, whereas that of 120 nM DOCE cell proliferative
activity by ≈14% and 17% on exposure for 24 vs. 48 h, respectively. This effect was not
observed in the other two BC cell lines.

As shown in Figures 5 and 6, CAT significantly inhibited the proliferative activity of
MCF-7 and MDA-MB-231 cells, which was time- and dose-dependent. Comparing the
cell lines, it can be seen that the effect began earlier in MCF-7 (24 h) cells but was more
pronounced in MDA-MB-231 cells (Figures 5A and 6). By way of illustration, the maximum
inhibitory effect (concentration of 50 µM) was 28% vs. 40% (48 h) and 44% vs. 48% (72 h) in
MCF-7 and MDA-MB-231 cells, respectively. In contrast, CAT showed no significant effect
on the growth rate of T47D cells. The most striking result to emerge from the data is that
CAT was more effective than the chemotherapy drug (DOCE) at inhibiting the proliferation
of MCF-7 (Figure 5A) and MDA-MB-231 cells (Figure 6).
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Figure 5. Trypan blue dye exclusion assay results showing viability of MCF-7 (A) and T47D (B) BC cells under different
concentrations of the test compound (CAT, DOCE, CAT + DOCE) at 24 h, 48 h and 72 h. Columns, mean; bars, SE (n = 3).
a represents the significant difference between CAT treatment alone and control treatment; b represents the significant
difference between CAT treatment alone for 48 or 72 h and CAT treatment alone for 24 h; c represents the significant
difference between CAT treatment alone for 72 h and CAT treatment alone for 48 h; e represents the significant difference
between combination treatment (ProB2 + DOCE 60 Nm or DOCE 50 nM) and 60 nM DOCE or DOCE 50 nM alone;
f represents the significant difference between combination treatment (ProB2 + DOCE 120 nM or DOCE 100 nM) and 120 nM
DOCE or DOCE 100 nM alone (p < 0.05; one-way ANOVA). Abbreviations: CAT, catechin; DOCE, docetaxel.
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Figure 6. Trypan blue dye exclusion assay results showing viability of MDA-MB-231 cells under different concentrations
of the test compound (CAT, DOCE, CAT + DOCE) at 24 h (A), 48 h (B) and 72 h (C). Columns, mean; bars, SE (n = 3).
a represents the significant difference between CAT treatment alone and control treatment; b represents the significant
difference between CAT treatment alone for 48 or 72 h and CAT treatment alone for 24 h; e represents the significant
difference between combination treatment (ProB2 + DOCE 50 nM) and DOCE 50 nM alone; f represents the significant
difference between combination treatment (ProB2 + DOCE 100 nM) and DOCE 100 nM alone (p < 0.05; one-way ANOVA).
Abbreviations: CAT, catechin; DOCE, docetaxel.
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2.2.2. Pro-Apoptotic Activity

With the anti-proliferative effect of ProB2 and CAT established, we sought to charac-
terize whether the effects of these compounds were due to apoptosis.

Figure 7 provides the results obtained from the analysis of apoptosis in DU145 cells.
This figure is quite revealing in several ways. First, it shows a dose-dependent increase
in the induction of apoptosis under ProB2 treatment, compared to untreated control cells.
Second, there is a clear pro-apoptotic activity of ProB2-treated DU145 cells, which exhibited
a two- to five-fold increase compared to DOCE-treated cells.
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Figure 7. DAPI assay results showing apoptosis of DU145 cells under different concentrations of the
test compound (ProB2, DOCE, ProB2 + DOCE) at 72 h. Columns, mean; bars, SE (n = 3). a represents
the significant difference between ProB2 treatment alone and control treatment; b represents the sig-
nificant difference between ProB2 treatment alone and 2 nM DOCE alone; c represents the significant
difference between combination treatment (ProB2 + DOCE 1 nM) and DOCE 1 nM alone; d represents
the significant difference between combination treatment (ProB2 + DOCE 2 nM) and DOCE 2 nM
alone (p < 0.05; one-way ANOVA). Abbreviations: DOCE, docetaxel; ProB2, procyanidin B2.

Remarkably, comparing the results between the different BC cell lines, it can be
seen that ProB2-mediated death of MCF-7 (Figure 8A) and T47D (Figure 8B) cells can be
explained by apoptotic mechanisms following a 72 h treatment, but not in MDA-MB-231
cells (Figure 8C). This effect is clearly dose-dependent on MCF-7 cells. On the other hand,
the apoptotic rates of MCF-7, MDA-MB-231 and T47D cells treated with DOCE were of up
to 47%, 33% and 19%, respectively.

From Figure 8, we can see a dose-dependent increase in apoptosis when MCF-7
(Figure 8A) and MDA-MB-231 (Figure 8C) cell lines were treated with CAT in relation to
untreated control cells, with maximal effects for both cells being at 50µM. By comparison,
CAT had very little effect on the apoptosis of T47D cells relative to control (Figure 8B).

In summary, these results show that only MCF-7 cells, when exposed to ProB2 or
CAT, exhibited a concentration-dependent increase in apoptosis. The results suggest
the feasibility of cancer cell type-mediated effect. The cells used show different genetic
background regarding hormonal and p53 status as well as tumor type. MDA-MB-231 cells
are TNBC cells (ER-, PR -, HERB2-), AR- and p53 mutant [29–32], whereas both MCF-7
and T47D cells are ER+, PR +, HERB2-, AR+ but p53 wild type (wtp53) [30–32] and p53
mutant (mtp53) [29,30,32], respectively. On the other hand, MDA-MB-231 cells are claudin
low [28,33], basal B adenocarcinoma cells in contrast to MCF-7 and T47D cells. They both
are luminal [28,34–36] but A- and B-type invasive ductal carcinoma cells, respectively [37].
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Figure 8. DAPI assay results showing apoptosis of MCF-7 (A), T47D (B) and MDA-MB-231 (C) cells under different
concentrations of the test compound (CAT, DOCE, CAT + DOCE) at 72 h. Columns, mean; bars, SE (n = 3). a represents the
significant difference between CAT treatment alone and control treatment; b represents the significant difference between
combination treatment (CAT + DOCE 50 nM or DOCE 60 nM) and low-dose DOCE alone; c represents the significant
difference between combination treatment (CAT + DOCE 100 nM or DOCE 120 nM) and high-dose DOCE alone (p < 0.05;
one-way ANOVA). Abbreviations: CAT, catechin; DOCE, docetaxel.

2.2.3. Sensitization of Cancer Cells to DOCE Growth-Suppressive Effect

In relation to PC cells, ProB2 sensitized DU145 to chemotherapy treatment with DOCE
(Figure 2A). Interestingly, when cells were under co-treatment with ProB2 plus DOCE,
ProB2 increased the anti-proliferative and anti-apoptotic efficacy of DOCE. Compared with
1 nM DOCE treatment, ProB2 plus DOCE was from three-fold (50 µg/mL ProB2 plus 1 nM
DOCE) up to six-fold (150 µg/mL ProB2 plus 1 Nm DOCE) more effective in inducing both
cell growth inhibition and apoptosis after 72 h of treatment. Similar results were observed
when compared to single 2 nM DOCE-treated cells with ProB2 plus 2 nM DOCE-treated
ones (Figure 3).

Regarding BC cells, co-treatment with ProB2 plus DOCE showed a marked decrease
in proliferative activity compared with those treated with a single DOCE treatment
(Figures 4 and 5). This effect was observed in all the BC cells tested. For example, the
proliferative activity of MDA-MB-231 cells was mildly affected (≈16% decrease) by 60 nM
DOCE alone for 72 h, and exposure to co-treatment with 50 µM ProB2 plus 60 nM DOCE
decreased proliferative activity ≈45%. Analyzing results according to Lee et al. [38], the
combination index was <1 (combination index of 0.04).

Similarly, as shown in Figure 5, the percentages of cell growth inhibition induced by
CAT in combination with DOCE were greater than each single agent. CAT sensitized MCF-
7, MDA-MB-231 and T47D cells to DOCE treatment. The CAT and DOCE combination
significantly inhibited more proliferation of the three BC cell lines than single CAT or single
DOCE treatment. For example, the proliferative activity of T47D cells remained almost
unchanged after 50 nM DOCE (≈98%) or 50 nM CAT (≈90%) treatment for 72 h. On the
contrary, the number of cells was significantly reduced by ≈28% by a 72 h co-treatment
with 50 µM CAT plus 50 nM DOCE. The combination index was <1 (combination index
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0.03). In relation to the sensitizing effect of ProB2 on apoptosis induced by DOCE, a
comparison between single DOCE treatment and ProB2 plus DOCE co-treatment revealed
that combination therapy increased the pro-apoptotic efficacy of the chemotherapeutic
drug in MCF-7 and T47D but not in MDA-MB-231 cells.

With respect to combination therapy with DOCE plus CAT, it increased the efficacy of
the chemotherapeutic drug in MCF-7 and MDA-MB-231. As shown in Figure 8A,C, when
MCF-7 and MDA-MB-231 cell lines were treated with higher doses of CAT plus DOCE,
they exhibited a stronger percentage of apoptotic cell death than DOCE-treated cells.

Together, these results provide interesting insights into an effective adjunct therapy to
enhance DOCE antitumor efficacy.

2.2.4. Colony Formation Test

The first set of analyses showed above examined the impact of ProB2 and CAT, with
or without DOCE, on the proliferative activity of different BC and PC cell lines at early
time points (24, 48 and 72 h). Further analysis to determine whether the treatments had a
persistent (14 days) inhibitory effect on the proliferative activity of DU145 and MCF-7 cells
was carried out by a colony formation test.

This test determines the number of cancer cells which maintain their proliferative
capacity as well as being able to undergo at least five to six divisions to form a colony after
cytotoxic agent treatments or radiotherapy [39].

As can be seen from Figure 9C, single treatment with 150 µM ProB2 in DU145 PC
cells significantly (p < 0.05) reduced clonogenic potential compared to the control, 1 nM
DOCE or 2nM DOCE treatments. It is noteworthy that co-treatment with ProB2 plus
DOCE drastically blocked the clonogenic potential of DU145 cancer cells, and no colonies
were observed.
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Figure 9. Effect of the treatments for 14 days on the clonogenic activity MCF-7 cells and DU145
cells. Clonogenic assay of MCF-7 cells treated with: (A) ProB2, DOCE or ProB2/DOCE combination
or (B) CAT, DOCE or CAT/DOCE combination. (C) Clonogenic assay of DU145 cells treated with
CAT, DOCE or CAT/DOCE combination. (D) Representative images depicting colony formation
for MCF-7 cells treated with 50 µM CAT, 50 µM ProB2, 120 nM DOCE, 50 µM CAT+120 nM DOCE
or 50 µM ProB2+120 nM DOCE. Clonogenic assay was performed as described in material and
methods. Columns, mean; bars, SE (n = 3). a represents the significant difference between CAT
or ProB2 treatment alone and control treatment; b represents the significant difference between
CAT or ProB2 treatment alone and low-dose DOCE; c represents the significant difference between
combination treatment (CAT + DOCE) and DOCE alone; d represents the significant difference
between combination treatment (ProB2 + DOCE) and DOCE alone (p < 0.05; one-way ANOVA).
Abbreviations: CAT, catechin; DOCE, docetaxel; ProB2, procyanidin B2.
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Single CAT as well as ProB2 treatments in MCF-7 BC cells significantly (p < 0.05)
reduced clonogenic potential compared to the control (Figure 9A,B). Interestingly, we
observed that exposure at higher doses of DOCE (120 nM) combined with CAT or with
ProB2 caused a significant inhibition of the clonogenic potential of these BC cells with
completely inhibited colony formation.

2.2.5. Cell Migration Assay

Since it is postulated that the study of anti-tumor molecules requires dichotomization
into two strategies, anti-proliferative and anti-migratory effects [40], we assessed whether
ProB2 (DU145) as well as CAT and ProB2 (MCF-7) could affect the ability of tumor cells to
migrate using a transwell assay.

ProB2 treatment showed higher anti-migratory effect than the control treatment on
DU145 cells (Figure 10C). On the other hand, the migration ability of MCF-7 cells exposed to
CAT treatment was significantly decreased, compared with untreated control cells (p < 0.05).
The maximum effect appeared at 50 µM (Figure 10B). At the highest concentration of CAT
tested (50 µg/mL), the percent migration decreased to 40% (Figure 10B). However, there
was no significant change in MCF cells’ migration after treatment (10–50 µM) of ProB2
(Figure 10A).
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Figure 10. Effects of ProB2 and CAT on cancer cell migration. Cell migration of MCF-7 cells treated with: (A) ProB2 or (B)
CAT. (C) Cell migration of DU145 cells treated with ProB2. Columns, mean; bars, SE (n = 3). * represents the significant
difference between ProB2 or CAT treatment and control treatment (p < 0.05; one-way ANOVA). Abbreviations: CAT,
catechin; DOCE, docetaxel; ProB2, procyanidin B2.

2.2.6. Gene expression

As stated previously, CAT and ProB2 compounds were found to be highly effective
on MCF-7 cells in comparison to the other cell lines. Furthermore, these compounds
sensitized MCF-7 cells to DOCE anti-proliferative and anti-apoptotic effects, as well as
reduced migration. In order to identify the main genes and pathways implicated in
these effects, a gene expression profiling analysis was performed by RT-qPCR (reverse
transcription–quantitative polymerase chain reaction).

• Sensitization of cancer cells to DOCE growth-suppressive effect
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Different genes involved in the mechanism of proliferative activity, apoptosis, and/or
taxane chemosensitization/chemoresistance [41–50] were analyzed (Figure 11). We ob-
served that combined therapy with ProB2 plus DOCE or CAT plus DOCE up-regulated
CDKN1A (cyclin-dependent kinase inhibitor 1A), BAX (BCL-2-associated X protein),
CASP9 (caspase-9) and E-cadherine. What is striking in Table 2 is that CDKN1A and
BAX mRNA levels increased by almost eight-fold in CAT plus DOCE-treated cells com-
pared to single DOCE treatment. Additionally, CDKN1A and Bax mRNA levels showed a
≈ two-fold increase in ProB2 plus DOCE-treated cells in relation to DOCE-treated ones.
Furthermore, as indicated below, the single treatment of CAT (67-fold) or ProB2 (13-fold) as
well as in combination with DOCE (39-fold CAT plus DOCE vs. 9-fold ProB2 plus DOCE)
greatly increased the expression of E-cadherin, in relation to DOCE. It is already known
that CDKN1A [41,42], BAX [43–45], CASP9 [46,47] and E-cadherine are involved in tumor
growth suppression and apoptosis [48]. By contrast, E-cadherine suppression is associated
to DOCE chemoresistance in hormonal tumors [49,50].
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Figure 11. Fold change in gene mRNA expression of the 20-gene signature in MCF-7 cells. (A) Fold
change in comparison to control. (B) Fold of change in comparison to DOCE. 1, DOCE (120 nM)-
treated cells; 2, CAT (50 µM)-treated cells; 3, ProB2 (50 µM)-treated cells; 4, CAT (50 µM) plus DOCE
(120 nM)-treated cells; 5, ProB2 (50 µM) plus DOCE (120 nM)-treated cells. Abbreviations: AR,
androgenic receptor; BAX, BCL-2-associated X protein; BIRC5, baculoviral inhibitor of apoptosis
repeat-containing 5; CDH1, cadherin type 1, E-cadherin; CDKN1A, cyclin-dependent kinase inhibitor
1A; CASP9, caspase-9; CASP3, caspase-3; CAT, catechin; CLDN1, claudin 1; DOCE, docetaxel; EGFR,
epidermal growth factor receptor; FGFR1, fibroblast growth factor receptor 1; FN; fibronectin; FOXP3,
forkhead box protein P3; ProB2, procyanidin B2; SLUG, snail family zinc finger 2; ZEB1, zinc finger
E-box-binding homeobox 1; VIM, vimentin.

In our study, there was no evident effect on caspase-3 (CASP3) mRNA levels after
single or combined treatments. It is known that MCF7 is a cell line with the deletion of the
CASP3-encoding gene [46,47]. Concerning CASP9, up-regulated expression was observed
after CAT plus DOCE combined treatment (eight-fold increase) but lower compared to
the DOCE single one (18-fold increase) (Table 2). CASP3 and CASP9 are involved in
taxane-induced cell death [46].
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Overall, our results suggest that CDKN1A, BAX, CASP9 and E-cadherin up-regulated
expression contributed to the ProB2- and CAT-induced sensitization to DOCE in MCF-
7 cells.

• CAT and ProB2-induced anti-migratory effect

To identify the mechanisms which might account for the observed decrease in cell mi-
gration, the expression of epithelial–mesenchymal transition (EMT)-related genes [48–51]
was studied. As Table 2 shows, E-cadherin (epithelial phenotype-associated gene) mRNA
gene expression was about 67-fold and 13-fold up-regulated in CAT and ProB2-treated cells,
respectively, compared to DOCE treatment. It is noteworthy that E-cadherin expression
was increased in CAT plus DOCE (39-fold increase) and ProB2 plus DOCE (nine-fold
increase)-treated cells compared to single DOCE-treated cells (p < 0.05). These results
suggest that E-cadherin up-regulation by CAT or PRoB2 efficiently sensitizes MCF-7 cells to
DOCE. After single CAT, ProB2 treatments and CAT or PRoB2 combined with DOCE, there
was no significant change observed in mRNA gene expression in ZEB1 (zinc finger E-box-
binding homeobox 1), FN (fibronectin), SLUG (snail family zinc finger 2), VIM (vimentin),
CLDN1 (claudin 1), EGFR (epidermal growth factor receptor), FGFR1 (fibroblast growth
factor receptor 1), and FOXOP3 (Figure 11). All of them are mesenchymal phenotype-
associated transcription factors which are associated to migration in BC [52] and DOCE
chemoresistance in MCF-7 cells [53] through the repression of epithelial marker E-cadherin.

Table 2. Gene list that represents at least 1.5-fold of change of genes encoding cell proliferation-, apoptosis- and EMT-related
proteins in MCF-7 cells treated either with ProB2 (50 µM), CAT (50 µM), DOCE (120 nM), ProB2 (50 µM)+ DOCE (120 nM)
or CAT (50 µM)+ DOCE (120 nM) for 72 h.

Gene Symbol * Description † Treatment Related to Control Related to DOCE

CDH1
Cadherin 1, type 1,

E-cadherin (epithelial)

DOCE 0.00770
CAT 0.51759 67.19063 a

ProB2 0.10638 13.68735 a

CAT+DOCE 0.30540 39.51263 a

ProB2+DOCE 0.07310 9.49801 a

CDKN1A Cyclin-dependent
kinase inhibitor 1A

DOCE 5.06 a

CAT 1.60 a 0.97
ProB2 0.22 7.39 b

CAT+DOCE 0.38 8.22 b

ProB2+DOCE 0.49 2.40 b

BAX
BCL-2-associated X

protein

DOCE 0.05
CAT 0.01 0.02
ProB2 0.15 0.37
CAT+DOCE 7.25 a 8.46 b

ProB2DOCE 1.37 1.92 b

CASP9 Caspase-9

DOCE 18.02465 a

CAT 1.55971 a 0.08442
ProB2 0.36939 0.02025
CAT+DOCE 8.27195 a 0.46528
ProB2+DOCE 1.48718 a 0.08252

A value greater than 1.5 indicates an increase in expression. Data are the mean of 3 independent experiments ± SE. a, p < 0.05, significantly
different compared with control treatment; b, p < 0.05, significantly different compared with DOCE (120nM) treatment. Abbreviations:
BAX, BCL-2-associated X protein; CDKN1A, cyclin-dependent kinase inhibitor 1A; CASP9, caspase-9; CAT, catechin; CDH1, cadherin type
1, E-cadherin; EMT, epithelial-mesenchymal transition. * Genecards, human gene database [54]; † Gene-NCBI [55].

3. Discussion

In clinical practice, the expression of hormonal receptors determines the response to
treatment, prognosis and survival. As an example, according to the American Society of
Clinical Oncology (ASCO) [56] and European Society for Medical Oncology (ESMO) [57]
guidelines, the analysis of the hormonal receptor characteristics constitutes a standard in
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BC and PC in order to apply therapy decisions. The pattern of expression of receptors
determines treatment that includes hormonal treatment, chemotherapy, antibodies or a
combination of these. BC and PC cells that express the ER (ER+), PR (PR+), AR (AR+)
depend on estrogens, progesterone and androgens for their growth and are more responsive
to endocrine ablation.

As can be seen from Table 3, we used BC and PC cell lines that reflect the genomic
diversity as well as tumor type and aggressiveness [34,58]. The BC cells used are considered
to possess similarity to BC tumors, such as PAM50 (Prediction Analysis for Microarrays)
and whole gene expression profile [34]. DU145 and PC3 are considered as metastatic
castrate-resistant prostate cancer (mCRPC). CRPC involves cancer cells becoming refrac-
tory to treatment and stopping responding to androgen deprivation therapy. Androgen
deprivation therapy aims to block the effect of androgens in CRPC, as they have a pro-
liferative effect. In clinical practice, between 10% and 50% of PC progresses to mCRPC
within 3 years of diagnosis and, despite advances in treatment, remains lethal. When CRPC
occurs, new treatments are required to reduce the androgenic signal and consequently
tumor growth, although resistance is usually developed as well [59].

The first question in this study sought to determine the in vitro efficacy of ProB2 and
CAT on hormone-related cancer cell lines compared to the gold standard DOCE. In the
present study, we have verified that the treatment regimen (dose and treatment period)
of ProB2 and CAT with or without DOCE has high antitumor effects without evident
toxicity on healthy breast and prostate cells. DOCE is a chemotherapeutic agent that acts
on the microtubules of cancer cells inducing cell cycle arrest and apoptosis. Its clinical
benefits are limited both by its cumulative toxicity and by responsiveness or resistance to
it [60]. Hence, there is growing interest in the search for compounds that show an effect
similar to DOCE or sensitize tumor cells to this drug with minimal effect on healthy cells.
Recent studies analyzed the chemosensitization of cancer cells by natural compounds,
although most of them did not show the effect of therapeutic doses on healthy cells [61–65].
In this study, doses of ProB, CAT, ProB2 plus DOCE or CAT plus DOCE, with minimal
impact on the viability of healthy breast or prostate cells (viability ranging from 96 to 98%),
drastically decreased viability in PC and BC cancer cells (viability between 73% and 45%,
depending on the compound and cell type). Future research questions that could be asked
include the effects on other healthy cells such as blood cells, human reproductive cells, etc.
Our ongoing research shows that CAT and ProB2 did not exhibit evident toxic effects on
human fibroblast (data not showed). This is the cell most common in connective tissue,
widely distributed throughout the human body.

One of the most interesting findings of this study was a cell line-specific efficacy
of single ProB2 and CAT treatments. With respect to ProB2, it showed a higher anti-
proliferative effect than DOCE on DU145 cells, at all doses tested at 72 h. In contrast, it did
not show effects on PC3 PC cells. Additionally, ProB2 exhibited more anti-proliferative
effects than DOCE on MCF-7 BC cells, at all doses tested and through the treatment period.
This effect was not observed in T47D and MDA-MB-231 cells. CAT exhibited more effective
anti-proliferative effects than DOCE on MCF-7 and MDA-MB-231 cells but not on T47D
breast cancer cells.

Such a difference could be related to the molecular characteristics of cells as well as the
compounds characteristics, particularly variation in the cell ability to deal with estrogen,
progesterone and androgen activities modulated by the compounds tested (Figure 12). It
is postulated that some types of CATs have binding affinity for ERβ, ERα, PR and/or AR
and could exhibit similar effects to that of selective modulators of hormone receptors, such
as ER modulators (SERMs) [66–70], selective estrogen down-regulators (SERDs) [71–73],
selective progesterone receptors modulators (SPRMs) [72] and selective androgen receptor
modulators (SARMs), even in androgen-independent PC [74,75]. Furthermore, it is sug-
gested that CATs can inhibit different enzymes involved in estrogen and androgen synthesis
such as aromatase (aromatase inhibitors (AIs)] [76–79]) and 5α-reductase [80,81]. Likewise,
it seems that CATs exhibit a pleiotropic effect on several molecular targets (Figure 12A–C):
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• It is considered that the binding affinity of CATs to ERβ and ERα is likely conditioned
by the structure and the dose as well as the cell type [66,68,69,72]. CAT it is a flavan-
3-ol, whose family is considered structurally similar to isoflavones that exhibit some
structural similarities with 17-b-estradiol as well as with other steroid hormones and
steroid hormone antagonists. Thus, CAT could act as an ER agonist or antagonist
whose action is both ER concentration- and ER isomorph-dependent or flavane type-
dependent. The number of hydroxyl groups, mainly those in the flavonoid B-ring,
appeared to be of importance, while changes in the A- or B-hydroxylation rings are
given minor importance [82,83].

• Additionally, it is suggested that some CATs act as ER down-regulators [71–73],
particularly through ERα36 in TNBC progenitor cells [84]. In addition, it is suggested
that some CATs can indirectly down-regulate ERα [73] via PR [72] in MCF-7 cells.

• Different CATs can antagonize androgen, resulting in a decrease in AR-mediated
transcriptional activation [74]. Furthermore, Kampa et al. [75] suggested that flavanol
dimers B1-B4 (oligomeric Pro) and in particular, oleylated B2 could be considered a
therapeutic agent for advanced PC since it had a powerful agonist effect on membrane
AR in androgen-independent DU145 PC cells (ProB2 > ProB3 = ProB4 > ProB1).

• In the present study, we observed that MCF-7 and DU145 cells were most sensitive
to ProB2 and/or CAT than the remaining BC and PC cells, respectively. It is known
that MCF-7 cells and T47D cells both are ER+, PR+ AR+ cells, but MCF-7 cells differ
from T47D cells in that they continually express ER while T47D cells lose ER and
PR expression under estrogen withdrawal [85] as well as in ER and PR expression
levels [29,86]. Additionally, AR activity is necessary for ER+/AR+ MCF-7 and T47D
cell line growth [87]. MCF-7 and T47D both express AR, but two different regulatory
pathways may be involved in the androgen-induced stimulation of proliferation,
resulting in different repercussions on proliferative activity. MCF-7 cells show AR-
mediated and AR-independent MCF-7 mechanisms, whereas T47D exhibits an AR-
mediated one. In addition, MCF-7 cells express a wild-type AR characterized by
a shortened CAG repeat, while T47D presents a CAG repeat length considered in
the normal range [88]. This shortening represents a more active receptor [89]. In
addition, these cell lines differ in AR-FL (full-length AR) and splice variants from the
AR gene (ARVs) expression. The latter are constitutively active androgen-independent
transcription factors that are implicated in resistance to treatment in PC and in BC.
ARVs vary widely among the BC and PC cell lines tested. As an example, MDA-MB-
231 cells exhibits the highest ARV to AR-FL ratio, followed by T47D and MCF-7 cells.
Additionally, MDA-MB-231 cells exhibit low AR-FL and high AR-V3 expression. AR45,
AR-V1, AR-V7 and AR-V9 splice variants rather than T47D and MCF-7 cells [90]. On
the other hand, DU145 and PC3 cells do not express AR and Erβ, while PC3 express
ERα [91].

• Additionally, it should be remembered that MCF7 and T47D are PR+. Regarding PC
cells lines used in the present study, PC3 and DU145 differ in the expression of PR
isoforms (isoforms A and B). While PC3 presents the two promotors methylated and
inactivated, DU145 presents them unmethylated and activated. It should be noted
that two promoters control the expression of PR isoforms and hypermethylation of
cytosine-rich areas in promoters, which is considered a functional inactivation [92].
The overexpression of the isoform A is involved in cyclin D1 activity; proliferative
promoters increase (TGFβ1) as well as pro-invasive and pro-migratory changes (basal
membrane disruption, etc.). Interestingly, those effects can be counteracted by antie-
strogens [93].

• Grape seed extracts and red wine, and specifically ProB2 dimers (from grape seeds
as well as red wine), could suppress aromatase activity [76–79], inducing hormonal
changes attributed to AI [79]. DU145 and PC3 cells used in the present study have
constitutive aromatase activity, but with different levels [94]. Regarding BC cell lines,
there are contradictory data on aromatase expression, with the presence [95,96] or
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absence of this enzyme [97]. In the present study, we found that PC and BC cell lines
show different degrees of susceptibility to the effects of CAT and ProB2.

• 5α-reductase 1 is present in both PC cell lines used in this study, while 5α-reductase
2 is present in DU145 PC cells [98]. With respect to BC cell lines, MCF-7 and T47D
BC cells used in this study both express 5α-reductase 1 [99]. It was suggested that
some CATs from green tea seed extract exert 5α-reductase inhibitory characteristics.
On the other hand, it seems that natural compounds that act as inhibitors possessing a
catechol group have selectivity for the type 1 isozyme [80]. Additionally, polymeric
anthocyanins seem to be type 2 isozyme inhibitors [81]. Thereby, it was suggested
that they are useful for the prevention as well as the treatment of androgen-dependent
disorders [80].

According to the above mentioned, the effects of CAT and ProB2 would be expected to
be greater in MCF-7 cells and DU145 cells compared to the remaining BC and PC cell lines
used, as we observed. An important issue for our future research is the effect of blocking
of the AR, ER and PR on the ability of the tested compounds to influence their antitumor
efficacy on BC and PC cells.

The second question in this research was to establish the efficacy of co-adjuvant
therapy with CAT or ProB2 plus DOCE. In regard to this question, this study found that
ProB2 sensitizes only one PC cell line (DU145) to DOCE effects. Herein, we report that the
combination therapy with ProB2 and DOCE exhibited a much stronger anti-proliferative
and anti-apoptotic effect (from three-fold to six-fold increase) on DU145 cells as compared
to individual DOCE treatment. On the other hand, we observed that ProB2 and CAT
sensitize all the BC cells tested (cell-independent) to the anti-proliferative effect of DOCE.
Nevertheless, sensitization to DOCE apoptotic effects was cell-dependent. Hence, both
ProB2 and CAT sensitize MCF-7 cells to the pro-apoptotic effect of DOCE. By contrast, only
one of these compounds caused this effect on T47D (ProB2) and MDA-MB-231 (CAT) cells.

An interesting question is whether the sensitization by ProB2 and CAT to DOCE on
MCF-7 cells occurs. To demarcate some possibilities:

• Combined therapy with receptor modulators and chemotherapy drugs such as DOCE
has long since been given improving clinical outcomes (CHAARTED trial, STAMPEDE
trial, PROXIMA trial, etc.) [59,100–103]. Moreover, it has recently been found that
SERMs can act as modulators of microtubules at taxane sites [104]. As it is shown
in Figure 12A–C, ProB2 and/or CAT could exert a pleiotropic effect on hormone
receptors and hormone synthesis, in particular in ER+PR+, AR+ BC cells such as MCF-
7 cells (already discussed above). Additionally, as it is shown in Figure 12A, CATs
and DOCE have some similar mechanisms of action such as AIs or AR modulators.
These aspects may have contributed to the sensitizing effect of DOCE in the combined
treatment of ProB2 plus DOCE and CAT plus DOCE shown in this study.

• The dual targeting of the microtubule structure could sensitize cancer cells to chemother-
apy treatment (Figure 13). Microtubule-targeting agents (MTAs) such as DOCE are an
effective treatment for solid tumors such as BC and PC. This drug is the standard treat-
ment for BC and PC, both metastatic and resistant to other treatments [59,60,101–103].
A large number of naturally sourced MTAs are antimitotic agents by acting on tubu-
lin protein and its polymers microtubules [105,106]. These drugs can be classified
according to their effect in microtubule-destabilizing agents ((MTDAs) vinca alcaloids,
cryptophycins, etc.) and microtubule-stabilizing agents (MTSAs) that include Pa-
clitaxel and its semisynthetic analogue DOCE [105], the chemotherapy drug tested
in the present study. DOCE binds to the β-tubulin subunits of microtubules at the
taxane-binding side, inducing the suppression of MT dynamics (low doses) or the
stabilization of microtubules, and thereafter, cell-cycle arrest [105].

• The molecules tested in our study could act as MTAs, and their administration with
DOCE could contribute to the sensitization to DOCE by CAT and ProB2 observed in
our study (Figure 13). Recent reports suggest that natural compounds such as CATs
can exert anti-proliferative activity against parasites [107] and lung, cervix [108] and
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hepatoma cancer [109] cell lines could be mediated by union to β-tubulin chain [103], α-
tubulin protein and α-β heterodimer [109]. In silico modeling has provided additional
insights into potential mechanisms of some types of CATs by binding to α-tubulin
molecules at the interface, between α-and β-heterodimers, which could be responsible
for the depolymerization of MTs in cervix cancer cells. Additionally, a cell-free system
study showed that EGCG causes the inhibition of microtubule polymerization [108].
In our future research, we will analyze the effect of ProB2 and CAT, with and without
DOCE, on α-and β-tubulin as well as microtubules.

• Among the cells used in this study, the MCF-7 cell line has been shown to be the
most sensitive to treatment. Overall, our results suggest that CDKN1A, BAX, CASP9
and E-cadherin up-regulated expression contributing to the ProB2- and CAT-induced
sensitization to DOCE in MCF-7 cells, since:

1. CDK 1 is of particular importance as it is essential to ensure cell cycle pro-
gression and apoptosis [110–112]. CDK inhibitors had been postulated as a
promising therapeutic strategy for advanced cancer [113]. CDKN1A suppresses
tumor growth and apoptosis [41,42,111,113]. It is postulated that preventing
the up-regulation of the CDK1 axis improves the sensitivity of cancer cells to
chemotherapeutic agents, increasing their effectiveness. Combined treatment
with CDK inhibitors and chemotherapeutic agents significantly increases the
effectiveness of the chemotherapeutic agent [108–115], including docetaxel [114].
In addition, inactivating CDK1 agents can induce long-term cytotoxicity (clono-
genic assay) [116]. In the present study, we observed that MCF-7 cells treated
with CAT plus DOCE and ProB2 plus DOCE caused a high increase in CDK1
inhibitor. Additionally, in this study, the combined treatment of PRoB2 plus
DOCE as well as CAT plus DOCE inhibited the formation of colonies drastically
in relation to DOCE alone.

2. BAX and CASP9 promote apoptosis [43–47] and both CASP3 and CASP9 seem
to be involved in taxane-induced cell death [46]. Interestingly, we found that
both BAX (≈ eight-fold) and (≈ two-fold) increased in CAT plus DOCE-treated
cells and ProB2 plus DOCE-treated cells, respectively, in relation to DOCE.

3. E-cadherine, an epithelial phenotype maintaining gene, can inhibit mitogenic
signaling [48] and its suppression is associated to DOCE chemoresistance in
hormonal tumors [49,50,53]. As far as we observed, with a great increase in
E-cadherine under combined treatment compared to DOCE single treatment, a
highly sensitizing effect could be expected.

4. Sensitization to DOCE induced by the compounds tested on MCF-7 cells does not
appear to be influenced by the expression of beta tubulin III (TUBB3), baculoviral
inhibitor of apoptosis repeat-containing 5 (BIRC5) and forkhead box protein P3
(FOXOP3). It is known that FOXOP3 is involved in apoptosis [117] and that
BIRC5 is a bi-functional protein that acts not only as a mitotic regulator but also
inhibits caspase activation [118].
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ProB, DOCE treatment) or co-adjuvant treatment (CAT plus DOCE or ProB2 plus DOCE). Panel (A) represents ER+, PR+, 
AR+ BC (MCF-7 and T47D cells) while panel (B) represents TNBC BC (MDA-MB-231 cells). Orange circle represents E2’s 
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(aromatase enzyme is involved in the conversion of the testosterone to estradiol). 5α-reductase converts testosterone into 
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scriptional activity and/or nuclear localization (panel A). Furthermore, the belief that DOCE acts by interfering with the 
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Figure 12. Schematic representation of proposed mechanism by which CAT and ProB2 with and without DOCE could
promote anti-tumor effects. Panels (A–C) show therapeutic targets in BC and PC with the corresponding drugs used in
clinical practice (boxes in blue). Likewise, the targets on which CATs and/or ProB (green boxes) can act are observed. Black
truncated arrows and lines indicate mechanisms that stimulate tumor growth and invasion. Red truncated arrows/lines
show the effects of drugs as well as CAT/ProB. Therapeutic targets depending on the type of BC and PC are based on
Karamouzis et al. [119] with modifications. It is observed how the different targets and mechanisms vary depending on
the cellular characteristics. Based on this aspect, different cell sensitivity can be expected under single (CAT, ProB, DOCE
treatment) or co-adjuvant treatment (CAT plus DOCE or ProB2 plus DOCE). Panel (A) represents ER+, PR+, AR+ BC (MCF-7
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and T47D cells) while panel (B) represents TNBC BC (MDA-MB-231 cells). Orange circle represents E2’s non-genomic,
membrane-mediated effects according to Chaudhri et al. [120]. Panel (C) represents CRPC (DU-145 and PC3 cell lines).
The circle in purple color corresponds to the schematic representation of non-genomic mAR signaling in DU145 CRPC
based on Papadopoulou et al. [121]. Meanwhile, BC and PC are hormone cancers; different hormones such as estrogens,
progesterone and androgens are involved in their growth and metastatization. The pro-tumor effect of these hormones
is largely established through their binding to their corresponding receptors. Therefore, the therapy of these cancers
includes molecular target therapies such as selective modulators of hormone receptors as well as selective inhibitors of
enzymes related to the synthesis of steroid hormones [75,122]. Namely, selective ER modulators (SERMs), selective ER
down-regulators (SERDs), selective PR modulators (SPRMs), selective androgen receptors modulators (SARMs), aromatase
inhibitors (Ais) and 5α-reductase inhibitors, represented in panels A, B and C. SERMs, by binding to the ER, prevent binding
of estrogens to that receptor and thereby estrogen-stimulated cell proliferation, whereas SERDs down-regulate the ER.
SAMRs interact with AR, preventing tumor growth and metastatization. AIs inhibit the synthesis of estrogens (aromatase
enzyme is involved in the conversion of the testosterone to estradiol). 5α-reductase converts testosterone into a more active
androgen called 5α-DTH and also metabolizes progesterone to 5αDHP, being an important regulator of androgens and
progesterone effects. Testosterone and 5α-DTH bind to AR and induce prostate hypertrophy as well as PC. 5α-reductase
inhibitors block 5α-DTH production. CATs, by acting on hormonal receptors, could have pharmacological actions similar
to those of modulators of these receptors (SERMs, SERDs, SPRMs, SARMs) [66–75,82]. In addition, they would act by
inhibiting aromatase [76–79] or 5-α reductase [81]. DOCE causes AI in luminal BC cells and alters AR transcriptional
activity and/or nuclear localization (panel A). Furthermore, the belief that DOCE acts by interfering with the mechanism of
action of AR is reinforced. DOCE could prevent AR translocation into the nucleus. Indeed, there is correlation between
clinical response and AR cytoplasmic retention in circulating tumor cells isolated from mCRPC treated with DOCE [123].
Abbreviations: AIs, aromatase inhibitors; Akt, protein kinase B; AR, androgen receptor; BSA, bovine serum albumin;
CAT, catechin; CRPC, castrate resistant prostate cancer; DHEA, dehydroepiandrosterone; DHP, dihydroprogesterone;DHT,
dihydrotestosterone; DOCE, docetaxel; ERα, estrogen receptor alfa; E1, oestrone; E2, oestradiol; EGFR, epidermal growth
factor receptor; ERβ, estrogen receptor beta; FAK, focal adhesion kinase; HERB2, human epidermal growth factor receptor
2; HERB3, human epidermal growth factor receptor 3; IGFR, insulin-like growth factor receptor; LIMK2, LIM domain
ki-nase 2; LPA, lysophosphatidic acid; mAR, membrane androgen receptors; MATs, microtubule-targeting agents; MT,
microtubule; MTSAs, microtubule-stabilizing agents; mTOR, mammalian target of rapamycin; PKC, protein kinase C; PLC,
phospholipase C; PLD, phospholipase; ProB2, procyanidin B2; ProB, procyanidins; PI3K, phosphoinosi-tide-3-kinase; RTK,
receptor tyrosine kinase; ROCK, rho-associated protein kinase; T, testosterone.

Taken together, these results suggest that these anti-tumor therapeutic effects with
minimal toxic effects in healthy cells could be useful in clinical practice. However, caution
must be applied, as more studies are required in this regard.
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Figure 13. Types of MTAs according to their effect on microtubules: MTDAs and MTSAs. MTDAs and MTSAs induce
depolarization and polarization of microtubules, respectively, at high doses, whereas both MTAs cause suppression
of MTs dynamics at low doses [105]. Main MTDAs- and MTSAs-domain binding drugs are showed. The schematic
representation of drug-binding sites on tubulin is based on McLoughlin et al. [119] with modifications. CATs could interact
with tubulin [107–109]. Based on in silico data, it appeared that some CATs bind to the α-subunit of tubulin, close to
the colchicine site [108]. DOCE binds to the β-tubulin subunits of microtubules [124], at taxane-binding side, inducing
suppression of MTs dynamics (low doses) or stabilization of microtubules, and thereafter cell-cycle arrest effects [105].
Abbreviations: EGCG, epigallocatechin gallate; MT, microtubule; MTDAs, microtubule-destabilizing agents; MTSAs,
microtubule-stabilizing agents.
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4. Material and Methods
4.1. Cell Culture

Human BC cell lines MCF-7 (cat. no. HTB-22), T47D (cat. no. HTB-133), MDA-
MB-231 (cat. no. HTB-26), as well as PC cell lines PC3 (cat. no. CRL-1435) and DU145
(cat. no. HTB-81) (Table 3), and also healthy primary mammary epithelial cells (HMEC,
PCS-600-010) and epithelial prostate cells (HprEC, PCS-440-010) were obtained from ATCC
(ATCC; Manassas, VA, USA) and cultured according to their recommendations (culture
conditions, culture media and antimicrobials/antimycotics). Stock solutions of CAT (cat.
no. 43412, Sigma-Aldrich, Madrid, CM, Spain), ProB2 (cat. no. 42157, Sigma-Aldrich,
Madrid, CM, Spain) and DOCE (cat. no. 01885, Sigma-Aldrich, Madrid, CM, Spain) were
prepared in dimethyl sulfoxide (DMSO, cat. no. D2650; Sigma-Aldrich, Madrid, CM, Spain)
and diluted with complete medium. The controls had an equal volume of DMSO (final
concentration < 0.05%).

Table 3. Characteristics of cancer cell lines.

Cell Line T. Type a T. source Pan-Can IHC-ST b Tx-st Diffs TP53 Status c ER/PR/HERB2/AR d

MCF-7 A, NOS PE Lum/HER2 A Lum Lum1 Wt ER +/PR+/HERB2-/AR+

T47D Idc, NOS PE Lum/HER2 A Lum Lum2 m ER+/PR+/HERB2-/AR+

MDA-MB-231 A, NOS PE —— C Claudin low —— m ER-/PR-/HERB2-/AR+

PC3 AD, Grade IV Bom-d —— —— —— —— m ER/PR/AR-

DU145 AD, NOS Brm-d —— —— —— —— m ER/PRAR-

[28–37,54,55,86,88–90,125]. Abbreviations: A, adenocarcinoma; ARs, androgen receptor status; Bom-d, bone metastasis-derived; Brm-d,
brain metastasis-derived; Diffs, differentiation status; Idc, infiltrating duct carcinoma; IHC-ST, immunohistochemistry subtype; m, mutant;
NOS, not otherwise specified; Pan-Can ST, nanoString Pan Cancer Pathways panel; PE, pleural effusion; T type, tumor type; T. source, tissue
source; Tx-ST, transcriptome subtype; w, wild type. a Tumor type, including morphology and/or histology based on International Diseases
on Oncology (ICD-O), World Health Organization. International classification of diseases for oncology (ICD-O)–3rd edition, 1st revision
and SNOMED. C50.- ICD-O topography. C61.- ICD-O topography [29,30]. b IHC-ST:A,E-Cad+/Vim-/ER+/HER2+/AR+/EGFR+/;B,E-
Cad+/Vim-/ER-/HER2+/AR+/EGFR+;C,E-Cad-/Vim+/ER-/HER2-/AR-/CK19+/EGFR+ [36]. c International Agency for Research on
Cancer (IARC); Catalog of Somatic Mutations in Cancer (COSMIC) [30,36,125]. d Expression level: [29], AR high [123]; T47D, PR high [29];
ER, MCF7 > T47D; PR, T47D > MCF7 [86]; AR, MCF7 > T47D > MDA-MB-231 [86]; PC3, ERα-/ERβ-; DU145, ERα-/ERβ+ [91]; PC3 PR-A
and PR-B promotors methylated and inactivated DU145 presents them unmethylated and activated [89].

4.2. Treatments

DOCE doses were chosen according to their anti-tumor effects on previous reports [126].
The selected doses of CAT and ProB2 were chosen according to the toxicity levels of CAT
and ProB2 administration on healthy prostate cells (Table 1A) and healthy mammary
cells (Table 1B). Survival was dramatically decreased with doses up to 50 µM (differences
p < 0.05).

The following treatments were used: fresh complete medium containing DMSO at
final concentration < 0.05% (controls); CAT at 5, 20, 30 and 50 µM (MCF-7, T47D and
MDA-MB-231 cells); ProB2 at 10, 25, 50 µM (MDA-MB-231 and MCF-7 cells); ProB2 at
0.1, 0.5, 1, 10 µM (T47D cells) and/or DOCE at 60, 120 nM (MCF-7 cells) and/or DOCE
at 50, 100 nM (MDA-MB-231 and T47 cells); CAT at 50, 70, 80 y 100 µM (PC3 and DU145
cells); ProB2 at 25, 50, 100, 150 µM (PC3 and DU145 cells) and DOCE at 1, 2 nM (PC3 and
DU145 cells).

4.3. Viability Assay

Cells were seeded in 96-well plates (5 × 103) overnight before exposure to the treat-
ments. After incubation under standard culture conditions (37 ◦C, humidified atmosphere
of 95% air, 5% CO2) for 24, 48 or 72 h, the numbers of viable cells were evaluated using
trypan blue (cat. no. T6146, Sigma-Aldrich, Madrid, CM, Spain) dye exclusion [127].

4.4. Sensitization of Cancer Cells to Growth Suppression by DOCE

The combination effect between DOCE and CAT and DOCE and ProB2 was calculated
as previously described [38].
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4.5. Apoptosis Assay

The cells were seeded (2 × 104) on coverslips overnight before exposure to the treat-
ments (DMSO, CAT, ProB2 and/or DOCE at the same concentrations mentioned above).
After incubation (at 37 ◦C for 72 h), the cells were stained as previously described [126].
The apoptotic cells were counted under fluorescence microscope (40×) [125].

4.6. Colony Formation Assay

In order to evaluate the cytotoxic effects of treatment over a prolonged period of
time, clonogenic assays were performed on the cell lines 14 days after treatment. The
cells were seeded (1000 cells/well by quadrupling) in 6-well plates before exposure to the
treatments [39]. The cells were observed during the experiment and at day 14, colonies
with more than 50 cells were counted under a phase contrast microscope. Finally, the
colonies were dyed with violet crystal (cat. no. C6158; Sigma-Aldrich, Madrid, MD, Spain)
and counted through the Digital Analysis Program Cell Profile.

4.7. Cell Migration Assay

DU145 and MCF-7 cells (1× 105) treated with ProB2 or CAT were suspended in 100 µL
of serum-free medium and seeded into the upper chamber of Millicell Cell Culture Inserts
for 24-well plates (cat. no. PIEP12R48; Merck Millipore Madrid, MD, Spain). Later, their
migration ability was determined as previously described [126,128].

4.8. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

Considering that MCF cells were the most sensitive cancer cells to both CAT and
ProB2 effects, to determine the molecular mechanism by which these compounds decrease
proliferative activity, clonogenic activity and migration as well as sensitize BC to DOCE,
we preformed RT-qPCR.

After the cells (1 × 104 cells/well) were grown in growth chambers (cat. no. C6932;
Sigma-Aldrich, Madrid, MD, Spain) for 24 h, they were treated with CAT, ProB2, and/or
DOCE and cultured during 72 h. RNAs were isolated from cells using an RNAspin Mini
RNA Isolation Kit (cat. no. MRN70, Sigma-Aldrich, Madrid, MD, Spain). Real-time PCR
reactions were performed as previously described [126]. Three independent analyses were
performed for each sample, and changes in the expression of target expression of genes
normalized to GAPDH were calculated with the ∆∆Cq method for relative quantification
and expressed as the fold change relative to the untreated control. RT-PCR primer sets
were purchased from Sigma-Aldrich.

4.9. Statistical Analysis

The results represent the mean of at least three independent experiments (mean± SD).
The significance of difference in measured variables between the control and treated groups
was studied by the t-test or ANOVA. Difference was considered significant at p ≤ 0.05.
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The role of individual caspases in cell death induction by taxanes in breast cancer cells. Cancer Cell Int. 2015, 15, 8. [CrossRef]
[PubMed]

47. Wang, S.; He, M.; Li, L.; Liang, Z.; Zou, Z.; Tao, A. Cell-in-Cell Death Is Not Restricted by Caspase-3 Deficiency in MCF-7 Cells.
J. Breast Cancer 2016, 19, 231–241. [CrossRef]

48. Jeanes, A.; Gottardi, C.; Yap, A. Cadherins and cancer: How does cadherin dysfunction promote tumor progression? On-Cogene
2008, 27, 6920–6929. [CrossRef] [PubMed]

49. Marín-Aguilera, M.; Codony-Servat, J.; Reig, Ò.; Lozano, J.J.; Fernández, P.L.; Pereira, M.V.; Jiménez, N.; Donovan, M.; Puig, P.;
Mengual, L.; et al. Epithelial-to-Mesenchymal Transition Mediates Docetaxel Resistance and High Risk of Relapse in Prostate
Cancer. Mol. Cancer Ther. 2014, 13, 1270–1284. [CrossRef] [PubMed]
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