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Abstract

:

Breast cancer is the first leading tumor in women in terms of incidence worldwide. Seventy percent of cases are estrogen receptor (ER) α-positive. In these malignancies, 17β-estradiol (E2) via ERα increases the levels of neuroglobin (NGB), a compensatory protein that protects cancer cells from stress-induced apoptosis, including chemotherapeutic drug treatment. Our previous data indicate that resveratrol (RSV), a plant-derived polyphenol, prevents E2/ERα-induced NGB accumulation in this cellular context, making E2-dependent breast cancer cells more prone to apoptosis. Unfortunately, RSV is readily metabolized, thus preventing its effectiveness. Here, four different RSV analogs have been developed, and their effect on the ERα/NGB pathway has been compared with RSV conjugated with highly hydrophilic gold nanoparticles as prodrug to evaluate if RSV derivatives maintain the breast cancer cells’ susceptibility to the chemotherapeutic drug paclitaxel as the original compound. Results demonstrate that RSV conjugation with gold nanoparticles increases RSV efficacy, with respect to RSV analogues, reducing NGB levels and enhancing the pro-apoptotic action of paclitaxel, even preventing the anti-apoptotic action exerted by E2 treatment on these cells. Overall, RSV conjugation with gold nanoparticles makes this complex a promising agent for medical application in breast cancer treatment.
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1. Introduction


Global cancer statistics estimated that female breast cancer in 2020 surpassed lung cancer as the most diagnosed malignancy, with 2.3 million new cases (11.7%) worldwide, followed by lung (11.4%), colorectal (10.0%), prostate (7.3%), and stomach (5.6%) cancers [1]. Although breast cancer is a highly heterogeneous disease, more than 70% of breast cancers are dependent on estrogen (E2) and are classified as estrogen receptor α (ERα)-positive. This subtype of breast cancer is more common in young than in post-menopausal women and results more prone to relapse and drug resistance than its ERα-negative counterparts [2,3,4]. We previously demonstrated that several E2-induced actions in ERα-positive breast cancers strongly rely on the activation of a specific E2/ERα/Neuroglobin (NGB) axis, leading to NGB accumulation and its mitochondrial location. Such redistribution prevents cytochrome c release into the cytosol, thus reducing susceptibility to apoptotic induction [5,6]. Intriguingly, E2 protection from the pro-apoptotic action of the chemotherapeutic drug paclitaxel in ERα-positive MCF-7 cells is strongly impaired by NGB knockdown [6]. These data raise the hypothesis that specific ERα antagonists preventing the increase in NGB levels may enhance the susceptibility of breast cancer cells to the action of chemotherapeutics.



Several studies have investigated the antioxidant, anticancer, and anti-inflammatory activities of resveratrol (RSV), a plant-derived polyphenol belonging to the group of stilbenoids [7]. Specifically, RSV binds to both ER subtypes exhibiting E2 antagonist activity for ERα [8]. Moreover, our previous studies have demonstrated that RSV prevents ERα signaling, downregulating NGB intracellular levels. This effect results in an effective strategy to increase MCF-7 breast cancer cells’ susceptibility to the chemotherapeutic drug paclitaxel and to impair E2 proliferative effects on breast cancer cells [9].



Despite its promising anti-cancer properties, RSV use in clinical practice is hindered by several limitations. In particular, in vivo effects of RSV appear to be affected by its low solubility and low bioavailability [7,10,11], due to its rapid metabolism, which leads to the co-presence of a plethora of metabolites that surpass concentrations of the original compound [12,13]. Effects of these metabolites might differ from those exerted by their precursor, potentially impairing its action, as demonstrated for daidzein [14]. Such a scenario is made even more complex if one considers that RSV effective dosage in vitro (µM range in cell culture media) is hardly reached in vivo (nM range in the blood), thus making it difficult to identify the adequate dosage of this compound to be administered to human subjects [15].



To date, the majority of efforts aim to improve the pharmacokinetic properties and/or enhance the bio-efficacy of RSV. Thus, according to the literature, a large number of RSV derivatives, grouped into (1) synthetic analogs and (2) prodrugs, have been developed and reported in the literature ([15] and literature cited therein). RSV analogs are derivatives obtained through structural modification on the trans-stilbene core that may enhance RSV biological and pharmacological activity. Differently, RSV prodrugs maintain the 3,5,4′-trihydroxystilbene skeleton in their structure and could modulate RSV absorption, distribution, metabolism, and excretion.



In the present study, four different RSV analogs were developed and their effects on ERα/NGB pathway were compared with RSV-conjugated gold nanospheres as a prodrug to evaluate if RSV derivatives maintain breast cancer cell susceptibility to the chemotherapeutic drug paclitaxel as the non-conjugated compound.




2. Results


2.1. Effect of Resveratrol Analogs on NGB Levels in MCF-7 Breast Cancer Cells


Four different RSV analogs, called RAV1, RAV2, RAV3, and NS012 (Figure 1) were synthesized as described in the materials and methods section. MFC-7 breast cancer cells were stimulated with three concentrations of the RSV analogs (i.e., 0.1, 1.0, and 10.0 μM) for 24 h, and the levels of NGB were evaluated (Figure 2). E2 (10 nM) was used as a positive control for the induction of NGB levels [9]. Since we wanted to evaluate the possible potentiation of these products in RSV chemical manipulation, the polyphenol was used at the lowest concentration tested in our previous studies (0.1 μM), which we observed to be unable to downregulate NGB [9]. As reported in Figure 2, 24 h of E2 treatment enhanced NGB levels, while, as expected, the low concentration of unconjugated RSV did not modify the protein levels. The RSV analogs showed a different effect in NGB expression. Indeed, RAV1 0.1 and 1.0 μM increased NGB levels, while RAV2 reduced NGB basal levels only at 0.1 μM concentration, and neither RAV3 or NS012 modified NGB levels even at high concentrations (i.e., 10 μM), at which unconjugated RSV reduced NGB levels [9].




2.2. Effect of Gold Nanoparticle-Conjugated RSV on NGB Levels Modulation


The results obtained with RSV synthetic analogs prompted us to investigate the effects of RSV conjugation with nanocarriers as prodrugs. Recently, RSV conjugated with gold nanoparticles has been efficiently synthesized and characterized in terms of toxicity in MCF-7 cells [16]. According to these previous results, the tested concentrations of RSV in conjugation with gold nanoparticles (NP-R) were 0.01, 0.03, and 0.1 μM, corresponding to a concentration of unconjugated nanoparticles (NP) of 1.0, 3.0, and 9.1 μg/mL.



The ability of NP-R and NP to modulate NGB levels has been tested on two ERα-positive breast cancer cell lines (i.e., MCF-7 and T47D), and one ERα-negative breast cancer cell line (i.e., MDA-MB-231) [17]. E2 10 nM has been used as the positive control. At 0.1 μM concentration, NP-R exerted an efficient downregulation of NGB levels in both ERα-positive MCF-7 and T47D cells (Figure 3A,B), while no modulatory effect on the protein was observed in ERα-negative MDA-MB-231 (Figure 3C). Unconjugated NP did not modify NGB levels at any used concentration in all tested cell lines (Figure 3).




2.3. Involvement of ERα and ERα Signaling in NP-R Effects


The lack of any effect of NP-R on NGB levels in ER negative cells suggests that, like RSV, ERα expression is pivotal for a NP-R-induced NGB decrease. To further confirm this evidence, MCF-7 cells have been pre-treated with endoxifen 1 µM, a selective ERα inhibitor [18], before NP-R stimulation. As shown in Figure 4A, endoxifen pre-treatment completely impairs both E2 and NP-R effects, strongly corroborating the involvement of ERα in action mechanism of gold-conjugated RSV. ERα, like other members of the nuclear receptor superfamily, is a ligand-dependent transcription factor that regulates the expression of genes containing the estrogen-responsive element (ERE) in their promotors (e.g., cathepsin D, pS2) [19]. However, upon ligand binding, ERα rapidly activates extranuclear signals important for the transcription of non-ERE containing genes (e.g., cyclin D1), which are important for E2 proliferative effects [19,20]. To evaluate the impact of NP-R on ERα activities, MCF-7 cells were stimulated for 24 h with the most efficient concentrations [9] of E2 (10 nM, positive control), unconjugated RSV (1.0 µM), and NP-R (0.1 µM) in the presence or absence of E2 and the levels of protein codified by non-ERE- (i.e., cyclin D1) and ERE-containing (i.e., cathepsin D and pS2) genes were determined. Figure 4B shows that, unlike E2, neither RSV or NP-R can increase cyclin D1 levels, but both molecules act as antagonists of E2, impairing the hormone effect on cyclin D1. Notably, NP-R treatment is more efficient than unconjugated RSV, reducing cyclin D1 level by 50% at 0.1 µM concentration. Surprisingly, when looking at cathepsin D and pS2 protein modulation, whose genes contain ERE box in the promoter and which are induced by E2, both unconjugated RSV and NP-R acted as E2 mimetics (Figure 4C,D).




2.4. Functional Outcomes of NP-R


We previously demonstrated that the ERα/NGB pathway is a compensatory mechanism triggered by E2 to increase the survival of breast cancer cells against different stressors, including chemotherapeutic drugs [6,17,21]. This evidence, together with the NP-R ability to impair NGB accumulation in cancer cells, prompted us to evaluate the capability of the prodrug to render breast cancer cells more prone to the anticancer effect of the chemotherapeutic drug paclitaxel.



Figure 5 shows that, in E2-responsive breast cancer cells (i.e., MCF-7 and T47D), pre-stimulation with NP-R (0.1 µM) potentiates paclitaxel action in reducing NGB levels. The treatment was also effective in preventing the E2-mediated inhibitory action exerted on NGB modulation (Figure 5A,B). This effect of NP-R is observed at a concentration that is 10 times lower than that required for the unconjugated polyphenol [9]. This potentiated action of NP-R on NGB levels was paralleled by the increase in the poly (ADP-ribose) polymerase-1 (PARP-1) cleavage (i.e., 89 kDa band), a known late apoptosis biomarker. Indeed, NP-R stimulation of MCF-7 cells increased the pro-apoptotic action of paclitaxel, also reducing the E2 protective effect against the chemotherapeutic agent (Figure 5C).




2.5. Cellular Uptake and Internalization of NP-R


To address the mechanisms underlying the greater efficiency of NP-R compared to unconjugated resveratrol, we investigated whether NP-Rs are directly internalized by the cell. To this purpose, cells treated with either unconjugated or conjugated resveratrol, and nanoparticles were ultrastructurally analyzed by Focused Ion Beam/Scanning Electron Microscopy (FIB/SEM). Treatment with a vehicle was used as a control. As shown in Figure 6D, a large number of nano-particles were localized to the cytosol after 24 h of treatment in samples treated with 0.1 µM NP or NP-R. Both naked and conjugated nanoparticles displayed the tendency to aggregate with some of the largest macrocomplexes located inside vacuoles for their possible elimination. It is noteworthy that cells exposed to nanoparticles exhibited similar ultrastructural features to control cells. In fact, in all the analyzed conditions, cells showed a regular plasma membrane with microvilli, a rounded nucleus with a smooth or slightly irregular nuclear envelope, and abundant mitochondria displaying an even distribution throughout the cytoplasm and regular cristae arrangement. The remaining organelles (e.g., endoplasmic reticulum and Golgi apparatus) showed normal ultrastructural features and cytoplasmic distribution irrespective of the different conditions investigated.





3. Discussion


In the last few years, a great deal of attention has been paid to the natural polyphenolic compounds due to their many biological effects [22,23,24] Among others, the stilbene trans-RSV, a polyphenolic compound which occurs abundantly in peanuts, red wine, and other vegetal sources, received particular attention. Several beneficial anticancer effects of RSV are reported in the literature, relying both on its antioxidant properties and other molecular mechanisms, such as DNA repair, cell cycle modulation, and estrogenic/antiestrogenic activities [25,26,27,28,29,30]. However, RSV effects have never been translated into any clinical trial, probably because the RSV concentrations required to obtain in vitro effects, ranging from 50 to 300 μM, are not reached in human plasma due to very low RSV bioavailability [31,32]. RSV biotransformation operated by enzymes of small intestine epithelial cells, liver, and even gut flora, not only reduces its concentration and persistence in the human body, but also leads to the co-presence in the bloodstream of numerous metabolites, which could have different effects on cancer cells, as reported for other polyphenols [14]. The activity of both enteral and hepatic enzymes is so extensive that only 1% of RSV is found in plasma as free substance. Based on current knowledge of the molecule bioavailability, an adequate dosage of RSV in human beings would correspond to about 150 mg/day, whereas currently, marketed food supplements contain about 20 times less RSV. A specific strategy is, therefore, needed to preserve RSV from the extensive metabolism to which polyphenols are exposed, and to maintain its anticancer effects [33,34]. A common way to increase the bioavailability of drugs is to improve the aqueous solubility of compounds through their functionalization [35]. Several kinds of RSV functionalization have been reported in the literature and a variety of chemically different capping groups and pro-moieties have been used to modulate the absorption and release of this molecule, as well as to improve its biological activity [15,34]. In this study, two different approaches were evaluated: the use of chemically modified RSV analogs and RSV conjugation with highly hydrophilic gold nanospheres as nanocarriers.



RSV analogs, RAV1, RAV2, RAV3, and NS012, were synthesized (see Section 4.2 of material and methods) to obtain new resveratrol analogs with improved bioavailability with respect to RSV. An etheroatomic linker endowed with major flexibility replaced the stilbene moiety. The 3,5 di hydroxyl phenyl group was substituted with the 1,3-benzodioxole moiety, while the para hydroxyl phenyl portion was either maintained as in NS012 or replaced with a 1,3-benzodioxole moiety (RAV2), with aromatic ring functionalized by iodine and hydroxyl groups (RAV3), or with a more lipophilic group (RAV1). These modifications impinge on RSV chemical structure, influencing the stilbene bioavailability [15,36]. However, despite the explored modifications, none of the analogs modulate NGB levels any more effectively than free RSV. RAV2 was the only molecule with a downregulating action on the protein; however, this effect was not dose-dependent and was observed only at 0.1 μM RAV2 concentration. The divergence in the action of RAV2 and RSV seems to indicate that this analog does not act on NGB through the same pathways as RSV. Moreover, the chemical structure of RSV analogs could allow them to be exposed to biotransformation enzymes.



RSV conjugation with highly hydrophilic gold nanospheres as nanocarriers was tested as another strategy to increase RSV efficacy and bioavailability. To ensure high hydrophilicity and biocompatibility in the transport system, citrate and L cysteine were used as ligands on the gold nanoparticles’ surface. Specifically, cysteine is the only amino acid to have a thiol group, an amino group, and a carboxyl group, which creates several possibilities for bonding to the metal surface [37,38,39]. Moreover, the organic−metal coupling may vary substantially and exhibit different configurations. Several studies proposed a bilayer cysteine boundary around metal nanoparticles: the first layer is made of cysteine molecules forming covalent S−metal (i.e., S-Au) bonds with the nanoparticle surface and has charged amino and carboxylate groups oriented outward. The outer layer interacts with the inner layer through hydrogen-bond intermolecular forces and has the thiol (S-H) groups pointing outward [40].



The toxicity of naked and RSV conjugated nanocarriers (NPs and NPs-R) was assessed in previous studies [16]. On this premise, a concentration of 9.1 µg/mL, corresponding to an RSV load of 0.1 μM, was indicated as safe and used to evaluate NGB modulatory action on breast cancer cells expressing different ERα levels. Free RSV does not reduce NGB content in MCF-7 cancer cells when in concentrations lower than 1μM, nor could it have that effect on T47D cells [9], whose ERα expression is smaller than other E2-dependent cancer cells [17]. On the other hand, when conjugated with gold nanospheres, RSV downregulates NGB levels in both cell lines, even at 0.1 μM concentration. ERα expression is strictly required for NP-R effect on NGB level modulation; indeed, this action is not observed in ERα-negative MDA-MB-231 cell lines. In addition, gold-conjugated RSV does not reduce NGB levels in co-stimulation with specific ERα antagonist endoxifen. Free RSV and NP-R activate the expression of estrogenic markers pS2 and cathepsin D proteins, whose gene transcription relies on the ERE signaling of ERα [41,42]. On the other hand, the same compounds act as Cyclin D1 protein stabilizers (not altering its basal levels, but preventing E2-induced Cyclin D1 increase), which, in turn, is modulated by rapid ERα signaling [20]. Overall, these data demonstrate that NP-Rs maintain the antagonistic effect of RSV on rapid ERα signaling without affecting ERα transcriptional activity. The action of polyphenols as partial ERα antagonists has been reported for the flavonoids naringenin and quercetin. Even in the presence of E2, both of these substances impair ERα-activated rapid signaling (i.e., receptor palmitoylation, ERK/MAPK, and PI3K/AKT activation), which is important for the cyclin D1 expression and, consequently, for cell cycle progression, without affecting ERα transcriptional activity [43]. Present data indicate that this mechanism is also activated by NP-R, which inhibits only rapid ERα pathways, committed to proliferation, as previously reported [16].



Intriguingly, cellular uptake analyses reveal that NP-R can be transported into breast cancer cells. The presence of gold aggregates distributed both in the cytosol and within vacuoles is consistent with the literature data [44,45], reporting that NPs internalization usually occurs via endocytosis/macropinocytosis mechanisms [46,47]. Besides confirming efficient NPs uptake, our obtained data, following a relatively long incubation time (24 h), suggest the involvement of diverse vesicular trafficking pathways, possibly including autophagocytic and/or exocytotic processes.



To assess the maintenance of the protective action of NP-R in increasing the pro-apoptotic action of the chemotherapeutic drug paclitaxel, MCF-7 and T47D were co-stimulated with NP-R and paclitaxel either in the presence or in absence of E2. In both cell lines, a 0.1 μM concentration of the compound potentiates paclitaxel-induced NGB downregulation, even in presence of E2. Moreover, the pro-apoptotic potentiation of the chemotherapeutic drug on MCF-7 cells was evaluated. NP-R enhances paclitaxel pro-apoptotic action and avoids E2-mediated protective effects at 0.1 μM, a concentration easily reached in the bloodstream. These data demonstrate that NP-R maintains both the mechanisms and the functional outcome of free RSV, as reported previously [9].



Overall, the use of highly hydrophilic gold nanocarriers improved RSV efficacy in reducing NGB levels and the resulting potentiation of the paclitaxel effect, probably reducing the undesired toxic effects of the chemotherapeutic drug. In addition, RSV’s improved activity did not lead to proliferative or tumor-promoting activity. Indeed, the physiological outcome of the augmented effectiveness of the compound was still related to cancer suppression. Although in vivo data are necessary and our laboratory is active on this issue, obtained data indicate that the developed formulation of NP-R not only could enhance RSV bioavailability but also strengthen its bioactivity, providing encouraging outcomes for the translation of these different administration routes into clinical application for breast cancer treatment.




4. Materials and Methods


4.1. Reagents


Sodium Citrate (Na3C6H5O7), L-Cysteine (L-cys), (C3H7NO2S), tetrachloroauric(III) acid trihydrate (HauCl4·3H2O), sodium borohydride (NaBH4), and Resveratrol (RSV) were used as received (Merck, Darmstad, D). The Bradford protein assay was obtained from Bio-Rad Laboratories (Hercules, CA, USA). The anti-α-tubulin and antivinculin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Specific antibodies against poly[ADP-ribose] polymerase 1 (PARP-1), pS2, cathepsin D (CAT D), and Cyclin D1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-NGB antibody was purchased from Merck Millipore (Burlington, MA, USA). The ERα inhibitor endoxifen was purchased from Tocris (Ballwin, MO, USA). The chemotherapeutic drug paclitaxel (Pacl) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The chemiluminescence reagent for Western blot ECL was obtained from GE Healthcare (Little Chalfont, UK). All the other products were obtained from Merck (Darmstad, D). Analytical and reagent grade products were used without further purification.




4.2. Synthesis of RSV Analogues


The synthesis of RSV analogues (RAV1, RAV2, RAV3, and NS012) was carried out as illustrated in Scheme 1.



The O-(benzo[d][1,3]dioxol-5-ylmethyl)hydroxylamine hydrochloride was synthesized as previously described by a Mitsunobu reaction between the benzo[d][1,3]dioxol-5-ylmethanol, and the N-hydroxyphthalimide, followed by the removal of the protecting phthalimido group from the 2-(benzo[d][1,3]dioxol-5-ylmethoxy)isoindoline-1,3-dione, carried out with ammonia solution 7N in MeOH [48,49]. Treatment of hydroxylamine hydrochloride with the appropriate ketone or aldehydes, in methanolic solution and at room temperature (r.t.), furnished the opportune (E) O-benzyl oxime derivatives RAV1, RAV2, RAV3, and NS012 as the only geometric isomers. The correct configuration of RAV2, RAV3, and NS012 was determined by their 1HNMR spectra on the basis of the chemical shift value of the diagnostic iminic proton, ranging from 8.46 to 8.03 ppm, as reported by the literature for analogue compounds with E configuration [50,51].



Melting points (m.p.) were measured with a Leica Galen III microscope (Leica/Cambridge Instruments) and were uncorrected. 1H NMR spectra of compounds were recorded with a Bruker Ultrashield™ 400 MHz (Fällander, Switzerland) or Varian Gemini 200 MHz (Mountain View, CA, USA) spectrometer. Coupling constants J are reported in Hertz. The following abbreviations are used: singlet (s), doublet (d), doublet of doublet (dd), triplet (t), doublet of triplet (dt), broad (br), and multiplet (m). Reactions were monitored with thin layer chromatography (TLC) on silica gel plates containing a fluorescent indicator (Merck Silica Gel 60 F254), and spots were detected under UV light (254 nm). Chromatographic separations were performed on silica gel columns with flash column chromatography (Kieselgel 40, 0.040–0.063 mm; Merck). Na2SO4 was always used as the drying agent. Evaporation was carried out in vacuo (rotating evaporator). Elemental analyses were performed by our analytical laboratory and agreed with theoretical values to within ± 0.4%.



4.2.1. General Procedure for the Synthesis of Derivatives RAV1, RAV2, RAV3, and NS012


To a solution of the commercially available ketone or aldehyde (0.382 mmol) in MeOH (4 mL), an aqueous solution (1 mL) of the O-(benzo[d][1,3]dioxol-5-ylmethyl)hydroxylamine hydrochloride (0.382 mmol) was added. The reaction mixture was stirred for 1 h at room temperature until the disappearance of the starting material (TLC analysis). The mixture was evaporated to dryness and the resulting crude was added to water and extracted with EtOAc. The organic phase was washed (3×) with water, dried (Na2SO4), filtered, and evaporated under reduced pressure to obtain a crude solid.




4.2.2. (E)-1-(6-methoxynaphthalen-2-yl)ethan-1-one O-(benzo[d][1,3]dioxol-5-ylmethyl) Oxime (RAV1)


Compound RAV1 was obtained starting from the 1-(6-methoxynaphthalen-2-yl)ethan-1-one, following the general procedure. The crude was purified by crystallization (CHCl3/hexane) affording compound RAV1 as a white solid. Yield 50%. M.p.: 156–158 °C. 1H-NMR (400 MHz; CDCl3) δ: 7.91–7.85 (m, 2H, Ar); 7.74–7.67 (m, 2H, Ar); 7.14–7.11 (m, 2H, Ar); 6.95–6.78 (m, 3H, Ar); 5.95 (s, 2H, O-CH2-O); 5.15 (s, 2H, O-CH2); 3.93 (s, 3H, CH3); 2.35 (s, 3H, -OCH3). 13C-NMR (100 MHz; CDCl3) δ: 158.2, 154.8, 147.7, 147.0, 135.2, 131.9, 131.7, 129.9, 128.5, 126.8, 125.5, 124.0, 121.9, 119.0, 109.0, 108.09, 105.71, 100.97, 76.0, 55.3, 12.6. Anal. Calcd for C21H19NO4; C, 72.19; H, 5.48; N, 4.01; Found 72.30; H, 5.39; N, 4.39.




4.2.3. (E)-benzo[d][1,3]dioxole-4-carbaldehyde O-(benzo[d][1,3]dioxol-5-ylmethyl) Oxime (RAV2)


Compound RAV2 was obtained starting from the benzo[d][1,3]dioxole-4-carbaldehydee, following the general procedure. The crude was purified by crystallization (CHCl3/hexane) affording compound RAV2 as a white solid. Yield 60%. M.p.: 142–144 °C. 1H-NMR (200 MHz; CDCl3) δ: 8.02 (s, 1H, HC=N); 7.21–7.20 (m, 1H, Ar); 6.99–6.87 (m, 5H, Ar) 5.99 (s, 2H, O-CH2-O); 5.96 (s, 2H, O-CH2-O); 5.07 (s, 2H, -OCH2). 13C-NMR (M100 Hz; CDCl3) δ: 153.0, 151.8, 148.7, 147.5, 134.2, 124.9, 121.5, 117.1, 116.2, 114.1, 112.8, 101.97, 76.9. Anal. Calcd for C16H13NO5; C, 64.21; H, 4.38; N, 4.68; Found 64.40; H, 4.08; N, 4.41.




4.2.4. (E)-2-hydroxy-4-iodobenzaldehyde O-(benzo[d][1,3]dioxol-5-ylmethyl) Oxime (RAV3)


Compound RAV3 was obtained starting from the 2-hydroxy-4-iodobenzaldehyde, following the general procedure. The crude was purified by crystallization (CHCl3/hexane) affording compound RAV3 as a white solid. Yield 55%. M.p.: 136–137 °C. 1H-NMR (400 MHz; CDCl3) δ: 9.85 (s, 1H, OH); 8.08 (s, 1H, HC=N); 7.51–7.41 (m, 2H, Ar); 6.87–6.73 (m, 4H, Ar) 5.96 (s, 2H, O-CH2-O); 5.06 (s, 2H, -OCH2). 13C-NMR (M100 Hz; CDCl3) δ: 163.0, 157.0, 150.4, 149.0, 147.8, 139.6, 139.7, 129.9, 122.5, 119.1, 118.6, 109.1, 108.3, 101.1, 80.4. Anal. Calcd for C15H12INO4; C, 45.36; H, 3.05; N, 3.53; Found 45.66; H, 3.33; N, 3.40.




4.2.5. (E)-4-hydroxybenzaldehyde O-(benzo[d][1,3]dioxol-5-ylmethyl) Oxime (NS012)


Compound NS012 was obtained starting from the 4-hydroxybenzaldehyde, following the general procedure. The crude was purified by crystallization (CHCl3/hexane) affording compound NS012 as a white solid. Yield 65%. M.p.: 123–125 °C. 1H-NMR (200 MHz; CDCl3) δ: 8.06 (s, 1H, HC=N); 7.50–7.46 (m, 2H, Ar); 6.93–6.78 (m, 5H, Ar) 5.96 (s, 2H, O-CH2-O); 5.08 (s, 2H, -OCH2). 13C-NMR (100 MHz; CDCl3) δ: 160.8, 155.3, 149.0, 135.6, 133.7, 124.9, 121.5, 116.1, 114.6, 112.1, 108.3, 101.1, 79.9. Anal. Calcd for C15H13NO4; C, 66.41; H, 4.83; N, 5.13; Found 66.01; H, 4.57; N, 5.02.





4.3. Synthesis and Purification of Gold NP and NP-R


The AuNPs stabilized with citrate and L-cys were prepared and characterized in analogy to literature reports [52]. Briefly: 25 mL of L-cys solution (0.002 M), 10 mL of citrate solution (0.01 M), and 2.5 mL of tetrachloroauric acid solutions (0.05 M) were mixed sequentially in a 100 mL flask, provided with a magnetic stir. After degassing with Argon for 10 min, 4 mL of sodium borohydride solution (0.00008 M) were added and the reaction continued for 2 h at room temperature. Then, the brown solid product was purified by centrifugation (13,000 rpm, 10 min, 4 times with deionized water).



NP-R synthesis was carried out following the same procedures, but including RSV water solution (1 mL 0.02 M) in the reagent mixture, before reduction.




4.4. Cell Culture


Human breast cancer cells MCF-7, T47D, and MDA-MB-231 were grown in air containing 5% CO2 in either modified, phenol red-free, or Dulbecco’s Modified Eagle’s Medium (DMEM) medium (MCF-7, T47D, MDA-MB-231). Ten percentage (v/v) of charcoal-stripped fetal calf serum, L-glutamine (2 mM), gentamicin (0.1 mg/mL), and penicillin (100 U/mL) were added to the media before use. Cells were used at passage 4–8, as previously described [5]. The cell line authentication was periodically performed by amplification of multiple short tandem repeat loci by BMR genomics S.r.l (Padova, Italy). Cells were treated for 24 h with either vehicle (ethanol [EtOH]/phosphate-buffered saline [PBS], 1:10; v/v) or E2 (1 or 10 nM) or RSV (1 µM) or Pacl (1, 10, and 100 nM) or NP (1.0, 3.0, 9.1 µg/mL) or NP-R (RSV concentration = 0.01, 0.03 and 0.1 μM). When indicated, endoxifen (1 µM) was added 30 min before NP-R administration, NP-R was added 1 h before E2 administration, or E2 (10 nM) was added 4 h before Pacl addition (0.1, 1, and 100 nM) for 24 h. The E2 concentrations were selected on the bases of dose–response experiments already performed [5,53].




4.5. Western Blot


Briefly, after the treatments, cells were lysed and proteins were solubilized in the YY buffer (50 mM HEPES at pH 7.5, 10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, and 1 mM EGTA) containing 0.70% (w/v) sodium dodecyl sulfate (SDS). Total proteins were quantified using the Bradford protein assay. Solubilized proteins (20 µg) were resolved by 7% or 15% SDS-polyacrylamide gel electrophoresis at 100 V for 1 h at 24.0 °C and then transferred to nitrocellulose with the Trans-Blot Turbo Transfer System (Bio-Rad) for 7 min. The nitrocellulose was treated with 5% (w/v) bovine serum albumin in 138.0 mM NaCl, 25.0 mM Tris, pH 8.0, at 24.0 °C for 1 h. Nitrocellulose was probed overnight at 4.0 °C with either anti-NGB (final dilution, 1:1000) or anti-PARP-1 (final dilution, 1:1000) or anti-pS2 (final dilution, 1:1000) or anti-catepsin D (final dilution, 1:1000) or anti-Cyclin D1 (final dilution, 1:1000) antibodies. The antibody reactivity was detected with ECL chemiluminescence Western blotting detection reagent using a ChemiDoc XRS + Imaging System (Bio-Rad Laboratories, Hercules, CA, USA). Densitometric analyses were performed by the ImageJ software for Microsoft Windows (National Institute of Health, Bethesda, Rockville, MD, USA).




4.6. Electron Microscopy


MCF-7 cells were grown on glass coverslips and fixed with 2% formaldehyde (from paraformaldehyde) and 1.25% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 4 °C. The subsequent steps were performed on ice. After extensive washing in the same buffer, samples were post-fixed in 1% osmium, rinsed in distilled water, and stained with UranyLess (Electron Microscopy Science, Foster City, CA, USA) as a contrasting agent for 1 h in the dark. Samples were washed in distilled water, then gradually dehydrated in ethanol, to 100% ethanol. This step was repeated twice at room temperature, as were all subsequent steps. Cells were infiltrated with a 1:1 mixture of anhydrous ethanol and epoxy embedding medium (Sigma-Aldrich™, Cat# 45359-1EA-F), then in pure resin for 90 min. Excess resin was gently removed, prior to polymerization at 60 °C for 72 h. This delicate procedure allowed to readily identify the cell boundaries at FIB/SEM, facilitating the milling process and the sectioning of the sample. Resin-embedded coverslips were secured to stubs using an adhesive carbon disc and made conductive with a thin layer of gold with a K550 sputter coater (Emithech, Kent, UK). Resulting samples were analyzed with a Dual Beam (FIB/SEM) Helios Nanolab 600 (FEI Company, Hillsboro, OR, USA) at the electron microscopy interdepartmental facility (LIME) at Roma Tre University. The cells were cut by the ion beam operated at a voltage of 30 KV and a current of 6.5 nA. The resulting cross-sections were examined by the SEM column, detecting backscattered electrons, using a 2 KV voltage and a current of 0.17 nA.




4.7. Statistical Analysis


The statistical analysis was performed by the Student’s t test to compare two sets of data by INSTAT software system for Windows. In all cases, p < 0.05 was considered significant.








Author Contributions


Conceptualization, E.M. and M.M. (Maria Marino); methodology, M.F., F.A., S.M., M.M. (Maurizio Muzzi), E.M., E.O., L.C., S.N., I.V., C.B., G.I., and M.M. (Maria Marino); investigation, E.M., P.C., M.M. (Maurizio Muzzi), I.V., and C.B.; data curation, E.M. and M.M. (Maria Marino); writing—E.M. and M.M. (Maria Marino); writing—review and editing, E.M., P.C., M.F., F.A., E.O., L.C., S.N., C.B., G.I., M.M. (Maurizio Muzzi), S.M., I.V., and M.M. (Maria Marino); funding acquisition, M.M. (Maria Marino) and E.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Grants PRIN 2017 n°2017SNRXH3 to M.M. (Maria Marino) and E.O. and the Grant of Excellence Departments, MIUR (ARTICOLO 1, COMMI 314–337 LEGGE 232/2016) by authors from Roma Tre University. The work was also supported by Lazio Innova -Bandi per Gruppi di Ricerca 2020- NANORE’ to M.M. (Maria Marino) (Prot. GeCoWEB n. GeCoWEB n. A0375-2020- 36565).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Faneyte, I.F.; Schrama, J.G.; Peterse, J.L.; Remijnse, P.L.; Rodenhuis, S.; van de Vijver, M.J. Breast Cancer Response to Neoadjuvant Chemotherapy: Predictive Markers and Relation with Outcome. Br. J. Cancer 2003, 88, 406–412. [Google Scholar] [CrossRef] [PubMed]

	



Tokuda, E.; Seino, Y.; Arakawa, A.; Saito, M.; Kasumi, F.; Hayashi, S.; Yamaguchi, Y. Estrogen Receptor-α Directly Regulates Sensitivity to Paclitaxel in Neoadjuvant Chemotherapy for Breast Cancer. Breast Cancer Res. Treat. 2012, 133, 427–436. [Google Scholar] [CrossRef] [PubMed]

	



Conforti, R.; Boulet, T.; Tomasic, G.; Taranchon, E.; Arriagada, R.; Spielmann, M.; Ducourtieux, M.; Soria, J.C.; Tursz, T.; Delaloge, S.; et al. Breast Cancer Molecular Subclassification and Estrogen Receptor Expression to Predict Efficacy of Adjuvant Anthracyclines-Based Chemotherapy: A Biomarker Study from Two Randomized Trials. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2007, 18, 1477–1483. [Google Scholar] [CrossRef]

	



Fiocchetti, M.; Nuzzo, M.T.; Totta, P.; Acconcia, F.; Ascenzi, P.; Marino, M. Neuroglobin, a pro-Survival Player in Estrogen Receptor α-Positive Cancer Cells. Cell Death Dis. 2014, 5, e1449. [Google Scholar] [CrossRef]

	



Fiocchetti, M.; Cipolletti, M.; Leone, S.; Ascenzi, P.; Marino, M. Neuroglobin Overexpression Induced by the 17β-Estradiol-Estrogen Receptor-α Pathway Reduces the Sensitivity of MCF-7 Breast Cancer Cell to Paclitaxel. IUBMB Life 2016, 68, 645–651. [Google Scholar] [CrossRef]

	



Shaito, A.; Posadino, A.M.; Younes, N.; Hasan, H.; Halabi, S.; Alhababi, D.; Al-Mohannadi, A.; Abdel-Rahman, W.M.; Eid, A.H.; Nasrallah, G.K.; et al. Potential Adverse Effects of Resveratrol: A Literature Review. Int. J. Mol. Sci. 2020, 21, 2084. [Google Scholar] [CrossRef]

	



Bowers, J.L.; Tyulmenkov, V.V.; Jernigan, S.C.; Klinge, C.M. Resveratrol Acts as a Mixed Agonist/Antagonist for Estrogen Receptors Alpha and Beta. Endocrinology 2000, 141, 3657–3667. [Google Scholar] [CrossRef]

	



Cipolletti, M.; Montalesi, E.; Nuzzo, M.T.; Fiocchetti, M.; Ascenzi, P.; Marino, M. Potentiation of Paclitaxel Effect by Resveratrol in Human Breast Cancer Cells by Counteracting the 17β-Estradiol/Estrogen Receptor α/Neuroglobin Pathway. J. Cell. Physiol. 2019, 234, 3147–3157. [Google Scholar] [CrossRef]

	



Almeida, L.; Vaz-da-Silva, M.; Falcão, A.; Soares, E.; Costa, R.; Loureiro, A.I.; Fernandes-Lopes, C.; Rocha, J.-F.; Nunes, T.; Wright, L.; et al. Pharmacokinetic and Safety Profile of Trans-Resveratrol in a Rising Multiple-Dose Study in Healthy Volunteers. Mol. Nutr. Food Res. 2009, 53 (Suppl. 1), S7–S15. [Google Scholar] [CrossRef]

	



Sergides, C.; Chirilă, M.; Silvestro, L.; Pitta, D.; Pittas, A. Bioavailability and Safety Study of Resveratrol 500 Mg Tablets in Healthy Male and Female Volunteers. Exp. Ther. Med. 2016, 11, 164–170. [Google Scholar] [CrossRef] [PubMed]

	



Soukup, S.T.; Helppi, J.; Müller, D.R.; Zierau, O.; Watzl, B.; Vollmer, G.; Diel, P.; Bub, A.; Kulling, S.E. Phase II Metabolism of the Soy Isoflavones Genistein and Daidzein in Humans, Rats and Mice: A Cross-Species and Sex Comparison. Arch. Toxicol. 2016, 90, 1335–1347. [Google Scholar] [CrossRef] [PubMed]

	



Teng, H.; Chen, L. Polyphenols and Bioavailability: An Update. Crit. Rev. Food Sci. Nutr. 2019, 59, 2040–2051. [Google Scholar] [CrossRef] [PubMed]

	



Montalesi, E.; Cipolletti, M.; Cracco, P.; Fiocchetti, M.; Marino, M. Divergent Effects of Daidzein and Its Metabolites on Estrogen-Induced Survival of Breast Cancer Cells. Cancers 2020, 12, 167. [Google Scholar] [CrossRef]

	



Intagliata, S.; Modica, M.N.; Santagati, L.M.; Montenegro, L. Strategies to Improve Resveratrol Systemic and Topical Bioavailability: An Update. Antioxidants 2019, 8, 244. [Google Scholar] [CrossRef]

	



Venditti, I.; Iucci, G.; Fratoddi, I.; Cipolletti, M.; Montalesi, E.; Marino, M.; Secchi, V.; Battocchio, C. Direct Conjugation of Resveratrol on Hydrophilic Gold Nanoparticles: Structural and Cytotoxic Studies for Biomedical Applications. Nanomaterials 2020, 10, 1898. [Google Scholar] [CrossRef]

	



Fiocchetti, M.; Cipolletti, M.; Ascenzi, P.; Marino, M. Dissecting the 17β-Estradiol Pathways Necessary for Neuroglobin Anti-Apoptotic Activity in Breast Cancer. J. Cell. Physiol. 2018, 233, 5087–5103. [Google Scholar] [CrossRef]

	



Wu, X.; Hawse, J.R.; Subramaniam, M.; Goetz, M.P.; Ingle, J.N.; Spelsberg, T.C. The Tamoxifen Metabolite, Endoxifen, Is a Potent Antiestrogen That Targets Estrogen Receptor Alpha for Degradation in Breast Cancer Cells. Cancer Res. 2009, 69, 1722–1727. [Google Scholar] [CrossRef]

	



Marino, M.; Galluzzo, P.; Ascenzi, P. Estrogen Signaling Multiple Pathways to Impact Gene Transcription. Curr. Genomics 2006, 7, 497–508. [Google Scholar] [CrossRef]

	



Marino, M.; Acconcia, F.; Bresciani, F.; Weisz, A.; Trentalance, A. Distinct Nongenomic Signal Transduction Pathways Controlled by 17beta-Estradiol Regulate DNA Synthesis and Cyclin D(1) Gene Transcription in HepG2 Cells. Mol. Biol. Cell 2002, 13, 3720–3729. [Google Scholar] [CrossRef][Green Version]

	



Ascenzi, P.; di Masi, A.; Leboffe, L.; Fiocchetti, M.; Nuzzo, M.T.; Brunori, M.; Marino, M. Neuroglobin: From Structure to Function in Health and Disease. Mol. Aspects Med. 2016, 52, 1–48. [Google Scholar] [CrossRef]

	



Mitra, S.; Das, R.; Emran, T.B.; Labib, R.K.; Islam, F.; Sharma, R.; Ahmad, I.; Nainu, F.; Chidambaram, K.; Alhumaydhi, F.A.; et al. Diallyl Disulfide: A Bioactive Garlic Compound with Anticancer Potential. Front. Pharmacol. 2022, 13, 943967. [Google Scholar] [CrossRef] [PubMed]

	



Küpeli Akkol, E.; Genç, Y.; Karpuz, B.; Sobarzo-Sánchez, E.; Capasso, R. Coumarins and Coumarin-Related Compounds in Pharmacotherapy of Cancer. Cancers 2020, 12, 1959. [Google Scholar] [CrossRef] [PubMed]

	



Virgili, F.; Marino, M. Regulation of Cellular Signals from Nutritional Molecules: A Specific Role for Phytochemicals, beyond Antioxidant Activity. Free Radic. Biol. Med. 2008, 45, 1205–1216. [Google Scholar] [CrossRef] [PubMed]

	



Alamolhodaei, N.S.; Tsatsakis, A.M.; Ramezani, M.; Hayes, A.W.; Karimi, G. Resveratrol as MDR Reversion Molecule in Breast Cancer: An Overview. Food Chem. Toxicol. 2017, 103, 223–232. [Google Scholar] [CrossRef]

	



Bishayee, A.; Politis, T.; Darvesh, A.S. Resveratrol in the Chemoprevention and Treatment of Hepatocellular Carcinoma. Cancer Treat. Rev. 2010, 36, 43–53. [Google Scholar] [CrossRef]

	



Goswami, S.K.; Das, D.K. Resveratrol and Chemoprevention. Cancer Lett. 2009, 284, 1–6. [Google Scholar] [CrossRef]

	



Kundu, J.K.; Surh, Y.-J. Cancer Chemopreventive and Therapeutic Potential of Resveratrol: Mechanistic Perspectives. Cancer Lett. 2008, 269, 243–261. [Google Scholar] [CrossRef]

	



Ciccone, L.; Nencetti, S.; Socci, S.; Orlandini, E. Neuroglobin and Neuroprotection: The Role of Natural and Synthetic Compounds in Neuroglobin Pharmacological Induction. Neural Regen. Res. 2021, 16, 2353–2358. [Google Scholar] [CrossRef]

	



Ramírez-Garza, S.L.; Laveriano-Santos, E.P.; Marhuenda-Muñoz, M.; Storniolo, C.E.; Tresserra-Rimbau, A.; Vallverdú-Queralt, A.; Lamuela-Raventós, R.M. Health Effects of Resveratrol: Results from Human Intervention Trials. Nutrients 2018, 10, 1892. [Google Scholar] [CrossRef][Green Version]

	



Cory, H.; Passarelli, S.; Szeto, J.; Tamez, M.; Mattei, J. The Role of Polyphenols in Human Health and Food Systems: A Mini-Review. Front. Nutr. 2018, 5, 87. [Google Scholar] [CrossRef] [PubMed]

	



Fulda, S.; Debatin, K.-M. Sensitization for Anticancer Drug-Induced Apoptosis by the Chemopreventive Agent Resveratrol. Oncogene 2004, 23, 6702–6711. [Google Scholar] [CrossRef] [PubMed]

	



Di Lorenzo, C.; Colombo, F.; Biella, S.; Stockley, C.; Restani, P. Polyphenols and Human Health: The Role of Bioavailability. Nutrients 2021, 13, 273. [Google Scholar] [CrossRef] [PubMed]

	



Bohara, R.A.; Tabassum, N.; Singh, M.P.; Gigli, G.; Ragusa, A.; Leporatti, S. Recent Overview of Resveratrol’s Beneficial Effects and Its Nano-Delivery Systems. Molecules 2022, 27, 5154. [Google Scholar] [CrossRef] [PubMed]

	



Savjani, K.T.; Gajjar, A.K.; Savjani, J.K. Drug Solubility: Importance and Enhancement Techniques. ISRN Pharm. 2012, 2012, 195727. [Google Scholar] [CrossRef] [PubMed]

	



Pecyna, P.; Wargula, J.; Murias, M.; Kucinska, M. More Than Resveratrol: New Insights into Stilbene-Based Compounds. Biomolecules 2020, 10, 1111. [Google Scholar] [CrossRef]

	



Chen, Y.; Ke, G.; Ma, Y.; Zhu, Z.; Liu, M.; Liu, Y.; Yan, H.; Yang, C.J. A Synthetic Light-Driven Substrate Channeling System for Precise Regulation of Enzyme Cascade Activity Based on DNA Origami. J. Am. Chem. Soc. 2018, 140, 8990–8996. [Google Scholar] [CrossRef]

	



Carr, J.A.; Wang, H.; Abraham, A.; Gullion, T.; Lewis, J.P. L-Cysteine Interaction with Au55 Nanoparticle. J. Phys. Chem. C 2012, 116, 25816–25823. [Google Scholar] [CrossRef]

	



Sarangi, S.N.; Hussain, A.M.P.; Sahu, S.N. Strong UV Absorption and Emission from L-Cysteine Capped Monodispersed Gold Nanoparticles. Appl. Phys. Lett. 2009, 95, 073109. [Google Scholar] [CrossRef]

	



Bertelà, F.; Marsotto, M.; Meneghini, C.; Burratti, L.; Maraloiu, V.-A.; Iucci, G.; Venditti, I.; Prosposito, P.; D’Ezio, V.; Persichini, T.; et al. Biocompatible Silver Nanoparticles: Study of the Chemical and Molecular Structure, and the Ability to Interact with Cadmium and Arsenic in Water and Biological Properties. Nanomaterials 2021, 11, 2540. [Google Scholar] [CrossRef]

	



Krieg, A.J.; Krieg, S.A.; Ahn, B.S.; Shapiro, D.J. Interplay between Estrogen Response Element Sequence and Ligands Controls in Vivo Binding of Estrogen Receptor to Regulated Genes. J. Biol. Chem. 2004, 279, 5025–5034. [Google Scholar] [CrossRef] [PubMed]

	



Augereau, P.; Miralles, F.; Cavaillès, V.; Gaudelet, C.; Parker, M.; Rochefort, H. Characterization of the Proximal Estrogen-Responsive Element of Human Cathepsin D Gene. Mol. Endocrinol. Baltim. Md 1994, 8, 693–703. [Google Scholar] [CrossRef]

	



Cipolletti, M.; Solar Fernandez, V.; Montalesi, E.; Marino, M.; Fiocchetti, M. Beyond the Antioxidant Activity of Dietary Polyphenols in Cancer: The Modulation of Estrogen Receptors (ERs) Signaling. Int. J. Mol. Sci. 2018, 19, 2624. [Google Scholar] [CrossRef]

	



Li, S.; Penninckx, S.; Karmani, L.; Heuskin, A.-C.; Watillon, K.; Marega, R.; Zola, J.; Corvaglia, V.; Genard, G.; Gallez, B.; et al. LET-Dependent Radiosensitization Effects of Gold Nanoparticles for Proton Irradiation. Nanotechnology 2016, 27, 455101. [Google Scholar] [CrossRef]

	



Tremi, I.; Havaki, S.; Georgitsopoulou, S.; Lagopati, N.; Georgakilas, V.; Gorgoulis, V.G.; Georgakilas, A.G. A Guide for Using Transmission Electron Microscopy for Studying the Radiosensitizing Effects of Gold Nanoparticles In Vitro. Nanomaterials 2021, 11, 859. [Google Scholar] [CrossRef]

	



Wu, Y.; Zhang, Q.; Ruan, Z.; Yin, Y. Intrinsic Effects of Gold Nanoparticles on Proliferation and Invasion Activity in SGC-7901 Cells. Oncol. Rep. 2016, 35, 1457–1462. [Google Scholar] [CrossRef] [PubMed]

	



Yue, J.; Feliciano, T.J.; Li, W.; Lee, A.; Odom, T.W. Gold Nanoparticle Size and Shape Effects on Cellular Uptake and Intracellular Distribution of SiRNA Nanoconstructs. Bioconjug. Chem. 2017, 28, 1791–1800. [Google Scholar] [CrossRef]

	



Balsamo, A.; Coletta, I.; Domiano, P.; Guglielmotti, A.; Landolfi, C.; Mancini, F.; Milanese, C.; Orlandini, E.; Rapposelli, S.; Pinza, M.; et al. (E)-[2-(4-Methylsulphonylphenyl)-1-Cyclopentenyl-1-Methyliden](Arylmethyloxy)Amines. Methyleneaminoxymethyl (MAOM) Analogues of Diarylcyclopentenyl Cyclooxygenase-2 Inhibitors: Synthesis and Biological Properties. Eur. J. Med. Chem. 2002, 37, 391–398. [Google Scholar] [CrossRef]

	



Ciccone, L.; Nencetti, S.; Tonali, N.; Fruchart-Gaillard, C.; Shepard, W.; Nuti, E.; Camodeca, C.; Rossello, A.; Orlandini, E. Monoaryl derivatives as transthyretin fibril formation inhibitors: Design, synthesis, biological evaluation and structural analysis. Bioorg. Med. Chem. 2020, 28, 115673. [Google Scholar] [CrossRef]

	



Ciccone, L.; Petrarolo, G.; Barsuglia, F.; Fruchart-Gaillard, C.; Cassar Lajeunesse, E.; Adewumi, A.T.; Soliman, M.E.S.; La Motta, C.; Orlandini, E.; Nencetti, S. Nature-Inspired O-Benzyl Oxime-Based Derivatives as New Dual-Acting Agents Tar-geting Aldose Reductase and Oxidative Stress. Biomolecules 2022, 12, 44847. [Google Scholar] [CrossRef]

	



Ciccone, L.; Piragine, E.; Brogi, S.; Camodeca, C.; Fucci, R.; Calderone, V.; Nencetti, S.; Martelli, A.; Orlandini, E. Resveratrol-like Compounds as SIRT1 Activators. Int. J. Mol. Sci. 2022, 23, 15105. [Google Scholar] [CrossRef] [PubMed]

	



Venditti, I.; Testa, G.; Sciubba, F.; Carlini, L.; Porcaro, F.; Meneghini, C.; Mobilio, S.; Battocchio, C.; Fratoddi, I. Hydrophilic Metal Nanoparticles Functionalized by 2-Diethylaminoethanethiol: A Close Look at the Metal–Ligand Interaction and Interface Chemical Structure. J. Phys. Chem. C 2017, 121, 8002–8013. [Google Scholar] [CrossRef]

	



De Marinis, E.; Ascenzi, P.; Pellegrini, M.; Galluzzo, P.; Bulzomi, P.; Arevalo, M.A.; Garcia-Segura, L.M.; Marino, M. 17β-Estradiol--a New Modulator of Neuroglobin Levels in Neurons: Role in Neuroprotection against H2O2-Induced Toxicity. Neurosignals 2010, 18, 223–235. [Google Scholar] [CrossRef] [PubMed][Green Version]








[image: Ijms 24 02148 g001 550] 





Figure 1. Chemical structure of resveratrol and resveratrol analogs. 
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Figure 2. Effect of resveratrol analogs on NGB level in MCF-7 cells. Western blot (top panels) and densitometric analyses (bottom panel) of NGB protein levels in MCF-7 cells treated for 24 h with vehicle (ethanol/PBS 1:10), E2 (10 nM), RSV (0.1 μM), and the RSV analogs: RAV1, RAV2, RAV3 (0.1, 1 and 10 μM) (A), and NS021 (0.1, 1.0 and 10 μM) (B). The amount of protein was normalized in comparison with tubulin levels. Data are mean ± SD of five different experiments. p < 0.001 was determined with Student’s t-test with respect to the vehicle (*) or RSV (°) treated samples. 
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Figure 3. Effect of gold-conjugated RSV on NGB levels in breast cancer cells. MCF-7, T47D, and MDA-MB-231 cells. Western blot analysis (right panels) of NGB protein levels, performed in (A) MCF-7, (B) T47D, and (C) MDA-MB-231 cell lines, treated with either vehicle or E2 (10 nM; 24 h), RSV (1 μM), and NP-R (0.01, 0.03 and 0.1 μM). Densitometric analysis are reported (left panels). The amount of protein was normalized through comparison with tubulin levels. Data are the mean ± SD of five different experiments. p < 0.001 was determined with Student’s t-test with respect to the vehicle (*) or E2-treated (°) samples. 
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Figure 4. Involvement of ERα activities in NP-R effect. (A) Western blot (left panel) and densitometric analyses (right panel) of NGB levels in MCF-7 cells treated for 24 h with vehicle (ethanol/PBS, 1:10) or with ERα inhibitor endoxifen (Endox, 1 μM; 30 min pre-treatment) in the presence or absence of gold nanoparticle-conjugated Resveratrol, NP-R (0.1μM). The amount of protein was normalized through comparison with tubulin levels. (Panels B–D) Western blot (upper panels) and densitometric analyses (bottom panels) of (B) Cyclin D1, (C) pS2, and (D) Cathepsin D protein levels in MCF-7 cells treated for 24 h with the vehicle (ethanol/PBS, 1:10) and E2 (10 nM) in the presence or absence of unconjugated RSV and gold-conjugated RSV, NP-R (0.1 μM). The amount of protein was normalized through comparison with tubulin levels. Data are the mean ± SD of four different experiments. p < 0.001 was determined with Student’s t-test with respect to the vehicle (*) or E2-treated (°) samples or (#) Resveratrol (Res). 
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Figure 5. NP-R potentiates paclitaxel effects. Western blot (top) and densitometric analyses (bottom) of NGB protein levels (A,B) and PARP-1 cleavage (C) in (A,C) MCF-7 and (B) T47D cells. Cells were treated for 24 h with either vehicle (ethanol/PBS, 1:10) or E2 or NP-R (0.1 μM) or paclitaxel (100 nM); some cells were co-stimulated with either E2 or NP-R or E2 + NP-R before paclitaxel treatment. Data are the mean ± SD of three different experiments. p < 0.001 was determined with Student’s t-test with respect to the vehicle (*) or paclitaxel- (°) or (+) E2 + paclitaxel-treated samples. 
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Figure 6. FIB/SEM micrographs representative of ultrastructural features and nanoparticle internalization in MCF-7 cells after 24 h. Analysis of MCF-7 cells treated with the vehicle alone (A) displaying well-preserved organelles, regular nuclear morphology, and microvillated plasma membrane. Both MCF-7 cells treated with naked nanoparticles (B) and those treated with NP-R (C) show ultrastructural features comparable to those found in control cells. NP and NP-R are equally internalized by the cells and form prominent aggregates that are found in both vacuoles and cytosol. In a high-power view of NP-R aggregates (D), nanoparticles retaining their round shape in the size range of 45 nm are observed. GO: Golgi apparatus; M: mitochondria; MT: microtubules; NP: nanoparticles; N: nucleus; NU: nucleolus; RER: rough endoplasmic reticulum; VA: vacuole. 
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Scheme 1. Synthesis of investigated compounds. 
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