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Abstract: Triple-negative breast cancer (TNBC) accounts for 15% of all breast cancers and is highly
aggressive. Despite an initial positive response to chemotherapy, most patients experience rapid
disease progression leading to relapse and metastasis. This is attributed to the presence of breast
cancer stem cells (BCSCs) within the tumor, which are characterized by self-renewal, pluripotency,
and resistance mechanisms. Targeting BCSCs has become critical as conventional therapies fail
to eradicate them due to a lack of specific targets. Curcumin, a polyphenol derived from turmeric
(Curcuma longa), exhibits anticancer effects against breast cancer cells and BCSCs. The use of curcumin
derivatives has been suggested as an approach to overcome the bioavailability and solubility problems
of curcumin in humans, thereby increasing its anticancer effects. The aim of this study was to evaluate
the cellular and molecular effects of six synthetic compounds derived from the natural polyphenol
epigallocatechin gallate (EGCG) (TL1, TL2) and curcumin derivatives (TL3, TL4, TL5, and TL6) on
a TNBC mesenchymal stem-like cell line. The activity of the compounds against BCSCs was also
determined by a mammosphere inhibition assay and studying different BCSC markers by Western
blotting. Finally, a drug combination assay was performed with the most promising compounds to
evaluate their potential synergistic effects with the chemotherapeutic agents doxorubicin, cisplatin,
and paclitaxel. The results showed that compounds exhibited specific cytotoxicity against the TNBC
cell line and BCSCs. Interestingly, the combination of the curcumin derivative TL3 with doxorubicin
and cisplatin displayed a synergistic effect in TNBC cells.

Keywords: polyphenols; curcumin; triple-negative breast cancer; cancer stem cells

1. Introduction

Breast cancer (BCa) is the most common and second most fatal cancer among Western
women [1]. Within the different molecular subtypes of BCa, triple-negative breast cancer
(TNBC) refers to tumors that lack expression of estrogen and progesterone receptors, as well
as overexpression and/or amplification of the human epidermal growth factor receptor-
2 (HER2). TNBC constitutes the most lethal subtype of BCa, accounting for 15-20% of
all BCas [2], and showing a higher incidence among young women. Despite an initial
positive response to chemotherapy, the lack of specific targets, poor cell differentiation,
high molecular heterogeneity, and metastatic potential of the tumor result in an only
30% survival rate for TNBC patients beyond 5 years from diagnosis [3]. Unfortunately,
chemotherapy constitutes the main treatment, since targeted therapies remain infeasible
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due to the absence of specific markers [4]. Consequently, scientific efforts are currently
focused on searching for new targets and pharmacological treatments for these patients.

The aggressiveness of TNBC is potentially driven by a subpopulation of stem-like cells
within breast tumors, the so-called breast cancer stem cells (BCSCs) [4]. These cells represent
1-3% of tumor cells and exhibit unique properties, such as self-renewal and pluripotency or
the ability to invade and metastasize to other parts of the body [5]. Through asymmetric
division, they are able to maintain their own population and to differentiate into any of
the tumorigenic cells, allowing the reconstitution of the heterogeneous tumor cell popula-
tion [6]. Current therapies lack specific targets to attack this cell population. Hence, it is
important to identify novel therapies that selectively target the BCSC population. BCSCs
are characterized by CD44" /CD24" cell surface marker expression, increased expression
of the enzyme aldehyde dehydrogenase 1 (ALDH1), and the ability to grow as spheres in
suspension [7,8]. Furthermore, several signaling pathways are altered in BCSCs, including
the embryonic signaling pathways Notch, Wnt/ 3-catenin, and Hedgehog. During the pro-
cess of carcinogenesis, alterations in these pathways allow cancer cells to acquire stemness
properties, thereby increasing proliferation, tolerance, and dedifferentiation [9-11].

A large number of plant secondary metabolites, especially polyphenols, have histor-
ically been employed as antitumor agents. The effects of these dietary compounds are
better tolerated by patients than conventional anticancer therapies. Some examples include
epigallocatechin-3-gallate (EGCG), curcumin, resveratrol, and emodin [12]. EGCG, in par-
ticular, is a polyphenol present in green tea (Camelia sinensis) that exhibits antiproliferative,
antimetastatic, and pro-apoptotic activities. This catechin has also demonstrated antipro-
liferative effects in TNBC cells through the inhibition of the lipogenic enzyme fatty acid
synthase [13,14]. Since EGCG has limited bioavailability and poor stability in serum, new
analogues have been developed. In this context, Turrado et al. designed and synthesized a
collection of compounds incorporating two galloyl esters linked to a cyclic subunit. Three of
these compounds, namely G28, G37, and G56, resulted to be the most active against HER2+
BCa cells. G28 also exhibited good pharmacokinetic parameters and demonstrated potent
tumor volume reduction in vivo (Figure 1) [15]. Furthermore, G28 showed significant
antiproliferative activity in TNBC and the capacity to act against the BCSC population with
a notable inhibition of mammosphere formation [13,16-18].
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Figure 1. Structure of G28, curcumin, and curcumin analogues 1 and 2.

On the other hand, curcumin is a polyphenol extracted from the rhizome of turmeric
(Curcuma longa), widely used in Eastern medicine for its antioxidant, anti-inflammatory,
antimicrobial, and antiviral properties (Figure 1). It also has potential anticancer properties,
which are still under investigation, and can regulate growth factors, enzymes, transcription
factors, kinases, as well as inflammatory cytokines and pro- and antiapoptotic proteins [19,20].
In BCa cells, curcumin shows antiproliferative and anti-invasive effects. Alone or in
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combination with other drugs, it has been shown to be an effective approach to treat
BCa [21-23]. However, curcumin has very low bioavailability and low absorption in humans,
caused by its poor water solubility and rapid systemic elimination. To overcome these
limitations and enhance the specific cytotoxicity of curcumin towards cancer cells, researchers
have designed and synthesized analogues of this natural polyphenol [24-26]. For instance,
replacement of the diketone moiety of curcumin with a cyclohexanone led to 2,6-bis(4-
hydroxy-3-methoxybenzylidene)cyclohexan-1-one (1), which displayed a lower ICsy on
murine 4T1 breast cancer cells and better in vivo antitumor properties than curcumin [27]
(Figure 1). The 1,3-diketone was also substituted by a ketone group, the resulting (1E,4E)-
1,5-bis(4-hydroxy-3-methoxyphenyl)penta-1,4-dien-3-one (2) also being more potent than
curcumin [28].

Taking advantage of the antitumor properties of the polyphenol G28, and of curcumin
and its derivatives 1 and 2, herein we planned to design and study the new polypheno-
lic compounds TL1-TL6 (Figure 2). The cytotoxic potential of these compounds against
an MDA-MB-231 TNBC cell model and its BCSC subpopulation were evaluated. Alter-
ations in common signaling pathways and cell death markers were also analyzed. Finally,
drug combination assays with chemotherapeutic agents were performed using the most
feasible derivatives.
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Figure 2. Structures of polyphenols TL1-TL6.
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2. Results
2.1. Design of Polyphenols TL1-TL6

Polyphenols TL1-TL6 were designed based on the structure of G28, curcumin, or
curcumin analogues 1 and 2 (Figures 1 and 2). TL1 and TL2 are G28 analogues re-
sulting from the substitution of the naphthalene-1,3-diyl central core of G28 with a 1,4-
phenylenebis(methylene) or a benzene-1,3,5-triyl, respectively. In TL1, the sp> carbon
between the cyclic subunit and the galloyl esters provides a more flexible structure. TL2
was designed to assess the influence in the activity of a third galloyl ester. Polyphenols
TL3-TL6 are curcumin derivatives bearing two galloyl esters linked to the curcumin scaffold
(TL3), to the curcumin analogue 1 (TL4 and TL5) or to the curcumin analogue 2 (TL6). TL4
and its isomer TL5 contain a cyclohexanone instead of the 1,3-diketone moiety present in
curcumin, whereas TL6 incorporates a single ketone group.

2.2. Synthesis of Polyphenols TL1-TL6

Polyphenols TL1-TL6 were synthesized following a previously reported strategy [17]
(Scheme 1). The protocol involved the following: (i) protection of gallic acid with the
tert-butyldimethylsilyl group (TBDMS); (ii) activation of the carboxylic acid group of the
TBDMS-protected gallic acid; (iii) esterification with curcumin or the corresponding al-
cohol 1-4; and (iv) removal of the TBDMS group. Curcumin and alcohols 3 and 4 are
commercially available, whereas curcumin analogues 1 and 2 were prepared as previ-
ously described [29,30]. Finally, TL1-TL6 compounds were fully characterized by 'H

and BC-NMR.
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Scheme 1. Synthetic strategy for the preparation of polyphenols TL1-TL6.

2.3. Analysis of Cytotoxicity and Selectivity of Curcumin and Polyphenols

The cytotoxic effect of TL1-TL6 on the TNBC MDA-MB-231 cell line was evaluated
using an MTT assay (Table 1 and Supplementary Figure S2). Curcumin was included for
comparison purposes, whereas the cytotoxicity of G28 had already been studied [18]. Prior
to the cytotoxicity assays of the compounds, the toxicity of the vehicle (DMSO) on the
MDA-MB-231 cell line was also evaluated (See Supplementary Figure S1A). This assay
revealed that DMSO was toxic to the cells at concentrations higher than 0.8%. Therefore,
the DMSO concentration used in the treatments with the compounds did not exceed 0.8%.
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Table 1. IC5y and IC3p obtained for G28, curcumin, and TL1-TL6 in MDA-MB-231 cells. Significant
differences with regard to curcumin treatment are indicated as *** (p < 0.001).

Compound I1Cs (uM) I1C3p (uM)
G28 34.77 £ 0.70 19.48 + 2.02

Curcumin 17.36 + 0.33 14.45 + 0.01
TL1 18.02 + 0.74 8.02 £1.23
TL2 32.03 £2.26 20.87 +1.12
TL3 0.93 £ 0.03 (***) 0.76 £ 0.03
TL4 0.86 £ 0.08 (***) 0.65 £ 0.09
TL5 1.31 £ 0.17 (***) 0.80 £+ 0.07
TL5 3.58 £+ 0.29 (***) 1.86 £ 0.36

All compounds exhibited cytotoxicity against MDA-MB-231 cells. TL3, TL4, TL5, and
TL6 displayed half-maximal inhibitory concentration (ICsp) values significantly lower than
that of curcumin (p < 0.001) (Table 1 and Figure 2), being, therefore, significantly more
cytotoxic. Notably, the ICsy of TL4 (0.86 uM) was 20 times lower than that of curcumin and
was significantly lower than that of TL5 (1.31 uM; p = 0.0073) and TL6 (3.58 uM; p = 0.0002).
Due to the high ICs( values of G28, TL1, and TL2, these compounds were no longer used in
the following experiments.

Additionally, the cytotoxicity of TL3 and TL4, with the lowest ICs5( values, was assayed
against the non-tumor 184B5 cell line obtained from mammary epithelial cells in order to
assess the selectivity of these compounds for cancer cells in comparison to non-tumoral
cells (Supplementary Figure S1B). The results indicated that these compounds did not show
a specific cytotoxicity or adverse effects against mammary epithelial cells.

2.4. Effect of Curcumin and Its Derivatives TL3-TL6 on BCSCs

Firstly, the efficacy of curcumin and the polyphenolic derivatives TL3-TL6 against
BCSCs was assessed using the mammosphere formation assay. A general reduction in
mammosphere size and a decrease in the number of mammospheres were observed in all
the treatments with TL3-TL6 at thirty percent inhibitory concentration (IC3p), compared
to the control, demonstrating their noteworthy efficacy in inhibiting mammosphere for-
mation. Furthermore, TL3-TL6 showed a significantly lower MFI compared to the parent
compound, indicating that curcumin has a lower efficacy than its derivatives in targeting
the BCSC subpopulation (Figure 3A). Regarding MFIn (Figure 3B), the MFIn value of
TL3, TL4, TL5, and TL6 indicated higher potency compared to curcumin; what is more,
the concentration used by these compounds was at least 13 times lower. Interestingly,
TL4, even at a lower concentration than TL3, TL5, and TL6, exhibited similar results in
BCSC inhibition.

To validate the mammosphere assay findings for curcumin and its derivatives (TL3—
TL6), the most relevant embryonic signaling pathways and stemness markers were char-
acterized by Western blotting (Figure 4). The results revealed that curcumin reduced the
expression of Notchl, p-catenin, and Shh proteins, resulting in the inhibition of these
embryonic signaling pathways. In contrast, polyphenols TL3-TL6 showed distinct effects
on the pathways. Notably, these compounds reduced the activation of the Notch signaling
pathway, especially TL4 and TL6. Surprisingly, TL3 appeared to promote the activation of
the Shh signaling pathway, while TL4, TL5, and TL6 did not induce such overactivation.
Specifically, TL3 significantly increased Shh expression compared to curcumin. Regarding
the Wnt/3-catenin pathway, TL4 and TL6 reduced the expression of (3-catenin protein,
whereas TL3 and TL5 enhanced its activation. Furthermore, TL3 significantly increased
[3-catenin compared to curcumin and untreated cells.
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Figure 3. Effect of curcumin and TL3-TL6 on breast cancer stem cells (BCSCs) in MDA-MB-231 cells
evaluated using a mammosphere formation assay after treatment with concentrations equivalent
to their IC3 for 7 days. (A) Mammosphere Formation Index (MFI) for each compound. Significant
differences in MFI compared to curcumin treatment are indicated as * (p < 0.05) and ** (p < 0.01).
(B) Mammosphere Inhibition Index (MFIn) for each compound.
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Figure 4. Notchl, Shh, and 3-catenin protein expression analysis of MDA-MB-231 cells treated with
curcumin and polyphenols TL3-TL6 for 72 h. GAPDH was used as a loading control. Quantified
Western blotting results obtained using ImageLab software (Image Lab Software for Mac Version 6.1).
Expression ratios are relativized with GAPDH and control group (untreated cells). Significant differ-
ences are indicated as * (p < 0.05) and *** (p < 0.001). See Western blots in Supplementary Figure S3A.
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Therefore, although curcumin has been shown to be a useful compound for the
inhibition of key embryonic pathways, the effects of its derivatives were not uniform.
TL4 and TL6 inhibited (-catenin expression while TL4, TL5, and TL6 did not induce
overactivation of Shh expression.

Protein expression analysis of key stemness markers in BCSCs, specifically CD24,
CD44, and ALDHI1, were also characterized (Figure 5). The results demonstrated that
curcumin significantly decreased the expression of CD44 and ALDH1 compared to the
control. These findings indicated an inhibitory effect of curcumin on BCSCs. Regarding
the polyphenols, TL5-TL6 treatment also decreased ALDH1 expression. In addition,
TL6 caused a reduction in CD44 expression, although this tendency was not statistically
significant. With regard to CD24, no changes were observed when treated with TL3-TL6.
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Figure 5. CD24, CD44, and ALDH1 protein expression analysis of MDA-MB-231 cells treated with cur-
cumin and polyphenols TL3-TL6 for 72 h. GAPDH was used as a loading control. Quantified Western
blotting results obtained using ImageLab software (Image Lab Software for Mac Version 6.1). Expres-
sion ratios are relativized with GAPDH and control group (untreated cells). Significant differences
are indicated as * (p < 0.05) and ** (p < 0.01). See Western blots in Supplementary Figure S3B.

2.5. TL3-doxorubicin/TL3-cisplatin: A Synergetic Combination for TNBC

Combination therapies involving curcumin with other chemotherapeutic agents have
allowed for the sensitization of BCSCs and the reduction in drug doses, thereby minimizing
side effects and avoiding the emerge of resistance [31]. Considering that chemother-
apy is the main treatment option for TNBC in the clinical setting, drug combination
assays were performed to study the pharmacological interactions of curcumin-derived
compounds in combination with doxorubicin, cisplatin, or paclitaxel, which are commonly
used chemotherapeutic agents in medical practice. Specifically, compounds TL3 and TL4
were evaluated in combination with these chemotherapeutics due to their low ICsy values
and the promising MFI found.

The results showed that in the case of compound TL4, the combination index (CI)
values at each concentration were higher than one, indicating an antagonistic effect between
the chemotherapeutic agent and TL4 (Figure 6A). Remarkably, when the compound TL3
was added at 0.1 and 8 uM in combination with doxorubicin or at 0.5 and 1 uM combined
with cisplatin, a synergistic effect was evident (CI < 1). Therefore, in these cases, the
curcumin-derived compound enhanced the effects of doxorubicin and cisplatin, leading to
greater toxicity in tumor cells. This synergistic effect of TL3 and doxorubicin is supported
by the cell viability curves in Figure 6B, which demonstrated significant cell cytotoxicity at
0.1 and 8 uM (p = 0.0400 and 0.0234, respectively) compared to TL3 alone. Although this
effect was not clear in the cell viability curve for cisplatin, the CI values were lower than
one for all TL3 concentrations, except for 4 and 8 uM, being significant at 0.5 and 1 pM
(p =0.0111 and p = 0.0215, respectively) (Figure 6B). Notably, some of these synergistic
effects of TL3 with doxorubicin and cisplatin were achieved at very low doses of TL3 and
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Figure 6. Combinatorial treatment between TL3 or TL4 and chemotherapeutic agents at concen-
trations equivalent to their IC3y (Doxo: doxorubicin; Pacli: paclitaxel; and Cispla: cisplatin) in
MDA-MB-231 cells. (A) Combination index (CI) from treatments with TL3 or TL4 and chemothera-
peutic agents. Data are expressed as mean + SD from three independent experiments and are based
on the Chou and Talalay method. The dotted line indicates additive effect (CI approximately equal to
1). CI > 1 is indicative of an antagonistic effect and CI < 1 a synergistic effect. Significant differences
are indicated as * (p < 0.05). (B) Dose-response curves of TL3 (from 0.1 to 8 uM) or TL4 (from 0.4 to
2.5 uM) alone and in combination with chemotherapeutic agents at concentrations equivalent to their
IC3p for 72 h. Results shown are mean =+ SE from at least three independent experiments.

3. Discussion

The aggressiveness of TNBC is primarily due to the presence of a subpopulation of
cells with stem cell properties within the tumor, known as BCSCs [6]. Current therapies
are unable to eradicate them because no specific target for this type of cells has been
identified, although curcumin has been shown to be effective against them. The use of
derivatives of curcumin has been suggested as a strategy to overcome the bioavailability
and solubility problems of curcumin in humans, allowing for increased cytotoxicity against
cancer cells. The use of curcumin delivery systems, such as encapsulation and nanoparticles
or liposomes, are other pharmacological strategies that have been proposed [32,33]. This
study aimed to evaluate the effect of novel polyphenolic compounds on the TNBC MDA-
MB-231 cell line and its BCSC population. In addition, the pharmacological interaction
between these derivatives and commonly used chemotherapeutic agents was analyzed to
assess their potential application in the treatment of TNBC patients.

The cytotoxic activity of the polyphenols derived from G28, curcumin, or curcumin
derivatives 1 and 2 was evaluated on TNBC MDA-MB-231 cells. Regarding the G28
analogues, it was observed that the replacement of the naphthalene core with a 1,4-
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phenylenebis(methylene) resulted in a considerably more active derivative, TL1. This
result could be attributed to the increase in the distance between the two galloyl ester
groups caused by the presence of the 1,4-phenylenebis(methylene). This effect was previ-
ously reported by Turrado et al. for other G28 analogues [16]. In contrast, the incorporation
of an additional galloyl group did not lead to an improvement of the cytotoxicity, TL2
being as active as G28. Concerning the polyphenols derived from curcumin or curcumin
analogues 1 and 2, TL3-TL6 were significantly more active than the parent compound. The
two galloyl groups present in TL3-TL6 could be responsible for this higher activity. Among
them, TL3, TL4, and TL5 were similarly active, pointing out that the replacement of the
1,3-diketone moiety by a cyclohexanone ring does not influence the activity. TL6, which
contains a single ketone group, was slightly less active than TL3-TL5. It is noteworthy
that the isomeric polyphenols TL4 and TL5 showed similar activity, although it has been
observed that small variations in the configuration of compounds can lead to significant dif-
ferences in their cytotoxicity. Furthermore, it has been described that curcumin analogues 1
and 2, designed to circumvent the limitations of curcumin, are more active than this natural
compound. In contrast, the results obtained in this study revealed that the activity of the
curcumin diester TL3 did not differ significantly to that of TL4-TL6, diesters of 1 and 2.
Interestingly, the two polyphenols TL3 and TL4, with the lowest ICsy values against TNBC
MDA-MB-231 cells, were not cytotoxic against non-tumorigenic 184B5 breast epithelial
cells. These two compounds have selective cytotoxicity against breast cancer cells and are
therefore promising agents for targeted therapy of both cancer cells and BCSCs.

Regarding the activity of compounds against BCSCs, the results obtained in the mam-
mosphere formation assays showed that curcumin has a lower efficacy than its derivatives.
These results are consistent with those obtained by Zhou et al., who found that curcumin
had little ability to reduce the spread of BCSCs [21]. Also, the MFIn results had a high
standard deviation. This could be a consequence of the cell line used, which has a low
efficiency of mammosphere formation compared to other cell lines, such as the estrogen
and progesterone receptor expressing MCF-7 [34]. However, TL4 stood out among all the
derivatives as it produced a similar MFIn effect with the lowest concentration.

As previously discussed, the BCSC population exhibits alterations in several cell
signaling pathways, including the Notch, Wnt/ 3-catenin, and Hedgehog embryonic path-
ways. These alterations allow these cells to acquire stemness properties [35]. Consequently,
the inhibition of these pathways was explored as compounds targeted this malignant
population. Regarding the Notch pathway, previous studies have shown that curcumin
can inhibit the pathway receptor and some components of the pathway [26]. In this study,
curcumin and TL3-TL6 treatments were shown to inhibit this embryonic pathway. As
aberrant activation of the Notch pathway has been associated with BCa development, it
plays a key role in the differentiation and maintenance of stem cell subpopulations [36].
Therefore, by inhibiting this embryonic pathway, curcumin and TL3-TL6 may target the
BCSC subpopulation.

With regard to Shh and Wnt/ 3-catenin, these embryonic pathways are involved in
maintenance and proliferation of BCSCs, further contributing to tumorigenesis. Researchers
reported the potential of curcumin to reduce this malignant subpopulation by inhibiting
these pathways [36], which is in agreement with our results. Although TL4 and TL6
reduced the Wnt/ 3-catenin activation, the derivatives TL3 and TL5 triggered the activation
of Hedgehog signaling, and also TL3 activated the Wnt/3-catenin pathway (Figure 4).
This response could potentially be attributed to a compensatory resistance mechanism
triggered by these treatments, given the observed reduction in the Notch pathway and
the MFL In fact, it has been reported that Notch inhibitors, such as psoralidin, inhibit cell
viability and mammosphere formation and induce apoptosis in both BCa cells and BCSCs.
At the molecular level, psoralidin inhibits Notch signaling, resulting in inhibition of EMT
markers (f3-catenin and vimentin) and upregulation of E-cadherin expression, leading to
reduced migration and invasion [37]. This suggests that Notch may play a key role in the
maintenance of cell viability by allowing cells to remain suspended in space.
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In the evaluation of the stemness markers—CD24, CD44, and ALDH1—it was expected
that CD44 and ALDH1 expressions would diminish following treatments, thereby leading
to a reduction in the BCSC population. Curcumin treatment decreased CD44 and ALDH1
expression, and CD24 expression did not show an increase. The results for the CD24 marker
can be explained by the fact that CD24 is not expressed or is expressed at very low levels in
BCSCs, and therefore no significant change in its expression was expected. This result finds
support in the work of Calaf et al., who reported no decrease in this surface marker using
the MDA-MB-231 cell line when treated with curcumin [38]. Interestingly, the treatment
with TL3-TL6 also diminished ALDH expression, and TL6 also reduced CD44 expression.
The CD44* /CD24!°"/~ phenotype predominantly characterizes the mesenchymal subtype,
typically localized in the tumor periphery, contributing to tumor metastasis [39]. In contrast,
the overexpression of ALDH]1 is linked to the proliferation and self-renewal of the BCSC
population [35,40]. Hence, a plausible hypothesis arises: TL3, TL4, TL5, and TL6 might
have inhibited the proliferation of this malignant population, while specifically TL6 reduced
the mesenchymal phenotype. This implies that the compound TL6 might possess a dual
impact on BCSCs. It should be noted that the inhibitory effects of the curcumin derivatives
could occur through other pathways that were not characterized in this study, considering
the multiple pathways altered in this malignant subpopulation [9-11]. These include, for
instance, the JAK/STAT3 pathway, implicated in BCSC maintenance [41], or NF-Kf3, which
is related to the invasive potential of BCa cells [23], among others.

Several studies have demonstrated that curcumin in combination with other chemother-
apeutic agents allows for the sensitization of BCSCs and the reduction in the dosage of
these chemotherapeutics [31,42]. Therefore, TL3 and TL4 were considered as potential
compounds to be used in combination with other chemotherapeutic agents. Our findings
revealed a synergic effect when TL3 was added in combination with doxorubicin and
cisplatin. Curcumin derivatives are known to reduce the side effects of cisplatin because
curcumin can inhibit inflammation by downregulating the NF-kB pathway [33]. Curcumin
derivatives can also enhance the cytotoxicity of cisplatin against certain cancers, includ-
ing breast cancer [42]. Moreover, several studies have shown that the co-administration
of curcumin and doxorubicin sensitized MDA-MB-231 cells to chemotherapy, including
treatment-resistant cells [43]. Thus, most of the results obtained with cisplatin and dox-
orubicin were consistent with those described in the literature. However, most of the
findings obtained with the combination of paclitaxel exhibited an antagonistic effect. Other
researchers observed that the combined administration of curcumin and paclitaxel poten-
tiates the apoptotic effect in the breast cancer cell line MDA-MB-231 [44]. Hence, several
parameters must be considered when evaluating the results obtained with paclitaxel. First,
researchers that achieved synergism needed a concentration of curcumin higher than the
ICs5p determined in this study [45]. Hence, the administration of higher doses of paclitaxel,
or even other taxanes such as docetaxel, should be studied to determine a possible syner-
gistic effect. Finally, it is possible that these antagonistic results were caused by the low
solubility of paclitaxel, which could decrease the solubility of TL3 and TL4 when adminis-
tered together. So, as the results of this study, we should highlight the positive combination
of TL3 and TL4 with doxorubicin and cisplatin and further study these drug combinations.

4. Materials and Methods
4.1. Chemistry

The analysis by thin layer chromatography (TLC) was performed on TLC plates
precoated with silica gel 60 F254 (Merck, Darmstadt, Germany) and compounds were
detected with UV light (at 254 nm). Purification by flash chromatography was carried
out on silica gel 60 (0.040-0.063 mm, Merck). HPLC analyses were performed with a
1260 Infinity II (Agilent Technologies, Santa Clara, CA, USA) constituted by a 1260 Vial
sampler, a Pump VL quaternary pump and a Diode Array HS detector using a reverse
phase Kromasil 100 C;g column (3 um, 4.6 mm x 40 mm), and a mobile phase constituted
by H,O with 0.1% of TFA (solvent A) and CH3CN with 0.1% TFA (solvent B) and a flow
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rate of 1 mL/min. For the elution, a linear gradient from 2 to 100% was applied over
12 min, and the OpenLab CDS ChemStation software (Rev. C.01.07 SR4) was used for the
control and analysis of the chromatograms. NMR experiments were acquired in the Serveis
Tecnics de Recerca de la Universitat de Girona (STR-UdG) with an Ultrashield Avance III
400 (9.4T) spectrometer from Bruker (Billerica, MA, USA) (*H, 400 MHz; 13C, 100 MHz),
equipped with an RT BBI probe and a temperature control unit (BCU Xtreme) or with
an Ultrashield ASCEND Nanobay 400 (9.4T) from Bruker (H, 400 MHz; 13C, 100 MHz).
Structural assignments were made with gCOSY, gHSQC, and gHMBC experiments. NMR
spectra were processed and analyzed using TopSpin 3.6.2. Chemical shifts were calibrated
with the solvent signal and reported as ¢ (ppm). IR spectra were acquired with a Cary
630 FI-IR spectrophotometer (Agilent Technologies) equipped with a Golden Gate Single
Reflection, ATR MK-II system, controlled by the MicroLabPC software (4.0), and spectra
were analyzed with ResolutionsPro 5.2.0. The analysis by ESI-MS (STR-UdG) was carried
out with an Esquire 6000 ESI Bruker ion Trap LC/MS equipped with an electrospray ion
source operating in both positive and negative ion modes. Samples (5 uL) were introduced
into the spectrometer through a 1200 Series Agilent HPLC autosampler. The mobile phase,
CH;3CN/HO0 (80:20), was delivered by an Agilent 1200 Series HPLC pump at a flow rate
of 0.1 mL/min. Nitrogen was employed as both a drying and nebulizing gas. HRMS
(STR-UdG) were recorded with a Bruker MicroTOF-Q II instrument under conditions of
ESI using a hybrid quadrupole time-of-flight mass spectrometer. Samples were introduced
into the mass spectrometer ion source by direct infusion through a syringe pump and were
externally calibrated using sodium formate. The melting point (mp) of the compounds was
determined using a Melting Point SMP10 (Merck).

4.2. Synthesis of the Polyphenols TL1-TL6
4.2.1. Synthesis of 3,4,5-tris(fert-butyldimethylsilyloxy)benzoic Acid [17]

Gallic acid (2.0 g, 11.75 mmol, 1 equiv) and fert-butyldimethylsilyl chloride (10.6 g,
70.5 mmol, 6 equiv) were dissolved in anhydrous N,N-dimethylformamide (DMF) (20 mL)
under nitrogen. N,N’-Diisopropylethylamine (DIPEA) (14 mL, 81.8 mmol, 7 equiv) was
added to the solution and the mixture was stirred overnight at room temperature under
nitrogen. The crude reaction mixture turned from cloudy white to pale pink. The reaction
was controlled by thin layer chromatography (TLC) (hexane/EtOAc 4:1). When the reaction
was completed, cold 1 M H3PO, (18 mL) was added to the crude, and extractions were
carried out with hexane (3 x 60 mL). After washings of the organic layers with NaHCO3
(3 x 60 mL) and brine (3 x 60 mL), they were dried over anhydrous MgSO, and filtered.
The removal of the solvent under reduced pressured afforded a white solid, which was
dissolved in tetrahydrofuran (THF)/H,O/acetic acid (1:1:3, 70 mL) and stirred at room tem-
perature overnight. Then, cold H,O was added, and THF was evaporated under reduced
pressure. The residue was extracted with hexane/diethyl ether (1:1, 2 x 140 mL) and the
combined organic layers were washed with water (2 x 140 mL) and brine (2 x 140 mL),
dried over anhydrous MgSOy, and then filtered. Removal of the solvent under reduced pres-
sure yielded 3,4,5-tris(tert-butyldimethylsilyloxy)benzoic acid as a white solid (4.56 g, 76%
yield), which was immediately used in the next step without purification. MW (C19H1305):
512.9 g/mol. TLC (hexane/EtOAc 4:1): Ry = 0.30. 'H-NMR (400 MHz, CDCl3) 6 (ppm):
0.19 (s, 6H, (CH3),SiO para), 0.28 (s, 12H, (CH3),SiO meta), 0.98 (s, 18H, (CH3)3CSiO meta),
1.03 (s, 9H, (CH3)3CSiO para), 7.30 (s, 2H, H-2). 3C-NMR (100 MHz, CDCl3) § (ppm):
-3.9 (2CHs, (CH3)2S5i0 para), 3.6 (4CHj3, (CH3),Si0 meta), 18.5 (1C, (CH3)3CSiO para), 18.8
(2C, (CH3)3CSiO meta), 26.1 (3CH3, (CH3)3CSiO para), 26.2 (6CHs, (CH3)3CSiO meta), 116.1
(2CH, C-2), 121.0 (C-1), 144.1 (C-4), 148.5 (2C, C-3), 171.8 (C=0). (-)-ESI-MS (m/z): 511.1
[M-HJ; (+)-ESI-MS (m/z): 513.4 [M+H]*.
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4.2.2. Synthesis of Alcohols 1 and 2
Synthesis of 2,6-bis((E)-4-hydroxy-3-methoxybenzylidene)cyclohexan-1-one (1) [31]
Vanillin (1.0 g, 6.57 mmol, 2 equiv) was dissolved in EtOH (1.5 mL) at room tempera-
ture. Next, cyclohexanone (0.34 mL, 3.28 mmol, 1 equiv) and 37% HCI (66 uL, 0.79 mmol,
12 mol%) were added. The mixture was stirred for 72 h at room temperature. The reaction
was monitored by TLC, and, once it was completed, EtOH was evaporated under reduced
pressure. After the addition of cold H,O (30 mL), the crude was neutralized with aqueous
1% KOH, and a dark precipitate was obtained. After filtration, this solid was purified by
flash chromatography using hexane/EtOAc (6:4), providing 1 as an orange solid (741 mg,
62% yield). MW (Co2H205): 366.4 g/mol; TLC (hexane/EtOAc 1:2): Ry = 0.72; HPLC
(A =360 nm): tg = 7.89 min (>99% purity); mp: 171-173 °C. FI-IR (ATR) v (em™): 3350 (O-
H), 1572 (Ar), 1122 (C-O). 'H-NMR (400 MHz, (CD3),SO) J (ppm): 1.72 (quint, | = 5.4 Hz,
2H, H-1), 2.88 (t, | = 5.4 Hz, 4H, H-2), 3.80 (s, 6H, OCH3), 6.85 (d, ] = 8.4 Hz, 2H, H-9), 7.02
(dd, ] =84, ] = 1.4 Hz, 2H, H-10), 7.09 (d, ] = 1.4 Hz, 2H, H-6), 7.55 (br, 2H, H-4). 13 C-NMR
(100 MHz, (CD3),S0) ¢ (ppm): 22.6 (CH,, C-1), 28.0 (2CH,, C-2), 55.7 (2 OCH3), 114.8 (2CH,
C-6), 115.6 (2CH, C-9), 124.3 (2CH, C-10), 127.0 (2C, C-8), 133.6 (2C, C-3), 136.2 (2CH, C-4),
147.5 (2C, C-7), 147.9 (2C, C-5), 188.7 (C=0); (-)-ESI-MS (m/z): 365.0 [M-H]; (+)-ESI-MS
(m/z): 367.2 [M+H]*.

Synthesis of (1E,4E)-1,5-bis(4-hydroxy-3-methoxyphenyl)penta-1,4-dien-3-one (2) [32]

Vanillin (1.0 g, 6.57 mmol, 2 equiv) was dissolved in EtOH (3 mL) at room temperature.
To the resulting solution, acetone (0.244 mL, 3.28 mmol, 1 equiv) and 37% HCI (66 uL,
0.79 mmol, 12 mol%) were added. The mixture was heated to reflux for 5 h, and the reaction
was monitored by TLC. Once the reaction was completed, EtOH was evaporated under
reduced pressure. After the addition of cold H,O (30 mL), the crude was neutralized with
aqueous 1% KOH, followed by extractions with CH,Cl, (3 x 40 mL). The combined organic
layers were washed with brine (2 x 60 mL), dried over anhydrous MgSQOy, and then filtered.
CH,Cl, was evaporated under reduced pressure to provide a viscous black oil which was
purified by flash chromatography (hexane/EtOAc 6:4), affording 2 as a dark green solid
(397 mg, 37% yield). MW (C19H;505): 326.1 g/mol; TLC (hexane/EtOAc 1:2): Rf = 0.68;
HPLC (A = 360 nm): tg = 6.98 min (>99% purity); mp: 78-80 °C. FT-IR (ATR) v (cm™): 3312
(O-H), 1719 (C=0), 1581 (Ar), 1263 (C-0), 1155 (C-O). 'H-NMR (400 MHz, (CD3),CO) 6
(ppm): 3.93 (s, 6H, OCH3), 6.89 (d, | = 8.0 Hz, 2H, H-7), 7.11 (d, | = 16.0 Hz, 2H, H-1), 7.23
(dd, ] =8.0Hz, ]’ =2.0Hz, 2H, H-8),7.38 (d, ] =2.0 Hz, 2H, H-4), 7.67 (d, ] = 16.0 Hz, 2H,
H-2), 8.13 (s, 2H, OH). 13C-NMR (100 MHz, (CD3),CO) J (ppm): 56.4 (2 OCHj), 111.6 (2CH,
C-4),116.2 (2CH, C-7), 124.1 (2CH, C-8), 124.2 (2CH, C-1), 128.2 (2C, C-3), 143.3 (2CH, C-2),
148.8 (2C, C-5), 150.1 (2C, Cg), 188.6 (C=0). (-)-ESI-MS (m/z): 324.9 [M-H]~; (+)-ESI-MS
(m/z): 327.2 [M+H]*.

4.2.3. General Procedure for the Esterification

3,4, 5-Tris(tert-butyldimethylsilyloxy)benzoic acid (1 equiv) was dissolved in anhydrous
toluene (10 mL) at room temperature under nitrogen, followed by the addition of anhydrous
DMF (20 mol%). The mixture was heated at 50 °C and, afterwards, a solution of (COCI),
(3 equiv) in anhydrous toluene (2 mL) was added dropwise. The mixture was stirred at 50 °C
for 1 h, and then the reaction was cooled to room temperature and the solvent removed
under reduced pressure to afford 3,4,5-tris(tert-butyldimethylsilyloxy)benzoyl chloride as a
crystalline yellow solid, which was immediately used without further purification.

3,4,5-Tris(tert-butyldimethylsilyloxy)benzoyl chloride (4 or 6 equiv) was dissolved in
anhydrous THF (8 mL) under nitrogen at room temperature, and a solution of the corre-
sponding alcohol (14, curcumin) (1 equiv) and triethylamine (8 equiv) in anhydrous THF
(2 mL) was added dropwise. The mixture was stirred under nitrogen overnight at room
temperature. Once the reaction was completed, as checked by TLC monitoring, THF was re-
moved under reduced pressure and the residue was dissolved in CH,Cl, (30 mL), and then
washed with saturated NaHCOj3 (3 x 30 mL) and H,O (3 x 30 mL). Then, the combined
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organic layers were dried over anhydrous MgSQOy, and the solvent was removed under
reduced pressure. The resulting residue was purified by flash chromatography using mix-
tures of hexane/EtOAc of increasing polarity. The corresponding tert-butyldimethylsilyl
(TBDMS)-protected TL1-TL6 derivatives were obtained in yields ranging from 51 to 84%.

((1E,1"E)-(2-Oxocyclohexane-1,3-diylidene)bis(methanylylidene))bis(2-methoxy-4,1-
phenylene) bis[3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate]

This compound was prepared following the general procedure for the esterification
step described above, using 2,6-bis((E)-4-hydroxy-3-methoxybenzylidene)cyclohexan-1-
one (1) (178 mg, 0.48 mmol) and 3,4,5-tris(tert-butyldimethylsilyloxy)benzoyl chloride
(4 equiv). Final purification by flash chromatography using hexane/EtOAc (92:8), af-
forded the expected TBDMS-protected diester as a yellow solid (368 mg, 56% yield). MW
(C72H114013Si6): 1356.2 g/mol; TLC (hexane/EtOAc 4:1): Ry = 0.85; mp: 103-106 °C. FT-IR
(ATR) v (cm™): 2928 (CH,), 2855 (CH3), 1742 (C=0), 1572 (Ar), 1190 (C-O). 'H-NMR
(400 MHz, (CD3)2CO) ¢ (ppm): 0.23 (s, 12H, (CH3),S5iO para), 0.32 (s, 24H, (CH3),S5iO meta),
1.00 (s, 36H, (CH3)3CSiO meta), 1.06 (s, 18H, (CH3)3CSiO para), 1.85 (quint, | = 6.0 Hz, 2H,
H-1), 3.03 (t, ] = 6.0 Hz, 4H, H-2), 3.90 (s, 6H, OCH3), 7.21 (dd, ] = 8.2, ]' = 1.4 Hz, 2H,
H-10), 7.30 (d, ] = 1.4 Hz, 2H, H-6), 7.31 (d, ] = 8.2 Hz, 2H, H-9), 7.44 (s, 4H, H-2'), 7.72
(br, 2H, H-4). 3C-NMR (100 MHz, (CD3),CO) J (ppm): -3.5 (4CHj3, (CH3),SiO para), -3.3
(8CHj3, (CH3),SiO meta), 19.2 (2C, (CH3)3CSiO para), 19.5 (4C, (CH3)3CSiO meta), 23.7 (CHy,
C-1), 26.6 (12CH3, (CH3)3CSiO meta), 26.6 (6CHs, (CH3)3CSi para), 29.2 (2CHj, C-2), 56.5 (2
OCHj3), 115.6 (2CH, C-6), 116.9 (4CH, C-2'), 122.4 (2C, C-1'), 123.5 (2CH, C-10), 124.0 (2CH,
C-9), 135.7 (2C, C-5), 136.3 (2CH, C-4), 137.5 (2C, C-3), 141.4 (2C, C-8), 1445 (2C, C-4'), 149.6
(4C, C-3'),152.3 (2C, C-7), 164.4 (2 O=C-0), 189.5 (C=0). ESI-MS (m/z): 1373.8 [M+NH4]*;
ESI-HRMS (m/z): calcd. for C7p,H714013SigNa [M+Na]* 1377.6767, found 1377.6846.

((1EAE)-3-Oxopenta-1,4-diene-1,5-diyl)bis(2-methoxy-4,1-phenylene)
bis[3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate]

This compound was prepared following the general procedure for the esterification
step described above using (1E,4E)-1,5-bis(4-hydroxy-3-methoxyphenyl)penta-1,4-dien-
3-one (2) (88 mg, 0.27 mmol) and 3,4,5-tris(tert-butyldimethylsilyloxy)benzoyl chloride
(4 equiv). Final purification by flash chromatography using hexane/EtOAc (92:8), afforded
the expected TBDMS-protected diester as an orange solid (201 mg, 57% yield). MW
(CeoH110013Si6): 1316.4 g/mol; TLC (hexane/EtOAc 4:1): Ry = 0.35. mp: 219-221 °C.
FT-IR (ATR) v (cm™): 2854 (CH3), 1731 (C=0), 1577 (Ar), 1188 (C-O). 'H-NMR (400 MHz,
CDClg) 6 (ppm): 0.17 (s, 12H, (CH3)2SiO para), 0.26 (s, 24H, (CH3),SiO meta), 0.96 (s, 36H,
(CH3)3CSiO meta), 1.01 (s, 18H, (CH3)3CSiO para), 3.89 (s, 6H, OCHs), 7.05 (d, ] = 16.0 Hz,
2H, H-1), 7.23-7.27 (m, 6H, H-4, H-7 and H-8), 7.38 (s, 4H, H-2'), 7.73 (d, ] = 16.0 Hz, 2H,
H-2). 13C-NMR (100 MHz, CDCl3) 6 (ppm): -3.7 (8CHj, (CHj3),SiO meta), -3.5 (4CHjs,
(CH3),Si0 para), 18.7 (2C, (CH3)3CSiO para), 19.0 (4C, (CH3)3CSiO meta), 26.3 (18CH3,
(CH3)3CSiO para and (CH3)3CSiO meta)), 56.2 (2 OCH3), 111.9 (2CH, C-4), 116.4 (4CH,
C-2),120.9 (2C, C-1"), 121.6 (2CH, C-8), 123.7 (2CH, C-7),125.6 (2CH, C-1), 133.6 (2C, C-3),
1424 (2C, C-6), 143.0 (2CH, C-2), 144.1 (2C, C-4'), 148.7 (4C, C-3'), 152.0 (2C, C-5), 164.4
(2 O=C-0), 188.8 (C=0). ESI-MS (m/z): 1338.7 [M+Na]*; ESI-HRMS (m/z): caled. for
CeoH1100135iNa [M+Na]* 1337.6454, found 1337.6486.

1,4-Phenylenebis(methylene) bis[3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate]

This compound was prepared following the general procedure for the esterification
step described above using 1,4-benzenedimethanol (3) (81 mg, 0.58 mmol) and 3,4,5-tris(tert-
butyldimethylsilyloxy)benzoyl chloride (4 equiv). Final purification by flash chromatog-
raphy using (hexane/EtOAc 98:2) afforded the expected TBDMS-protected diester as a
white solid (558 mg, 84% yield). MW (CsgHj02010Sig): 1127.9 g/mol; TLC (Hexane/EtOAc
4:1): Re = 0.85. FT-IR (ATR) v (em™): 2928 (CHy), 2855 (CHj), 1714 (C=0), 1572 (Ar), 1077
(C-0). 'H-NMR (400 MHz, CDCl3) ¢ (ppm): 0.13 (s, 12H, (CH3),SiO para), 0.23 (s, 24H,
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(CH3),51i0 meta), 0.94 (s, 36H, (CH3)3CSiO meta), 0.98 (s, 18H, (CH3)3CSiO para), 5.31 (s,
4H, H-3), 7.26 (s, 4H, H-2'), 7.43 (s, 4H, H-1). 3C-NMR (100 MHz, CDCl3) & (ppm): 3.9
(4CHs, (CH3),Si0 para), -3.6 (8CHj3, (CH3),SiO meta), 18.5 (2C, (CH3)3CSiO para), 18.8
(4C, (CH3)3CSiO meta), 26.1 (6CHj, (CH3)3CSiO para), 26.2 (12CHs, (CH3)3CSiO meta), 65.9
(2CH,, C-3), 115.6 (4CH, C-2'), 121.8 (2C, C-1'), 127.8 (4CH, C-1), 136.2 (2C, C-2), 143.4 (2C,
C-4"),148.5 (4C, C-3), 166.0 (2 O=C-0). ESI-MS (11/z): 1127.6 [M+Na]*; ESI-HRMS (m/z):
caled. for CsgHy9pO1pSigNa [M+Na]* 1149.5981, found 1149.5988.

Benzene-1,3,5-triyl tris[3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate]

This compound was prepared following the general procedure described above for the
esterification step using 1,3,5-trihydroxybenzene (4) (49 mg, 0.39 mmol) and 3,4,5-tris(tert-
butyldimethylsilyloxy)benzoyl chloride (6 equiv). Final purification by flash chromatog-
raphy using (hexane/EtOAc 98:2) afforded the expected TBDMS-protected triester as a
white solid (473 mg, 75% yield). MW (Cg1Hj440155i9): 1608.8 g/mol; TLC (hexane/EtOAc
4:1): Ry = 0.85. FT-IR (ATR) v (em™): 2928 (CH,), 2856 (CH3), 1738 (C=0), 1573 (Ar), 1183
(C-0). 'H-NMR (400 MHz, CDCl3) J (ppm): 0.16 (s, 18H, (CH3),SiO para), 0.25 (s, 36H,
(CH3)»510 meta), 0.96 (s, 54H, (CH3)3CSiO meta), 1.00 (s, 27H, (CH3)3CSiO para), 7.06 (s, 3H,
H-1),7.35 (s, 6H, H-2). 13C-NMR (100 MHz, CDCl3) § (ppm): -3.9 (6CHj, (CH3),SiO para),
-3.6 (12CHj3, (CH3),Si0 meta), 18.5 (3C, (CH3)3CSiO para), 18.8 (6C, (CH3)3CSiO meta), 26.1
(9CH3, (CH3)3CSiO para), 26.2 (18CHgs, (CH3)3CSiO meta), 113.4 (3CH, C-1), 116.1 (6CH,
C-2"),120.7 (3C, C-1), 144.2 (3C, C-4'), 148.7 (6C, C-3'), 151.7 (3C, C-2), 164.2 (3 O=C-0O).
ESI-MS (m/z): 1609.8 [M+H]*; ESI-HRMS (m/z): caled. for Cg1Hy44015Si9Na [M+Na]*
1631.8321, found 1631.8330.

((1E,3Z,6E)-3-Hydroxy-5-oxohepta-1,3,6-triene-1,7-diyliden)bis(2-methoxy-4,1-
phenylene) bis[3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate]

This compound was prepared following the general procedure described
above for the esterification step using curcumin (215 mg, 0.59 mmol) and
3,4,5-tris(tert-butyldimethylsilyloxy)benzoyl chloride (4 equiv). Final purification by dry
column vacuum chromatography using hexane /EtOAc (92:8) afforded the expected TBDMS-
protected diester as a brown solid (407 mg, 51% yield). MW (C71H1120145i¢): 1356.7 g/mol;
TLC (hexane/EtOAc 4:1) Ry = 0.60. FT-IR (ATR) v (em™): 2913 (CHy), 2847 (CH3), 1732
(C=0), 1574 (Ar), 1192 (C-O). 'H-NMR (400 MHz, CDCl3)  (ppm): 0.17 (s, 12H, (CH3),SiO
para), 0.26 (s, 24H, (CH3),SiO meta), 0.96 (s, 36H, (CH3)3CSiO meta), 1.01 (s, 18H, (CH3)3CSiO
para), 3.88 (s, 6H, CH30), 5.89 (s, 1H, H-1), 6.60 (d, ] = 16.0 Hz, 2H, H-3), 7.16-7.26 (m,
6H, H-6, H-9 and H-10), 7.48 (s, 4H, H-2'), 7.66 (d, ] = 16.0 Hz, 2H, H-4). 3C-NMR
(100 MHz, CDCl3) ¢ (ppm): -3.9 (4CHj3, (CH3),SiO para), -3.6 (8CHj3, (CH3),S5iO meta),
18.5 (2C, (CH3)3CSiO para), 18.8 (4C, (CH3)3CSiO meta), 26.1 (6CH3, (CH3)3CSiO para), 26.2
(12CHj3, (CH3)3CSiO meta), 56.0 (2 OCH3), 101.8 (CH, C-1), 111.6 (2CH, C-6), 116.3 (4CH,
Ca-gat), 120.8 (2C, C-1'), 121.1 (2CH, C-10), 123.5 (2CH, C-9), 124.1 (2CH, C-3), 133.7 (2C,
Cs), 140.1 (2CH, Cy4), 141.9 (2C, Cs), 144.0 (2C, C-4'), 148.6 (4C, C-3'),151.8 (2C, C-7), 164.3
(2 0=C-0), 183.2 (2C, C-2). ESI-MS (m/z): 1357.6 [M+H]*; ESI-HRMS (m/z): calcd. for
C71H112014516Na [M+Na]+ =1379.6560, found 1379.6569.

4.2.4. General Procedure for the Removal of the tert-Butyldimethylsilyl (TBDMS) Group

The corresponding TBDMS-protected TL1-TL6 derivative was dissolved in anhydrous
THF under nitrogen. A solution of 1 M TBAF (7 or 10 equiv) in anhydrous THF was added
and the reaction mixture was stirred at room temperature under nitrogen for 15 min. The
progress of the reaction was monitored by TLC and, upon completion, the crude was
concentrated under reduced pressure to approximately half its volume. Then, MeOH was
added and the resulting solution was treated with a Dowex 50WX8-200 ionic exchange
resin in the presence of CaCOj3. The mixture was stirred at room temperature for 2 h.
Subsequently, the resin was filtered and the solvent was evaporated under reduced pressure.
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The resulting residue was purified by reversed-phase column chromatography using a
CombiFlash instrument. TL1-TL6 were obtained in yields ranging from 37 to 83%.

1,4-Phenylenebis(methylene) bis(3,4,5-trihydroxybenzoate) (TL1)

This compound was prepared following the general procedure described above,
starting from the corresponding TBDMS-protected diester (558 mg, 0.50 mmol) using
7 equiv. of 1 M TBAF. Final purification eluting with H,O/CH3CN (67:33) afforded the
diester TL1 as a white solid (112 mg, 51% yield). MW (Cy2H13010): 442.4 g/mol; TLC
(CH,Cl /MeOH/AcOH 8:2:0.5): R¢ = 0.54; UV-Vis (CH3CN) Amax= 225 and 273 nm; HPLC
(A =220 nm) tg = 6.02 min (>99% purity); mp: 213-216 °C. FT-IR (ATR) v (cm™!): 3332 (O-H),
1668 (C=0), 1611 (Ar), 1255 (C-O). 'H-NMR (400 MHz, CD30D) 6 (ppm): 5.29 (s, 4H, H-3),
7.08 (s, 4H, H-2'), 7.45 (s, 4H, H-1). 3C-NMR (100 MHz, CD30D) § (ppm): 67.0 (2CHj,, C-3),
110.1 (4CH, C-2'), 121.4 (2C, C-1'), 129.1 (4CH, C-1), 137.9 (2C, C-2), 139.9 (2C, C-4), 146.5
(4C, C-3'), 168.2 (2 O=C-0). (-)-ESI-MS (m/z): 440.8 [M-H] . (-)-ESI-HRMS (m/z): calcd.
for CoyHy;010 [M-H]~ 441.0827, found 441.0816; calcd. for CoyHi6019 [M—2H]? 220.0377,
found 220.0362.

Benzene-1,3,5-triyl tris(3,4,5-trihydroxybenzoate) (TL2)

This compound was prepared following the general procedure described above, start-
ing from the corresponding TBDMS-protected triester (377 mg, 0.23 mmol) and using
10 equiv of 1 M TBAF. Final purification eluting with HyO/CH3CN (75:25) afforded the
diester TL2 as a white solid (95.2 mg, 70% yield). MW (Cy7H13015): 582.4 g/mol; TLC
(CH2Cl,/MeOH/AcOH 8:2:0.5): Ry = 0.25; HPLC (A = 220 nm) fg = 5.25 min (99% purity);
mp: 296-298 °C. FT-IR (ATR) v (cm™): 3402 (O-H), 1719 (C=0), 1614 (Ar), 1198 (C-O).
'H-NMR (400 MHz, CD3;0D) ¢ (ppm): 7.03 (s, 3H, H-1), 7.21 (s, 6H, H-2'). 3C-NMR
(100 MHz, CD30D) ¢ (ppm): 110.7 (6CH, C-2’), 114.5 (3CH, C-1), 120.1 (3C, C-1'), 140.8 (3C,
C-4"),146.7 (6C, C-3), 153.3 (3C, C-2), 166.3 (3 O=C-0). (-)-ESI-MS (m/z): 580.8 [M-H] .
(-)-ESI-HRMS (m/z): caled. for CoyH17015 [M-H]™ 581.0573, found 581.0549; calcd. for
Co7H16015 [M=2H]? 290.0250, found 290.0235.

1,4-Phenylenebis(methylene) bis(3,4,5-trihydroxybenzoate) (TL3)

This compound was prepared following the general procedure described above, start-
ing from the corresponding TBDMS-protected diester (381 mg, 0.28 mmol) and using
7 equiv of 1 M TBAF. Final purification eluting with HyO/CH3CN (50:50) afforded the
diester TL3 as a yellow solid (156 mg, 83% yield). MW (C35H5014): 672.2 g/mol; TLC
(CH,Cl,/MeOH/AcOH 8:2:0.5): Ry = 0.73; UV-Vis (CH3CN) Amax = 226, 278 and 402 nm;
HPLC (A =220 nm) tg = 8.14 min (98% purity); mp: 205-206 °C; FT-IR (ATR) v (cm™): 3360
(O-H), 1683 (C=0), 1505 (Ar), 1189 (C-0). 'H-NMR (400 MHz, (CD3),CO) & (ppm): 3.89 (s,
6H, CH30), 6.12 (s, 1H, H-1), 6.91 (d, ] = 16.0 Hz, 2H, H-3), 7.24 (d, | = 8.0 Hz, 2H, H-9),
7.28 (s,4H, H-2'),7.34 (dd, ] = 8.0 Hz, ]" = 1.6 Hz, 2H, H-10), 7.50 (d, | = 1.6 Hz, 2H, H-6),
7.70 (d, ] = 16.0 Hz, 2H, H-4). 3C-NMR (100 MHz, (CD3),CO) ¢ (ppm): 56.4 (2 OCHj),
102.5 (CH, C-1), 110.5 (4CH, C-2'), 112.6 (2C, C-6), 120.6 (2C, C-1"), 122.1 (2CH, C-10), 124.5
(2CH, C-9), 125.3 (2CH, C-3), 134.8 (2C, C-5), 139.5 (2C, C-4'), 140.7 (2CH, C-4), 142.9 (2C,
C-8), 146.2 (4C, C-3'), 153.0 (2C, C-7), 164.7 (2 O=C-0), 184.5 (2C, C-2). (-)-ESI-MS (m/z):
670.9 [M-H]~, (-)-ESI-HRMS (m/z): calcd. for C35Hy7014 [M-H]™ 671.1406, found 671.1407;
caled. for C35Ha6014 [M-2H]?*~ 335.0667, found 335.0666.

((1E,1"E)-(2-Oxocyclohexane-1,3-diylidene)bis(methanylylidene))bis(2-methoxy-4,1-
phenylene) bis[3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate] (TL4) and
((1E,1’Z)-(2-oxocyclohexane-1,3-diylidene)bis(methanylylidene))bis(2-methoxy-4,1-
phenylene) bis|3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate] (TL5)

This compound was prepared following the general procedure described above; start-
ing from the corresponding TBDMS-protected diester (233 mg, 0.17 mmol) and using
7 equiv of 1 M TBAF afforded a mixture of isomers TL4 and TL5. Final purification eluting
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with HyO/CH3CN (52:48) allowed the isolation of these two isomers: TL4 as a yellow solid
(52 mg, 45% yield) and diester TL5 as a yellow-orange solid (28 mg, 24% yield).

Characterization of TL4: MW (C36H300O13): 670.6 g/mol; TLC (CH,Cl,/MeOH/AcOH
8:2:0.5): Ry=0.50; UV-Vis (CH3CN) Amax =217 and 283 nm; HPLC (A =220 nm) g = 7.63 min
(92% purity); mp: 204-206 °C. FT-IR (ATR) v (cm™): 3324 (O-H), 1724 (C=0), 1595 (Ar),
1187 (C-O). 'H-NMR (400 MHz, (CD3),CO) J (ppm): 1.85 (quint, ] = 4.6 Hz, 2H, H-1), 3.03
(t, ] =4.6 Hz, 4H, H-2), 3.88 (s, 6H, OCH3), 7.20 (dd, | = 8.2, ] = 1.4 Hz, 2H, H-10), 7.25
(d, ] =8.2Hz, 2H, H-9), 7.27 (d, | = 1.4 Hz, 2H, H-6), 7.28 (s, 4H, H-2), 7.72 (br, 2H, H-4).
13C-NMR (100 MHz, (CD3),CO) 6 (ppm): 23.7 (CHy, C-1), 29.1 (2CH,, C-2), 56.4 (2 OCHj3),
110.6 (4CH, C-2), 115.6 (2CH, C-6), 120.7 (2C, C-1"), 123.6 (2CH, C-10), 124.0 (2CH, C-9),
135.6 (2C, C-5), 136.4 (2CH, C-4), 137.4 (2C, C-3), 139.5 (2C, C-4'), 141.6 (2C, C-8), 146.3
(4C, C-3"),152.5 (2C, C-7), 164.8 (2 O=C-0), 189.5 (C=0). (-)-ESI-MS (m/z): 669.0 [M-H] .
(-)-ESI-HRMS (m/z): caled. for C3¢Hy9O13 [M-H]™ 669.1603, found 669.1638; calcd. for
C36H8013 [M—2H]?*~ 334.0759, found 334.0763.

Characterization of TL5: MW (CsH30O13): 670.6 g/mol; TLC (CH,Cl, /MeOH/AcOH
8:2:0.5): Ry=0.53; UV-Vis (CH3CN) Amax =216 and 280 nm; HPLC (A =220 nm) fg = 7.93 min
(93% purity); mp: 127-129 °C. FT-IR (ATR) v (cm™): 3294 (O-H), 1717 (C=0), 1595 (Ar),
1186 (C-O). 'H-NMR (400 MHz, (CD3),CO) J (ppm): 1.96 (quint, ] = 5.8 Hz, 2H, H-1), 2.80
(t, ] = 5.8 Hz, 2H, H-2/), 3.01 (t, ] = 5.8 Hz, 2H, H-2), 3.83 (s, 3H, 7/-OCH3), 3.86 (s, 3H,
7-OCH3), 6.75 (br, 1H, H-4"), 7.10 (d, ] = 8.2 Hz, 1H, H-9), 7.15 (dd, ] = 7.0 Hz, ] = 1.6 Hz,
1H, H-10), 7.18 (dd, ] = 8.6 Hz, ]’ = 1.6 Hz, 1H, H-10"), 7.22 (d, ] = 7.0 Hz, 1H, H-9), 7.25 (d,
J =1.8 Hz, 1H, H-6), 7.27 (s, 4H, Hy g and Hy ), 7.48 (br, 1H, H-4), 7.51 (d, ] = 1.6 Hz,
1H, H-6'). 3C-NMR (100 MHz, (CD3),CO) § (ppm): 25.3 (CH,, C-1), 29.4 (CH,, C-2),
36.2 (CH,, C-2'), 56.2 (7'-OCH3), 56.3 (7-OCHj3), 110.5 (4CH, Ca.gal and Cy_gy)), 114.9 (CH,
C-6'),115.5 (CH, C-6), 120.7 (Ci-gal), 120.9 (Cy g4, 123.2 (CH, C-9"),123.4 (2CH, C-10 and
C-10"), 124.0 (CH, C-9), 135.3 (CH, C-4), 135.6 (C-5), 135.8 (C-5'), 136.2 (CH, C-4"), 139.3 (3C,
Cagal, Cy_ga and C-3'), 140.2 (C-3), 141.1 (C-8), 141.5 (C-8), 146.2 (4C, Cs.gal and Cyr_g,1),
151.7 (C-7"), 152.4 (C-7), 164.8 (2 O=C-0), 192.9 (C=0). (-)-ESI-MS (m/z): 669.0 [M-H].
(=)-ESI-HRMS (m/z): caled. for C3¢Hy9Oq3 [M-H]™ 669.1603, found 669.1635; calcd. for
C36Hy3013 [M—2H]? 334.0759, found 334.0775.

((1E,4E)-3-Oxopenta-1,4-diene-1,5-diyl)bis(2-methoxy-4,1-phenylene)
Bis[3,4,5-tris((tert-butyldimethylsilyl)oxy)benzoate] (TL6)

This compound was prepared following the general procedure described above, start-
ing from the corresponding TBDMS-protected diester (120 mg, 0.09 mmol) and using
7 equiv. of 1 M TBAF. Final purification eluting with H,O/CH3zCN (58:42) afforded the
diester TL6 as a yellow solid (21 mg, 37% yield). MW (C33H¢O13): 630.6 g/mol; TLC
(CH,Cl, /MeOH/AcOH 8:2:0.5): Rg=0.51; UV-Vis (CH3CN) Apax =218, 295 and 351 nm;
HPLC (A = 220 nm) tg = 20.21 min (96% purity); mp: 198-201 °C. FT-IR (ATR) v (cm™):
3265 (O-H), 1700 (C=0), 1594 (Ar), 1179 (C-O). 'H-NMR (400 MHz, CD50D) & (ppm): 3.89
(s, 6H, OCH3), 7.18 (d, ] = 8.4 Hz, 2H, H-7), 7.20 (s, 4H, H-2'), 7.29 (d, ] = 16.0 Hz, 2H, H-1),
736 (dd, ] =84,] =12 Hz, 2H, H-8), 747 (d, ] = 1.2 Hz, 2H, H-4), 7.64 (d, ] = 16.0 Hz,
2H, H-2). 3C-NMR (100 MHz, CD;0D) ¢ (ppm): 56.6 (2 OCH3), 110.7 (4CH, C-2), 113.1
(2CH, C-4), 120.3 (2C, C-1'), 122.9 (2CH, C-8), 124.6 (2CH, C-7), 126.6 (2CH, C-1), 135.2 (2C,
C-3), 140.6 (2C, C-4'), 143.7 (2C, C-6), 144.6 (2CH, C-2), 146.7 (4C, C-3'), 1534 (2C, C-5),
166.4 (2 0=C-0), 191.3 (C=0). (-)-ESI-MS (m/z): 628.9 [M-H]". (-)-ESI-HRMS (m/z): calcd.
for C33H,5013 [M-H]~ 629.1290, found 629.1326; calcd. for C33Hp4O13 [M—2H]*~ 314.0612,
found 314.0603.

4.3. Biological Evaluation
4.3.1. Cell Culture
The MDA-MB-231 TNBC cell line, a mesenchymal stem-like subtype, was obtained

from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (Corning®, Corning, NY, USA), supple-
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mented with 10% heat-inactivated fetal bovine serum (FBS) (HyClone, Logan, UT, USA)
and 50 U/mL Pen/Strep (Lonza®, Basel, Switzerland). The 184B5 breast epithelial cell
line was obtained from ATCC and maintained in mammary epithelial cell growth basal
medium (MEBM) (Lonza), supplemented with 1 ng/mL cholera toxin (Sigma-Aldrich Co.,
St. Louis, MA, USA). MEBM-supplemented medium was maintained in the dark. Cells
were incubated at 37 °C in a humidified environment with 5% CO, and were maintained
mycoplasma-free.

4.3.2. Dilution of Polyphenolic Compounds

The polyphenolic compounds were dissolved in dimethyl sulfoxide (DMSO, Sigma-
Aldrich) to prepare a master stock solution at a concentration of 100 ng/mL that was
stored at —20 °C prior to use. The working solution was freshly prepared in complete
culture medium.

4.3.3. Cytotoxicity and Drug Combination Assay

MDA-MB-231 cells were seeded at a density of 4 x 10° cells/well in their respective
growth media in a 96-well microplate. Following overnight attachment, the culture medium
was removed, and 200 pL of fresh medium containing increasing doses of the polyphenolic
compound was added to each well. After 72 h of treatment, a colorimetric MTT assay
(Sigma-Aldrich Co.) was used to measure cell viability as described elsewhere [46]. The
percentage of cell viability was calculated based on the absorbance ratio between the cell
culture treated with the compound and the untreated control multiplied by 100. Graph
plots were used to determine the inhibitory concentrations.

For drug combination experiments, cells were treated with doxorubicin, cisplatin, or
paclitaxel (provided by pharmacy service from Hospital Josep Trueta, Girona), at the IC3
in combination with a series of increasing concentrations of TL3 or TL4 for 72 h. After
treatment, cell viability was measured using the MTT assay. Combinatorial effects were
evaluated using the Combination Index (CI), which was calculated using CompuSyn™
software V1.0 (Biosoft, Orlando, FL, USA) based on the Chou and Talalay method [47].
CompuSynTM calculates the CI values; if the value equals 1, the effect is considered additive;
if it is above 1, it is considered antagonistic; and if it is below 1, it is considered synergistic.

4.3.4. Mammosphere-Forming Assay

MDA-MB-231 cells were seeded into a non-adherent 6-well cell culture plate (Sarstedt,
Ntumbrecht, Germany) and incubated for 7 days at 37 °C in 5% CO;. Previously, the
plates were coated with 1 mL/well pHEMA (1.02 g/L, Sigma-Aldrich Co.). Cells were
cultured in DMEM/F12 medium (HyClone) supplemented with 2% B27 (Gibco, New
York, NY, USA), 0.02% hEGE, 0.02% hFGF (20 ng/mL; Miltenyi Biotech, Bergich Gladbach,
Germany), 1% L-glutamine, and 1% sodium pyruvate (Gibco, NY, USA). For the treatment
conditions, compounds were added at an IC3y concentration at the time of seeding. After
incubation, mammospheres with a minimum diameter of 50 pm were counted under an
inverted optical microscope. The following parameters were calculated using the formulas
described below: (A) Mammosphere-Forming Index (MFI) and (B) Mammosphere-Forming
inhibition (MFIn).

N mammosphere
N cells plated

MFI:(

N h -100
)'100 (A) MFIn = ( MAmmoSsprerey,qqpyent ) (B)

N mammosphere,,,,..;-10

4.3.5. Western Blot

For the analysis of TL1-TL6, cells were treated with ICs for 72 h, with a previous
24 h untreated incubation period. Afterward, attached and floating cells were harvested
and lysed in ice-cold lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA)
containing 100 pg/mL phenylmethylsulfonylfluoride (PMSF) by vortexing every 5 min
for 30 min. Equal amounts of protein from cell lysates were heated in lithium dodecyl
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sulfate (LDS) Sample Buffer with Sample Reducing Agent (Invitrogen, Waltham, MA, USA)
at 70 °C for 10 min, resolved by SDS-PAGE, and transferred to nitrocellulose membranes
(Thermo Scientific Inc., New York, NY, USA). Membranes were incubated at room tempera-
ture in blocking buffer (5% skim milk powder in TBS 0.05% Tween [TBS-T]) for 1 h or in
blocking buffer (5% bovine serum albumin (BSA) TBS 0.05% Tween [TBS-T]) for 3 h and
overnight at 4 °C with the following primary antibodies diluted in the blocking buffer (see
Supplementary Table S1). Specific horseradish peroxidase (HRP)-conjugated secondary
antibodies were added and incubated for 1 h at room temperature. Inmune complexes
were detected using the chemiluminescent HRP substrate Clarity™ Western ECL Sub-
strate (Bio-Rad Laboratories, Hercules, CA, USA) or SuperSignal™ West Femto (Thermo
Fisher Scientific) and a ChemiDoc™ Imaging System (Bio-Rad Laboratories, Inc.). Results
were quantified using ImageLab software for Mac Version 6.1 (Bio-Rad Laboratories, Inc.).
Western blot analyses were repeated at least three times.

4.3.6. Statistical Analysis

All data are expressed as mean =+ standard deviation of the mean (SD) of at least
three independent experiments. Data analysis was performed using GraphPad Prism
version 9.5.1 for Mac, GraphPad Software Prism 8.0.2 (La Jolla, CA, USA). Student’s ¢-test
was employed to compare two groups and ANOVA for more than two groups with a
Tukey post-test. Non-normally distributed data were analyzed by a non-parametric test
(Kurskal-Wallis), while non-heteroscedasticity data were analyzed by ANOVA followed by
a Thamane post-test. Significance levels are denoted as follows: *: p < 0.05; **: p < 0.01; and
***: p < 0.001.

5. Conclusions

This study demonstrated that the use of curcumin-derivative compounds is a valuable
strategy for targeting BCSCs. Specifically, TL3, TL4, TL5, and TL6 exhibited a significantly
enhanced cytotoxic capacity in in vitro assays using the MDA-MB-231 cell line, compared
to curcumin. Notably, compounds TL3 and TL4 showed particularly promising results. In
the latter case, the ICs5y value was 20 times lower than that of the parent compound and
significantly lower than that of TL5 and TL6. Moreover, neither of the two compounds
demonstrated specific cytotoxicity in the non-tumorigenic cells. Furthermore, novel com-
pounds TL3-TL6 significantly inhibited mammosphere formation, the Notch signaling
pathway, and the stemness marker ALDH], indicating their potential to target BCSC sub-
populations. Lastly, the combination of TL3 with doxorubicin or cisplatin exhibited a
synergistic effect, suggesting its potential for sensitizing BCSCs to chemotherapeutics. Nev-
ertheless, further studies are required to determine the extent of these synergistic effects for
potential clinical applications. Therefore, our findings provide a basis for further research
using these curcumin derivatives, either alone or in combination with chemotherapeutic
agents, to improve the treatment for TNBC patients.
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