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Abstract

:

A series of resveratrol/hydrazone hybrids were obtained and elucidated by spectroscopic analysis. All compounds were evaluated against colorectal cancer cells (SW480 and Sw620) and nonmalignant cell lines (HaCaT and CHO-K1) to establish the selectivity index. Among the hybrids evaluated, compounds 6e and 7 displayed the highest cytotoxic activity with IC50 values of = 6.5 ± 1.9 µM and 19.0 ± 1.4 µM, respectively, on SW480 cells. In addition, hybrid 7 also exhibited activity on SW620 cells with an IC50 value of 38.41 ± 3.3 µM. Both compounds were even more toxic against these malignant cells in comparison to the nonmalignant ones, as evidenced by higher selectivity indices 48 h after treatment. These compounds displayed better activity and selectivity than parental compounds (PIH and Resveratrol) and the reference drug (5-FU). In addition, it was observed that both compounds caused antiproliferative activity probably exerted by cell cycle arrest at the G2/M or G0/G1 phases, with the formation of cells in the subG0/G1 phase. Furthermore, it was noticed that compound 7 induced mitochondrial depolarization in SW480 cells and positive staining for propidium iodide in both cancer cell lines, suggesting cell membrane damage involving either apoptosis or other processes of death.
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1. Introduction


Colorectal cancer (CRC) is the third most diagnosed malignancy and the fourth leading cause of cancer death worldwide [1]. This pathology presents a great geographical distribution, and the patterns are very similar among men and women, being the third most common cancer in men and the second one in women [2]. These statistics are surprisingly high despite the fact that CRC is considered one of the most preventable cancers through modifications in lifestyles [3,4]. Current chemotherapy for CRC is mainly based on 5-fluorouracil, which is used in combination with oxaliplatin, irinotecan, leucovorin, or folic acid in different therapeutic regimes. Although these treatments are effective, they induce a high grade of toxicity, including neurological and gastrointestinal disorders, myelosuppression, anemia, and neutropenia, among others [5,6,7,8]. Considering the disadvantages of conventional chemotherapy, there is an urgent need for developing novel approaches for the treatment of colorectal cancer.



Chemoprevention has emerged as a relatively new field in the search for new therapeutic alternatives. This strategy is based on the use of natural, synthetic, or biological alternatives to reverse, suppress, or either prevent any of the steps in carcinogenesis (initiation, promotion, or progression) [9,10]. Thereon, the use of hydrazones has been evaluated. They constitute an important type of compound with a plethora of pharmacological activities [11,12,13], for this reason, different compounds containing the hydrazone moiety are currently being used in clinical trials, including pyridoxal isonicotinoyl hydrazone (PIH, A) and triapine B (Figure 1) [14]. These compounds are classified as chelating agents used in the treatment of iron overload diseases. Besides, considering the associations between iron and cancer, they have also been investigated in different models due to their ability to inhibit the growth of aggressive tumors in vitro and in vivo [15,16,17]. Several hydrazones have been explored because of their anticancer potential. Among them, compounds C and D displayed antiproliferative activity with IC50 values of 3.1 and 0.29 µM, respectively, against HCT 116 cell line. These results were even better than the known values for the drug 5-fluorouracil (IC50 = 5 µM) [18]. On the other hand, in a different investigation it was shown that hydrazones E and F induced a cytostatic effect in p53-competent HCT116 cells, mediated by up-regulation of p21cip1/waf1 and a down-regulation of cyclin E, besides, the authors reported an association with cell cycle arrest at the S/G2 phase [19]. Moreover, acylhydrazone G exhibited toxicity when evaluated in a panel of colon cancer cells (HCT-116, DLD-1, and SW620), without damaging nonmalignant L929 fibroblasts. Furthermore, this compound triggered programmed cell death (early and late apoptosis) through cell cycle arrest in the G2/M phase and caspase-9/3 cleavage in HCT-116 colon cancer cells [20]. In addition, compound H (NIH) showed greater antiproliferative activity than PIH, displaying high chelation efficacy which plays an essential role in its cytotoxic activity [21]. Finally, compound I showed strong antiproliferative activity on esophageal carcinoma cells (EC9706 and EC109) with IC50 values of 1.09 ± 0.03 and 2.79 ± 0.45 µM, respectively. This hydrazone also induced apoptosis and cell cycle arrest at G0/G1 phase in both cell lines [22]. All these structures are illustrated in Figure 1.



The bioactive natural product resveratrol (Figure 2), has received great attention in drug discovery since it has displayed several biological activities including antitumor [23,24]. This stilbene has demonstrated effectiveness in all the stages of carcinogenesis (initiation, promotion, and progression), by modulating signal transduction pathways that control cell division and growth, apoptosis, inflammation, angiogenesis, and metastasis [25,26,27,28,29,30,31]. Despite its effectiveness, the clinical use of resveratrol is limited because of its low bioavailability and stability [32,33].



Considering the limitations of conventional chemotherapy and the individual molecules, the use of molecular hybridization has emerged as a promising strategy in medicinal chemistry. This strategy is used in the search for new therapeutic alternatives and it is based on the linking of two different pharmacophores to create a single molecule that could exhibit a dual mode of action but does not necessarily on the same biological target [34,35,36,37]. Based on this strategy and the high potential of resveratrol and hydrazones as anticancer agents, we decided to synthesize a series of resveratrol/hydrazone hybrids (Figure 2) and tested their biological activity using two human colon cancer cells (SW480 and SW620) establishing an approach towards the possible chemopreventive potential of the synthesized molecules.




2. Materials and Methods


2.1. Chemical Synthesis


2.1.1. General Remarks


Microwave reactions were carried out in a CEM Discover microwave reactor in sealed vessels (monowave, maximum power 300 W, temperature control by IR sensor, and fixed temperature). 1H and 13C NMR spectra were recorded on a Varian instrument operating at 300 and 75 MHz, respectively. The signals of the deuterated solvent (DMSO-D6) were used as a reference. Chemical shifts (δ) are expressed in ppm with the solvent peak as a reference and TMS as an internal standard; coupling constants (J) are given in Hertz (Hz). HRMS was obtained using a Bruker Impact II UHR-Q-TOF mass spectrometry (Bruker Daltonik GmbH, Bremen, Germany) in positive mode. Silica gel 60 (0.063–0.200 mesh, Merck, Whitehouse Station, NJ, USA) was used for column chromatography, and precoated silica gel plates (Merck 60 F254 0.2 mm) were used for thin layer chromatography (TLC). Monitoring of the reaction progress and product purification was carried out by TLC.




2.1.2. Synthetic Procedure for Benzohydrazides (3)


Hydrazine monohydrate (3 mL of an 80% solution) was added to a solution of 2 (1 mmol) in ethanol (15 mL). The reaction mixture was submitted to microwave radiation and maintained under reflux for 1 h. Then, the crude reaction was concentrated on a rotatory evaporator, and the residue was purified by column chromatography over silica gel to obtain the title compound 3 in 60–90% yield.




2.1.3. Synthetic Procedure for Hydrazone


A benzohydrazides 3 (1 mmol) solution in methanol (5 mL) was sonicated for 2 min and resveratrol-aldehyde 5 (1 mmol) and acetic acid (1 mL) were added dropwise. Then, the reaction mixture was sonicated for 30 min at 40 °C. The product was filtered, sequentially washed with water (20 mL) and ethyl ether (5 mL), dried in vacuo, and recrystallized from ethanol, affording the corresponding hydrazones in yields ranging from 55–70%. The 1H, 13C NMR, and MS spectra (Supplementary S1) and HPLC analysis (Supplementary S2) of all hybrids can be found in the Supplementary Materials.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)-3-methoxybenzohydrazide (6a): Yield 55%; Yellow solid. Mp 248–250 °C. 1H NMR (300 MHz, DMSO-d6) δ 12.40 (s, OH), 11.93 (s, OH), 8.98 (s, -CH=N-), 7.55–7.40 (m, 5H), 7.32 (d, J = 16.0 Hz, 1H), 7.21–7.14 (m, 1H), 6.93 (d, J = 16.0 Hz, 1H), 6.80 (d, J = 8.5 Hz, 2H), 6.57 (d, J = 2.2 Hz, 1H), 6.26 (d, J = 2.1 Hz, 1H), 3.83 (s, 3H). 13C NMR (75 MHz, DMSO-d6) δ 162.48 (C=O), 161.23 (Ar-O), 160.90 (Ar-O), 159.73 (Ar-O), 158.16 (Ar-O), 148.61 (C=N), 141.00, 134.60, 133.05 (C=C), 130.24, 128.75 (2Ar), 128.37 (C=C), 121.95, 120.10, 118.04, 116.00 (2Ar), 113.28, 107.88, 105.75, 102.57, 55.84 (OMe). HRMS (ESI), calcd for C23H20N2O5 [M+H]+: 405.1420, found: 405.1418.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)-4-methoxybenzohydrazide (6b): Yield 70%; Brown solid. Mp 199–201 °C. 1H NMR (300 MHz, DMSO-d6) δ 12.46 (s, 1H), 11.83 (s, 1H), 8.97 (s, -CH=N-), 7.92 (d, J = 8.8 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 16.0 Hz, 1H), 7.08 (d, J = 8.8 Hz, 2H), 6.93 (d, J = 16.0 Hz, 1H), 6.80 (d, J = 8.5 Hz, 2H), 6.56 (d, J = 2.1 Hz, 1H), 6.26 (d, J = 2.1 Hz, 1H), 3.81 (s, 3H). 13C NMR (75 MHz, DMSO-d6) δ 162.59 (C=O), 162.15 (Ar-O), 161.15 (Ar-O), 160.74 (Ar-O), 158.16 (Ar-O), 147.93 (C=N), 140.83, 132.99 (C=C), 129.86 (2Ar), 128.73 (2Ar), 128.39 (C=C), 125.21, 121.98, 116.00 (2Ar), 114.29 (2Ar), 107.96, 105.68, 102.56, 55.91 (OMe). HRMS (ESI), calcd for C23H20N2O5 [M+H]+: 405.1418 found: 405.1415.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)-4-fluorobenzohydrazide (6c): Yield 55%; Yellow solid. Mp 175–177 °C. 1H-NMR (300 MHz, DMSO-d6) δ 10.08 (s, OH), 9.71 (s, OH), 8.97 (s, -CH=N-), 8.90 (s, OH), 8.00 (dd, J = 8.7, 5.5 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 7.39 (tapparent, J = 8.8 Hz, 2H), 7.31 (d, J = 16.1 Hz, 1H), 6.93 (d, J = 16.1 Hz, 1H), 6.80 (d, J = 8.5 Hz, 2H), 6.57 (d, J = 2.1 Hz, 1H), 6.27 (d, J = 2.1 Hz, 1H). 13C-NMR (75 MHz, DMSO-d6) δ 163.05 (C=O), 161.70 (Ar-F), 161.22 (Ar-O), 160.94 (Ar-O), 158.18 (Ar-O), 148.68 (C=N), 141.03, 133.10 (C=C), 130.75, 130.63, 128.75 (2Ar), 128.38 (C=C), 121.95, 116.22, 116.02 (2Ar), 115.93 (2Ar), 107.85, 105.81, 102.56. HRMS (ESI), calcd for C22H17FN2O4 [M+H]+: 392.2357 found: 392.2365.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)-2,3-dimethoxybenzohydrazide (6d): Yield 65%; Brown solid. Mp 215–217 °C. 1H NMR (300 MHz, DMSO-d6) δ 8.91 (s, -CH=N-), 7.45 (d, J = 8.6 Hz, 2H), 7.28 (d, J = 16.1 Hz, 1H), 7.24–7.20 (m, 2H), 7.17 (d, J = 8.0 Hz, 1H), 7.13 (d, J = 2.1 Hz, 1H), 6.92 (d, J = 16.0 Hz, 1H), 6.78 (d, J = 8.6 Hz, 2H), 6.58 (d, J = 2.1 Hz, 1H), 6.26 (d, J = 2.2 Hz, 1H), 3.85 (s, 3H), 3.79 (s, 3H). 13C NMR (75 MHz, DMSO-d6) δ 162.12 (C=O), 161.18 (Ar-O), 160.92 (Ar-O), 160.45 (Ar-O), 158.14 (Ar-O), 153.03 (Ar-O), 148.35 (C=N), 146.71, 140.90, 132.90 (C=C), 129.67 (2Ar), 128.70 (C=C), 128.36, 124.81, 121.72, 120.79, 115.97 (2Ar), 115.50, 107.73, 105.60, 102.53, 61.72 (OMe), 56.42 (OMe). HRMS (ESI), calcd for: C24H22N2O6 [M+H]+: 435.1550 found: 435.1552.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)-2,4-dimethoxybenzohydrazide (6e): Yield 70%; Yellow solid. Mp 243–245 °C. 1H-NMR (300 MHz, DMSO-d6) δ 12.53 (s, OH), 11.32 (s, OH), 8.98 (s, -CH=N-), 7.75 (d, J = 8.4 Hz, 1H), 7.48 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 16.0 Hz, 1H), 6.95 (d, J = 16.0 Hz, 1H), 6.79 (d, J = 8.2, 2H), 6.72–6.63 (m, 3H), 6.59 (d, J = 2.4 Hz, 1H), 6.25 (d, J = 2.4 Hz, 1H), 3.93 (s, 3H), 3.84 (s, 3H). 13C-NMR (75 MHz, DMSO-d6) δ 163.64 (C=O), 161.47 (Ar-O), 161.24 (Ar-O), 160.71 (Ar-O), 159.02 (Ar-O), 158.13 (Ar-O), 147.92 (C=N), 140.70, 132.68 (C=C), 128.84 (2Ar), 128.45 (C=C), 121.83, 115.98 (2Ar), 114.65, 108.02, 106.27, 105.29, 102.59, 98.92, 56.58 (OMe), 56.04 (OMe). HRMS (ESI), calcd for: C24H22N2O6 [M+H]+: 435.1545 found: 435.1544.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)-2,5-dimethoxybenzohydrazide (6f): Yield 62%; Yellow solid. Mp 260–262 °C. 1H NMR (300 MHz, DMSO-d6) δ 12.40 (s, OH), 11.56 (s, OH), 8.98 (s, -CH=N-), 7.47 (d, J = 8.6 Hz, 3H), 7.31 (d, J = 16.0 Hz, 1H), 7.23 (d, J = 2.4 Hz, 1H), 7.12–7.08 (m, 2H), 6.94 (d, J = 16.0 Hz, 1H), 6.79 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 2.2 Hz, 1H), 6.26 (d, J = 2.2 Hz, 1H), 3.85 (s, 3H), 3.75 (s, 3H). 13C NMR (75 MHz, DMSO-d6) δ 161.64 (C=O), 161.24 (Ar-O), 160.86 (Ar-O), 158.13 (Ar-O), 153.41 (Ar-O), 151.27 (Ar-O), 148.39 (C=N), 140.87, 132.82 (C=C), 128.78 (2Ar), 128.39 (C=C), 123.59, 121.77, 118.15, 115.97 (2Ar), 115.26, 113.83, 107.84, 105.47, 102.56, 56.84 (OMe), 56.03 (OMe). HRMS (ESI), calcd for: C24H22N2O6 [M+H]+: 435.1537 found: 435.1541.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)-3,4-dimethoxybenzohydrazide (6g): Yield 68%; Yellow solid. Mp 216–218 °C. 1H-NMR (300 MHz, DMSO-d6) δ 12.48 (s, OH), 11.82 (s, OH), 8.95 (s, -CH=N-), 7.57 (dd, J = 8.4, 2.0 Hz, 1H), 7.52–7.43 (m, 3H), 7.33 (d, J = 16.0 Hz, 1H), 7.10 (d, J = 8.5 Hz, 1H), 6.93 (d, J = 15.9 Hz, 1H), 6.80 (d, J = 8.4 Hz, 2H), 6.56 (d, J = 2.3 Hz, 1H), 6.26 (d, J = 2.3 Hz, 1H), 3.84 (s, 6H). 13C-NMR (75 MHz, DMSO-d6) δ 162.30 (C=O), 161.17 (Ar-O), 160.76 (Ar-O), 158.16 (Ar-O), 152.33 (Ar-O), 148.91 (Ar-O), 147.89 (C=N), 140.89, 133.00 (C=C), 128.77 (2Ar), 128.40 (C=C), 125.27, 122.09, 121.28, 116.01 (2Ar), 111.48, 111.24, 108.01, 105.71, 102.59, 56.49 (OMe), 56.12 (OMe). HRMS (ESI), calcd for: C24H22N2O6 [M+H]+: 435.1551 found: 435.1549.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)-3,5-dimethoxybenzohydrazide (6h): Yield 60%; Yellow solid. Mp 210–212 °C. 1H NMR (300 MHz, DMSO-d6) δ 12.40 (s, OHH), 11.89 (s, OHH), 8.96 (s, -CH=N-), 7.47 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 16.0 Hz, 1H), 7.07 (d, J = 2.2 Hz, 2H), 6.93 (d, J = 16.0 Hz, 1H), 6.80 (d, J = 8.6 Hz, 2H), 6.73 (t, J = 2.2 Hz, 1H), 6.56 (d, J = 2.2 Hz, 1H), 6.26 (d, J = 2.2 Hz, 1H), 3.82 (s, 6H). 13C NMR (75 MHz, DMSO-d6) δ 162.33 (C=O), 161.23 (Ar-O), 160.94 (2Ar-O), 160.90 (Ar-O), 158.15 (Ar-O), 148.64 (C=N), 141.02, 135.22, 133.05 (C=C), 128.77 (2Ar), 128.37 (C=C), 121.98, 115.99 (2Ar), 107.88, 105.93, 105.75 (2Ar), 103.95, 102.55, 56.00 (OMe). HRMS (ESI), calcd for: C24H22N2O6 [M+H]+: 435.1550 found: 435.1552.



N′-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)isonicotinohydrazide (7): Yield 60%; Brown solid. Mp 232–234 °C. 1H NMR (300 MHz, DMSO-d6) δ 8.99 (s, -CH=N-), 8.80 (d, J = 6.0 Hz, 2H), 7.83 (d, J = 6.0 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 7.34 (d, J = 16.0 Hz, 1H), 6.93 (d, J = 16.0 Hz, 1H), 6.80 (d, J = 8.6 Hz, 2H), 6.57 (d, J = 2.2 Hz, 1H), 6.27 (d, J = 2.2 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ 161.33 (C=O), 161.19 (Ar-O x 2), 158.20 (Ar-O), 150.89 (2Ar), 149.73 (C=N), 141.30, 140.34, 133.22 (C=C), 128.77 (2Ar), 128.35 (C=C), 121.96 (Ar), 121.85, 118.57, 116.01 (2Ar), 107.71, 106.94, 102.52. HRMS (ESI), calcd for C21H17N3O4 [M+H]+: 375.1253 found: 376.1251.



2-((E)-2,4-dihydroxy-6-((E)-4-hydroxystyryl)benzylidene)hydrazine-1-carbothioamide (8): Yield 50%; Yellow solid. Mp 242–244 °C. 1H NMR (600 MHz, DMSO-d6) δ 8.64 (s, -CH=N-), 8.02 (s, OH), 7.60 (s, OH), 7.40 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 16.0 Hz, 1H), 6.84 (d, J = 16.0 Hz, 1H), 6.75 (d, J = 8.5 Hz, 2H), 6.54 (d, J = 2.0, 1H), 6.21 (d, J = 2.0 Hz, 1H), 5.71 (s, OH). 13C NMR (151 MHz, DMSO-d6) δ 176.61 (C=S), 159.95 (Ar-O), 159.03 (Ar-O), 157.45 (Ar-O), 144.27 (C=N), 140.35, 131.43 (C=C), 128.54, 128.03 (2Ar), 127.93 (C=C), 115.45 (2Ar), 107.84, 105.21, 101.71. HRMS (ESI), calcd for C16H15N3O3S [M+H]+: 330.09004, found: 330.0895.





2.2. Biological Activity Assays


2.2.1. Cell Lines and Culture Medium


Human colon cancer cell lines (SW480 and SW620), together with nonmalignant cells (CHO-K1 and HaCaT) were used to study the biological activity. Cells were purchased from the European Collection of Authenticated Cell Cultures (ECACC, UK). Dulbecco’s Modified Eagle Medium (DMEM) containing heat-inactivated (56 °C) horse serum (10%), non-essential amino acids (1%) and antibiotics (penicillin/streptomycin, 1%) (Gibco Invitrogen, Carlsbad, CA, USA) was used to maintain the cells, reducing the horse serum to 3%, and, adding insulin (10 mg/mL), transferrin (5 mg/mL) and selenium (5 ng/mL) (ITS-defined medium; Gibco, Invitrogen, Carlsbad, CA, USA) for all the experiments [38,39].




2.2.2. Cell Viability


The colorimetric test with Sulforhodamine B (SRB) was used to evaluate cell viability. Cell density was adjusted to seed 20.000 cells/well in 96-well tissue culture plates. Cells were first incubated for 24 h and then treated with the synthesized hybrids, the lead compounds (PIH and resveratrol), and the reference drug (5-FU) (concentrations between 0.01 and 200 µM), using DMSO (below 1%) as vehicle control. The optimum conditions were 37 °C and 5% CO2. After the end of each treatment, cold trichloroacetic acid (MERCK, 50% v/v) was added and preserved for one hour at 4 °C, to fix the cells. Then, cell proteins were stained with 0.4% (w/v) SRB (Sigma-Aldrich, St. Louis, MO, USA), and subsequently washed with acetic acid (1%) to remove unbound SRB. After air-drying, protein-bound SRB was solubilized in 10 mM Tris-base before reading the absorbance at 492 nm in a microplate reader (Mindray MR-96A) [40,41]. All experiments were performed at least three times.




2.2.3. Antiproliferative Activity


The procedure for evaluating the antiproliferative activity was carried out using the same colorimetric test (SRB) described for cell viability, with minor modifications. Briefly, 2500 cells/well were seeded in 96-well tissue culture plates and incubated as in the previously described conditions for 0, 2, 4, 6, and 8 days. Cell lines were treated with increasing concentrations of the hybrids (between 3 and 48 µM; ranges were adjusted according to the IC50 values). The culture medium was changed every 48 h. After each incubation time, cells were fixed, stained, and read as previously described for this technique [42].




2.2.4. Measurement of Mitochondrial Membrane Potential (ΔΨm)


To evaluate changes in mitochondrial membrane permeability, the fluorescent dyes DiOC6 (3,3′-dihexyloxacarbocyanine iodide, Thermo Fisher Scientific, Waltham, MA, USA) and propidium iodide (PI) were used. Cell density was adjusted to seed 2.5 × 105 cells/well in 6-well tissue culture plates. Cells adhered for 24 h (37 °C and 5% CO2) and then, they were treated with hybrids 6e and 7, with their respective IC50 value, using DMSO (1%) as vehicle control. Subsequently, cells were scraped with the same culture mean and stained with both fluorescent dyes, incubating at room temperature for 30 min in darkness. For each sample, 10,000 events were analyzed through flow cytometry with excitation at 488 nm and detection of the emission with the green (530/15 nm) and the red (610/20 nm) filters. The results informed about the cells with depolarized mitochondrial membranes [41].




2.2.5. Cell Cycle Analysis


Cell staining with the fluorescent propidium iodide (PI) was used to measure cell cycle distribution. The assays were carried out following the previous methodology described by Nicoletti et al. (1991). Briefly, 2.5 × 105 cells/well were seeded in 6-well tissue culture plates at 37 °C and 5% CO2. After 24 h of adherence, cells were treated during 48 h with hybrids 6e and 7, together with the vehicle control. At the end of each treatment, cells were scraped, and the centrifuged pellet was resuspended in 1.8 mL of 70% ethanol at 4 °C to fix the cells overnight. Then, after centrifugation, cells were washed twice in versene buffer to completely remove the alcohol, besides, they were further resuspended in 300 µL of PBS containing 0.25 mg/mL RNAse (Type I-A, Sigma-Aldrich, Darmstadt, Germany) and 0.1 mg/mL PI. After the incubation in the dark (for 30 min at room temperature), 10,000 events were analyzed with a FACS Canto II flow cytometer and the software BD FACS Diva 6.1.3. (BD Biosciences, San Jose, CA, USA). The PI fluorescence signal was analyzed with excitation at 488 nm (using a Sapphire laser), and detection at 610 nm. The cell cycle model was fixed with FlowJo 7.6.2 (Ashland, OR, USA), applying the Dean-Jett-Fox model [43].




2.2.6. Cell Death Induction by Resveratrol/Hydrazone Hybrids


Flow cytometric analysis using a double fluorescent staining with Annexin-V/FITC and propidium iodide (Roche Diagnostics) was used to evaluate phosphatidylserine exposure and membrane damage. Colon cancer cells (SW480 and SW620) were seeded at 2.5 × 105 in each 6-well plate and treated for 48 h. The most active resveratrol/hydrazone hybrids were used and DMSO (1%) was included as a control. At the end of each treatment, cells were scraped and centrifuged. The pellet was resuspended in versene buffer with the fluorescent dyes and incubated for 20 min in darkness. Data were analyzed with FlowJo 7.6.2 (Ashland, OR, USA). Cells with double-positive staining for Annexin-V and PI were considered late apoptotic or dead cells, while the single staining with Annexin-V/FITC (Annexin-V/FITC positive) or propidium iodide (PI positive) was considered for early apoptotic or necrotic cells, respectively. Assays were performed twice [43].




2.2.7. Statistical Analysis


GraphPad Prism software (version 7.04 for Windows, San Diego, CA, USA) was used for all statistical analyses. The experiments were performed at least twice, and data are reported as mean ± SE (standard error). The verification of normality was performed by the Shapiro-Wilk test. Analysis of variance between the control group (non-treated) and the treated one, was performed by one-way ANOVA followed by Dunnett’s test. Values with p ≤ 0.05 were considered significant.






3. Results and Discussion


3.1. Chemistry


Synthesis of the hybrids began with the preparation of acylhydrazides from different benzoic acid esters. These esters 2 were obtained through the oxidation of aldehydes 1 [44] which were subsequently treated with hydrazine affording the compounds 3 [44,45], these compounds have been previously reported [46,47,48,49,50], however, our synthetic strategy involved mild reaction conditions in the esterification reactions and microwave-assisted reactions, in the obtention of acylhydracines, which allows to achieve the compounds with shorter reaction times than the conventional heating methods. Then acylhydrazines were coupled with resveratrol-aldehyde 5 yielding the hydrazones 6 in 55–70% [45,51]. Compound 5 was obtained by oxidation of resveratrol 4 with POCl5 [52]. Compounds 7 and 8 were synthesized by the reaction between aldehyde 5 with isoniazid and thiosemicarbazide, respectively (Scheme 1).



The structures of all compounds have been established by a combined study of ESI-MS, 1H-NMR, 13C-NMR, and ESI-MS spectra showed characteristic [M+H]+ peaks corresponding to their molecular weights. The assignments of all the signals to individual H or C-atoms have been performed on the basis of typical δ-values and J-constants. The 1H-NMR spectra of hybrids 6a–h dissolved in DMSO showed signals of -CH=N- (~8.98 ppm) which appear as s, CH=CH (~7.30 and 6.90 ppm, as d every sign), OCH3 (~3.8 ppm) and Ar-H (~6.25–8.00 Ar-H). 13C-NMR spectra showed characteristic signals at ~148 ppm due to the presence of C=N, signals at ~163 ppm corresponding to the C=O group, and signals at ~133 and ~128 due to the C=C alkene group.




3.2. Biological Activity


3.2.1. Effect of Hybrids Based on Resveratrol/Hydrazone on SW480, SW620, HaCaT, and CHO-K1 Cell Viability


The effect of the synthesized hybrids was evaluated in colorectal cancer cells (SW480 and SW620) and nonmalignant cell lines (HaCaT and CHO-K1). The parental compounds (PIH and resveratrol) and 5-fluorouracil (5-FU, the reference drug) were used as controls. Cytotoxicity was reported as 50% inhibitory concentration (IC50 values). Regarding the cytotoxic effect summarized in Table 1, all hybrids preserved the cytotoxic activity over time, as evidenced by the decrease in the IC50 value 48 h after treatment, being compounds 6e and 7 (for SW480) and compound 7 (for SW620) the hybrids with better selectivity (SI >1) when tested in the nonmalignant cell lines. These selectivity indices were even better than those reported for the parental compounds and the reference drug, which were lower than 1 in both cell lines. As observed under the microscope, when cells were treated with the hybrid molecules, cellular morphology was perturbed by the treatment, showing changes in size and shape, while the vehicle control (DMSO) showed a typical and healthy shape. The effect caused for these hybrids was time- and concentration-dependent. Besides, there was a visible reduction in the number of cells suggesting either a cytotoxic or cytostatic effect on cancer cells. Other authors have reported similar findings regarding the parental compounds alone or in combination with other pharmacophores. Chalal et al. (2014) [53] synthesized a series of resveratrol derivatives (ferrocenylstilbene analogs) and evaluated their activity on cell viability of human hepatoblastoma HepG2 and human colorectal cancer SW480 cell lines, moreover, they also evaluated the biological activity using intestinal epithelial IEC-18 cells. These authors reported that the derivatives inhibited cancer cells and had a weaker effect on the HepG2 cell line, reporting high selectivity because of the lack of effect on nonmalignant cells (IEC-18). Similarly, Feng et al. (2016) [54] evaluated resveratrol alone in colon cancer cells and they reported that this stilbene significantly reduced cell viability of SW480, HT29, and HCA-17 72 h after treatment with 30 µM. Patil and colleagues (2018) [20] synthesized a series of small molecules based on hydrazide/hydrazone and reported that these molecules induced toxicity in a panel of colon cancer cells (SW620, HCT-116, and DLD-1) without showing toxicity in healthy L929 fibroblast cells. In addition, Narayanan et al. (2019) [55] recently reported the biological activity of thirteen thiazolyl hydrazone derivatives, using colon cancer cells (KM 12, HT-29, and COLO 205), showing one compound with better activity when compared with the conventional chemotherapeutic agent, Irinotecan, with IC50 values ranging between 0.41 ± 0.19 and 6.85 ± 1.44 µM. SAR analysis showed that the presence of an electron-withdrawing group in the 4-position of the aromatic ring (instead of an electron-donating group), improved the activity (6c vs. 6b). This change was more noticeable if the electron donor group was in the 3-position (6c vs. 6a). In addition, the double substitution in 2- and 4-positions in the aromatic ring showed these were essential to improve activity (6e vs. 6e and 6f). This effect was more evident in SW620 cells. Similarly, the double substitution in 3- and 5-positions of the aromatic ring were key to improving the activity (6g vs. 6h). Finally, it was noticed that the bioisosteric modification led to an improvement in the activity in human colon cancer SW480 cell line. All these findings highlight the potential of these hybrid compounds to realize further experiments to explore new chemopreventive alternatives against colorectal cancer




3.2.2. Antiproliferative Effect of Resveratrol/Hydrazone Hybrids on SW480 Cells


The most active hybrids (6e and 7) were analyzed for longer periods to evaluate if they can display antiproliferative activity. After comparing each treatment with the control, the results indicate that the activity was time- and concentration-dependent (Table 2). Among the results obtained, when hybrid molecule 7 was evaluated in SW480 cells (Figure 3A), antiproliferative activity was observed from day 2, even at the lowest concentrations evaluated (3 µM). Similar results were observed when compounds 6e and 7 were evaluated in SW620 cells at the same conditions (Figure 3B). Additionally, when cells were observed with an optical microscope, the cellular morphology of both cell lines was perturbed, showing changes in size and shape after the treatments with the hybrids (Figure 4). In addition, there was a clear reduction in the number of cells in comparison with the control, suggesting either a cytostatic or a cytotoxic effect. In a similar way, Ruan et al. (2011) [52] synthesized and characterized a series of resveratrol/chalcone derivatives, besides, they evaluated the effect of the new compounds in different cancer cells (A549, B16-F10 and HepG2) reporting that these hybrid molecules displayed better antiproliferative activity than the parental compound, resveratrol. These findings highlight the importance of evaluating these molecules using different models to make the best possible use of their potential.




3.2.3. Changes in Mitochondrial Membrane Potential (ΔΨm) Induced by Resveratrol/Hydrazone Hybrids


Mitochondrial dysfunction is determinant in the execution of cell death [56], thus, it is important to assess changes in Mitochondrial Membrane Potential (ΔΨm). We evaluated the effect of the most active resveratrol/hydrazone hybrids in SW480 and SW620 cells, using the carbocyanine fluorescent dye DiOC6. This dye accumulates in mitochondria due to its large negative membrane potential and it is released to the cytosol after a membrane depolarization (membrane with reduced ΔΨm), staining intracellular membranes [57,58]. According to the results (Figure 5), hybrid 7 was the only one with effect in SW480 cells, causing depolarization in the mitochondrial membrane regarding the control, which is evidenced by the increase in the DiOC6 low population. Other authors have also evaluated the mitochondrial effect of hybrid molecules using different compounds. Thus, Patil and colleagues (2018) [20] reported some hybrids based on hydrazide and hydrazone as inducers of mitochondrial outer membrane permeabilization, causing cell death mediated by the inhibition of antiapoptotic proteins such as Bcl-2, with the subsequent release of cytochrome c. These investigations reveal that the evaluated hybrid 7 could have chemopreventive potential playing its role in the mitochondrial disruption of colorectal cancer cells.




3.2.4. Resveratrol/Hydrazone Hybrids Induce Cell Cycle Arrest on SW480 Cells


It has been suggested that different mutations in malignant cells contribute to changes in cell cycle distribution [59], thus, its modulation is seen as a possible target in the search for compounds with anticancer activity [60]. Because of this, the activities of hybrids 6e and 7 were evaluated to determine the effect on cell cycle distribution of SW480 (Figure 6A) and SW620 (Figure 6B) colorectal cancer cells. These were treated for 48 h with the compounds. As shown in Figure 5, when the cells were evaluated through flow cytometry, it was observed that all hybrids induced changes in the normal distribution regarding the control. Hybrid 6e caused arrest in SW480 cells at the G2/M phase (21.31%) with a reduction in the population of G0/G1 (58.95%) regarding the control. Besides, both compounds induced the formation of cells in the sub G0/G1 phase, which also was observed with hybrid 7 on SW620 cells (20.60%), suggesting cell death in this cell line at the conditions evaluated. In addition, according to the statistical analysis shown in Figure 6C, it was appreciated that the main changes induced by compound 6e in SW480 cells and hybrid 7 in SW620 were statistically significant. Comparable results were reported by Patil et al. (2018) [20], who reported one hydrazide/hydrazone hybrid molecule with an effect on cell cycle distribution of colon cancer cells (HCT-116) 24 h post-treatment, causing arrest in the G2/M phase. Besides, Narayanan and colleagues (2019) [55] reported another Indanone-based thiazolyl hydrazone derivative that caused arrest at the G2/M phase of KM 12, HT-29, and COLO 205 cell lines in a concentration-dependent manner. Bai and colleagues (2009) [61] reported that resveratrol alone induced cell cycle arrest in the G1 stage of human bladder cancer cell line T24, mediated by the activation of p21 and downregulation of cyclin D1, phosphorylated Rb and cyclin-dependent kinase 4. Besides, Freitas Silva et al. (2018) [62] reported one resveratrol/curcumin derivative with the ability to arrest the cycle of MCF-7 cells at the G2/M stage, modulating nuclear kinase proteins which play a critical role in mitosis progression. These findings suggest that these resveratrol/hydrazone hybrids evaluated could be potential chemopreventive agents or possible adjuvants in conventional chemotherapy for different cancers, particularly colorectal cancer.




3.2.5. Cell Death Induction by Resveratrol/Hydrazone Hybrids


The plasma membrane acts as a direct barrier against the extracellular environment. It helps to maintain homeostasis and allows signal transduction and transport of molecules across the membrane. Considering these facts, the loss of membrane integrity puts an end to cellular life. Supported by the previous findings observed for mitochondrial membrane potential and cell cycle distribution, in this investigation we evaluated if the hybrids based on resveratrol/hydrazone induce plasma membrane disintegration and possibly cell death. Double staining with annexin-FITC and propidium iodide was used. The results are illustrated in Figure 6. After 48 h exposure, it was observed that hybrid 7 induced plasma membrane disintegration in both SW480 and SW620 cell lines (Figure 7), as evidenced by the displacement of the cells through the upper quadrant with positive staining for propidium. Similarly, in a previous study, it was reported that resveratrol alone induced apoptosis in colon cancer cells (HCA-17 and SW480) 48 h after treatment, modulating the expression of inflammatory cytokines [54]. In addition, Bai and colleagues (2009) [61] demonstrated that resveratrol cause apoptosis in human bladder cancer cells (T24) through the modulation of the antiapoptotic protein Bcl-2 and the activation of caspases-9 and -3, and the subsequent degradation of the poly (ADP-ribose) polymerase. Likewise, some hybrids based on resveratrol and aspirin were synthesized and evaluated by Salla and colleagues (2020) [63], who reported one compound with apoptotic activity mediated by inhibition of the nuclear factor kappa B (NF κB). On the other hand, the same pro-apoptotic effect induced by hybrids based on hydrazone has also been reported by different authors. Thus, Patil et al. (2018) [20] reported one hydrazide-hydrazone-based small molecule that caused caspase -9 and 3 cleavages in colon cancer cells (HCT-116). Moreover, it was reported an indanone-based thiazolyl hydrazone derivative that induced early and late apoptosis in a concentration-dependent manner in human colon cancer cell lines (HT-29, COLO 205, and KM 12) without inducing any significant necrosis in these cells [55]. Considering these findings and the multiple pathways involved in the apoptotic process, we hypothesize that the resveratrol/hydrazone hybrids evaluated could exert chemopreventive potential as evidenced by the in vitro cell death induction in SW480 and SW620 cell lines, however, it is necessary to carry out further studies.






4. Conclusions


We show for the first time that the synthesized hybrids 6e and 7, based on resveratrol/hydrazone, induce antiproliferative activity in two different adenocarcinoma cells (SW480 and SW620), probably involving selective cytotoxic activity and cell cycle arrest in the G2/M stage with the formation of cells in the subG0/G1 phase, suggesting cell death in these cell lines at the conditions evaluated. Besides, considering that hybrid 7 induced mitochondrial depolarization in SW480 cells and cell membrane damage in both cell lines evaluated, we hypothesize that this hybrid induces cell death in SW480 mediated by mitochondria. Our findings suggest that these hybrid compounds could be promising chemopreventive agents against colorectal cancer and thus, it would be interesting to carry out further studies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics14112278/s1, S1: 1H, 13C NMR and MS spectra, S2: HPLC analysis, of all hybrids.





Author Contributions


W.C.-L. and J.C.C.: Synthesis and characterization of hybrid molecules. A.H.-R.: Conceptualization, methodology, validation, experimental design, evaluation of biological activities and formal analysis, Writing-Original Draft, Writing-Review & Editing the final version of the manuscript. G.M.-Q.: Evaluation of biological activities. T.W.N.: Revision of the manuscript. W.C.-G. Resources, Supervision, Project Administration, Funding Acquisition, Writing—Original Draft, Writing—Review & Editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the University of Antioquia, the Pontifical Bolivarian University, the Ministry of Sciences MINCIENCIAS, Ministry of Education MINEDUCATION, Ministry of Commerce, Industry and Tourism MINCIT and Colombian Institute of Educational Credit and Technical Studies Abroad ICETEX, through the Scientific Ecosystem component of the Colombia Científica Program (NanoBioCáncer alliance Cod FP44842-211-2018, project numbers 58537 and 58478).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors thank the University of Antioquia, MINCIENCIAS, MINEDUCACIÓN, MINCIT, ICETEX and the Pontifical Bolivarian University for their support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Arnold, M.; Sierra, M.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global patterns and trends in colorectal cancer incidence and mortality. Gut 2017, 66, 683–691. [Google Scholar] [CrossRef] [PubMed]

	



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. Available online: https://acsjournals.onlinelibrary.wiley.com/doi/10.3322/caac.21660 (accessed on 30 June 2021). [CrossRef] [PubMed]

	



Hull, R.; Francies, F.Z.; Oyomno, M.; Dlamini, Z. Colorectal Cancer Genetics, Incidence and Risk Factors: In Search for Targeted Therapies. Cancer Manag. Res. 2020, 12, 9869–9882. [Google Scholar] [CrossRef] [PubMed]

	



Anand, P.; Kunnumakkara, A.B.; Sundaram, C.; Harikumar, K.B.; Tharakan, S.T.; Lai, O.S.; Sung, B.; Aggarwal, B.B. Cancer is a Preventable Disease that Requires Major Lifestyle Changes. Pharm. Res. 2008, 25, 2097–2116. [Google Scholar] [CrossRef]

	



Rejhova, A.; Opattova, A.; Cumov, A.; Slíva, D.; Vodicka, P. Natural compounds and combination therapy in colorectal cancer treatment. Eur. J. Med. Chem. 2018, 144, 582–594. [Google Scholar] [CrossRef]

	



Alam, W.; Bouferraa, Y.; Haibe, Y.; Mukherji, D.; Shamseddine, A. Management of colorectal cancer in the era of COVID-19_Challenges and suggestions. Sci. Prog. 2021, 104, 00368504211010626. [Google Scholar] [CrossRef]

	



Pointet, A.L.; Taieb, J. Cáncer de colon. EMC-Tratado Med. 2017, 21, 1–7. [Google Scholar] [CrossRef]

	



McQuade, R.M.; Bornstein, J.C.; Nurgali, K. Anti-colorectal cancer chemotherapy-induced diarrhoea: Current treatments and side effects. Int. J. Clin. Med. 2014, 5, 393–406. [Google Scholar] [CrossRef]

	



Ismail, T.; Donati-Zeppa, S.; Akhtar, S.; Turrini, E.; Layla, A.; Sestili, P.; Fimognari, C. Coffee in cancer chemoprevention: An updated review. Expert Opin. Drug Metab. Toxicol. 2020, 17, 69–85. [Google Scholar] [CrossRef]

	



Steward, W.P.; Brown, K. Cancer chemoprevention: A rapidly evolving field. Br. J. Cancer 2013, 109, 1–7. [Google Scholar] [CrossRef]

	



Rollas, S.; Küçükgüzel, Ş.G. Biological Activities of Hydrazone Derivatives. Molecules 2007, 12, 1910–1939. [Google Scholar] [CrossRef] [PubMed]

	



Singh, M.; Raghav, N. Biological activities of hydrazones: A review. Int. J. Pharm. Pharm. Sci. 2011, 3, 26–32. [Google Scholar]

	



Verma, G.; Marella, A.; Shaquiquzzaman, M.; Akhtar, M.; Rahmat Ali, M.; Mumtaz Alam, M. A review exploring biological activities of hydrazones. J. Pharm. Bioallied Sci. 2014, 6, 69–80. [Google Scholar] [PubMed]

	



Corcé, V.; Gouin, S.G.; Renaud, S.; Gaboriau, F.; Deniaud, D. Recent advances in cancer treatment by iron chelators. Bioorg. Med. Chem. Lett. 2016, 26, 251–256. [Google Scholar] [CrossRef]

	



Blatt, J.; Stitely, S. Antineuroblastoma activity of desferoxamine in human cell lines. Cancer Res. 1987, 47, 1749–1750. [Google Scholar]

	



Blatt, J.; Taylor, S.R.; Stitely, S. Mechanism of antineuroblastoma activity of deferoxamine in vitro. J. Lab. Clin. Med. 1988, 112, 433–436. [Google Scholar]

	



Estrov, Z.; Tawa, A.; Wang, X.H.; Dube, I.D.; Sulh, H.; Cohen, A.; Gelfand, E.W.; Freedman, M.H. In vitro and in vivo effects of deferoxamine in neonatal acute leukemia. Blood 1987, 69, 757–761. [Google Scholar] [CrossRef]

	



Kumar, H.S.; Parumasivam, T.; Jumaat, F.; Ibrahim, P.; Asmawi, M.Z.; Sadikun, A. Synthesis and evaluation of isonicotinoyl hydrazone derivatives as antimycobacterial and anticancer agents. Med. Chem. Res. 2014, 23, 269–279. [Google Scholar] [CrossRef]

	



Wirries, A.; Breyer, A.; Quint, K.; Schobert, R.; Ocker, M. Thymoquinone hydrazone derivatives cause cell cycle arrest in p53-competent colorectal cancer cells. Exp. Ther. Med. 2010, 1, 369–375. [Google Scholar] [CrossRef]

	



Patil, S.; Kuman, M.M.; Palvai, S.; Sengupta, P.; Basu, S. Impairing Powerhouse in Colon Cancer Cells by Hydrazide−Hydrazone-Based Small Molecule. ACS Omega 2018, 3, 1470–1481. [Google Scholar] [CrossRef]

	



Yu, Y.; Gutierrez, E.; Kovacevic, E.; Saletta, F.; Obeidy, P.; Suryo Rahmanto, Y.; Richardson, D.R. Iron Chelators for the Treatment of Cancer. Curr. Med. Chem. 2012, 19, 2689–2702. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.-Y.; Peng, J.-D.; Zhou, W.; Qiao, H.; Deng, X.; Li, Z.-H.; Li, J.-D.; Fu, Y.-D.; Li, S.; Sun, K.; et al. Potent hydrazone derivatives targeting esophageal cancer cells. Eur. J. Med. Chem. 2018, 148, 359–371. [Google Scholar] [CrossRef] [PubMed]

	



Han, G.; Xia, J.; Gao, J.; Inagaki, Y.; Tang, W.; Kokudo, N. Anti-tumor effects and cellular mechanism of resveratrol. Drug Discov. Ther. 2015, 9, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, D.; Sarkar, N.; Biswas, J.; Bishayee, A. Resveratrol for breast cancer prevention and therapy: Preclinical evidence and molecular mechanisms. Semin. Cancer Biol. 2016, 40–41, 209–232. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, Y.; Duranton, B.; Gosse, F.; Schleiffer, R.; Seiler, N.; Raul, F. Resveratrol inhibits intestinal tumorigenesis and modulates host-defense-related gene expression in an animal model of human familial adenomatous polyposis. Nutr. Cancer 2001, 39, 102–107. [Google Scholar] [CrossRef] [PubMed]

	



Jang, M.; Cai, L.; Udeani, G.O.; Slowing, K.V.; Thomas, C.F.; Beecher, C.W.; Fong, H.H.; Farnsworth, N.R.; Kinghorn, A.D.; Mehta, R.G.; et al. Cancer chemopreventive activity of resveratrol, a natural product derived from grapes. Science 1997, 275, 218–220. [Google Scholar] [CrossRef] [PubMed]

	



Mahyar-Roemer, M.; Katsen, A.; Mestres, P.; Roemer, K. Resveratrol induces colon tumor cell apoptosis independently of p53 and precede by epithelial differentiation, mitochondrial proliferation and membrane potential collapse. Int. J. Cancer 2001, 94, 615–622. [Google Scholar] [CrossRef]

	



Shankar, S.; Singh, G.; Srivastava, R.K. Chemoprevention by resveratrol: Molecular mechanisms and therapeutic potential. Bioscience 2007, 12, 4839–4854. [Google Scholar] [CrossRef]

	



Athar, M.; Back, J.H.; Tang, X.; Kim, K.H.; Kopelovich, L.; Bickers, D.R.; Kim, A.L. Resveratrol: A review of preclinical studies for human cancer prevention. Toxicol. Appl. Pharmacol. 2007, 224, 274–283. [Google Scholar] [CrossRef]

	



Cal, C.; Garban, H.; Jazirehi, A.; Yeh, C.; Mizutani, Y.; Bonavida, B. Resveratrol and cancer: Chemoprevention, apoptosis, and chemo-immunosensitizing activities. Curr. Med. Chem. Anticancer Agents 2003, 3, 77–93. [Google Scholar] [CrossRef]

	



King, R.E.; Bomser, J.A.; Min, D.B. Bioactivity of Resveratrol. Compr. Rev. Food Sci. Food Saf. 2006, 5, 65–70. [Google Scholar] [CrossRef]

	



Kerru, N.; Singh, P.; Koorbanally, N.; Raj, R.; Kumar, V. Recent advances (2015–2016) in anticancer hybrids. Eur. J. Med. Chem. 2017, 142, 179–212. [Google Scholar] [CrossRef] [PubMed]

	



Walle, T.; Hsieh, F.; DeLegge, M.H.; Oatis, J.E.; Walle, U.K. High absorption but very low bioavailability of oral resveratrol in humans. Drug Metab. Dispos. 2004, 32, 1377. [Google Scholar] [CrossRef]

	



Cardona-G, W.; Herrera-R, A.; Castrillón-L, W.; Ramírez-Malule, H. Chemistry and Anticancer Activity of Hybrid Molecules and Derivatives Based on 5-Fluorouracil. Curr. Med. Chem. 2021, 51, 5551–5601. [Google Scholar] [CrossRef] [PubMed]

	



Meunier, B. Hybrid molecules with a dual mode of action: Dream or reality? Acc. Chem. Res. 2008, 4, 69–77. [Google Scholar] [CrossRef]

	



Tsogoeva, S.B. Recent Progress in the Development of Synthetic Hybrids of Natural or Unnatural Bioactive Compounds for Medicinal Chemistry. Mini Rev. Med. Chem. 2010, 10, 773–793. [Google Scholar] [CrossRef]

	



Cardona-G, W.; Yepes, A.F.; Herrera-R, A. Hybrid Molecules: Promising Compounds for the Development of New Treatments Against Leishmaniasis and Chagas Disease. Curr. Med. Chem. 2018, 25, 3637–3679. [Google Scholar] [CrossRef]

	



Herrera-R, A.; Castrillón, W.; Otero, E.; Ruiz, E.; Carda, M.; Agut, R.; Naranjo, T.; Moreno, G.; Maldonado, M.E.; Cardona-G, W. Synthesis and antiproliferative activity of 3- and 7-styrylcoumarins. Med. Chem. Res. 2018, 27, 1893–1905. [Google Scholar] [CrossRef]

	



Herrera-Ramirez, A.; Yepes-Pérez, A.F.; Quintero-Saumeth, J.; Moreno-Quintero, G.; Naranjo, T.W.; Cardona-Galeano, W. Colorectal Cancer Chemoprevention by S-Allyl Cysteine—Caffeic Acid Hybrids: In Vitro Biological Activity and and In Silico Studies. Sci. Pharm. 2022, 90, 40. [Google Scholar] [CrossRef]

	



Nicoletti, I.; Migliorati, G.; Pagliacci, M.C.; Grignani, F.; Riccardi, C. A rapid and simple method for measuring thymocyte apoptosis by propidium iodide staining and flow cytometry. J. Immunol. Methods 1991, 139, 271–279. [Google Scholar] [CrossRef]

	



Herrera-R, A.; Moreno, G.; Araque, P.; Vásquez, I.; Naranjo, E.; Alzate, F.; Cardona-G, W. In vitro Chemopreventive Potential of a Chromone from Bomarea setacea (ALSTROEMERIACEAE) against Colorectal Cancer. Iran. J. Pharm. Res. 2021, 20, 254–267. [Google Scholar] [PubMed]

	



Hernández, C.; Moreno, G.; Herrera-R, A.; Cardona-G, W. New Hybrids Based on Curcumin and Resveratrol: Synthesis, Cytotoxicity and Antiproliferative Activity against Colorectal Cancer Cells. Molecules 2021, 26, 2661. [Google Scholar] [CrossRef] [PubMed]

	



Moreno-Q, G.; Herrera-R, A.; Yepes, A.F.; Naranjo, T.W.; Cardona-G, W. Proapoptotic Effect and Molecular Docking Analysis of Curcumin–Resveratrol Hybrids in Colorectal Cancer Chemoprevention. Molecules 2022, 27, 3486. [Google Scholar] [CrossRef]

	



Coa, J.C.; Castrillón, W.; Cardona, W.; Carda, M.; Ospina, V.; Muñoz, J.A.; Vélez, I.D.; Robledo, S.M. Synthesis, leishmanicidal, trypanocidal and cytotoxic activity of quinoline-hydrazone hybrids. Eur. J. Med. Chem. 2015, 101, 746–753. [Google Scholar] [CrossRef]

	



Vergara, S.; Carda, M.; Agut, R.; Yepes, L.M.; Vélez, I.D.; Robledo, S.M.; Cardona-G, W. Synthesis, antiprotozoal activity and cytotoxicity in U-937 macrophages of triclosan—Hydrazone hybrids. Med. Chem. Res. 2017, 26, 3262–3273. [Google Scholar] [CrossRef]

	



Imran, S.; Taha, M.; Selvaraj, M.; Ismail, N.H.; Chigurupati, S.; Mohammad, J.I. Synthesis and biological evaluation of indole derivatives as α-amylase inhibitor. Bioorg. Chem. 2017, 73, 121–127. [Google Scholar] [CrossRef]

	



Li, W.; Zheng, C.-J.; Sun, L.-P.; Song, M.-X.; Wu, Y.; Li, Y.J.; Liu, Y.; Piao, H.-R. Novel arylhydrazone derivatives bearing a rhodanine moiety: Synthesis and evaluation of their antibacterial activities. Arch. Pharm. Res. 2014, 37, 852–861. [Google Scholar] [CrossRef]

	



Angelova, V.T.; Rangelov, M.; Todorova, N.; Dangalov, M.; Andreeva-Gateva, P.; Kondeva-Burdina, M.; Karabeliov, V.; Shivachev, B.; Tchekalarova, J. Discovery of novel indole-based aroylhydrazones as anticonvulsants: Pharmacophore-based design. Bioorg. Chem. 2019, 90, 103028. [Google Scholar] [CrossRef]

	



Salar, U.; Taha, M.; Khan, K.M.; Ismail, N.H.; Imran, S.; Perveen, S.; Gul, S.; Wadood, A. Syntheses of new 3-thiazolyl coumarin derivatives, in vitro α-glucosidase inhibitory activity, and molecular modeling studies. Eur. J. Med. Chem. 2016, 122, 196–204. [Google Scholar] [CrossRef]

	



Polkam, N.; Kummari, B.; Rayam, P.; Brahma, U.; Naidu, V.G.M.; Balasubramanian, S.; Anireddy, J.S. Synthesis of 2,5-Disubstituted-1,3,4-oxadiazole Derivatives and Their Evaluation as Anticancer and Antimycobacterial Agents. ChemistrySelect 2017, 2, 5492–5496. [Google Scholar] [CrossRef]

	



Kümmerle, A.E.; Schmitt, M.; Cardozo, S.V.; Lugnier, C.; Villa, P.; Lopes, A.B.; Romeiro, N.C.; Justiniano, H.; Martins, M.A.; Fraga, C.A.; et al. Design, synthesis, and pharmacological evaluation of N-acylhydrazones and novel conformationally constrained compounds as selective and potent orally active phosphodiesterase-4 inhibitors. J. Med. Chem. 2012, 55, 7525–7545. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, B.-F.; Lu, X.; Tang, J.-F.; Wei, Y.; Wang, X.-L.; Zhang, Y.-B.; Wang, L.-S.; Zhu, H.-L. Synthesis, biological evaluation, and molecular docking studies of resveratrol derivatives possessing chalcone moiety as potential antitubulin agents. Bioorg. Med. Chem. 2011, 19, 2688–2695. [Google Scholar] [CrossRef] [PubMed]

	



Chalal, M.; Delmas, D.; Meunier, P.; Latruffe, N.; Vervandier-Fasseur, D. Inhibition of cancer derived cell lines proliferation by synthesized hydroxylated stilbenes and new ferrocenyl-stilbene analogs. Comparison with resveratrol. Molecules 2014, 19, 7850–7868. [Google Scholar] [CrossRef] [PubMed]

	



Feng, M.; Zhong, L.-X.; Zhan, Z.-Y.; Huang, Z.-H.; Xiong, J.-P. Resveratrol Treatment Inhibits Proliferation of and Induces Apoptosis in Human Colon Cancer Cells. Med. Sci. Monit. 2016, 22, 1101–1108. [Google Scholar] [CrossRef] [PubMed]

	



Narayanan, S.; Pranav, G.; Nazim, U.; Ali, M.; Karadkhelkar, N.; Ahmad, M.; Chen, Z.-S. Anti-cancer effect of Indanone-based thiazolyl hydrazone derivative on colon cancer cell lines. Int. J. Biochem. Cell Biol. 2019, 110, 21–28. [Google Scholar] [CrossRef]

	



Sithara, T.; Arun, K.B.; Syama, H.P.; Reshmitha, T.R.; Nisha, P. Morin Inhibits Proliferation of SW480 Colorectal Cancer Cells by Inducing Apoptosis Mediated by Reactive Oxygen Species Formation and Uncoupling of Warburg Effect. Front. Pharmacol. 2017, 8, 640. [Google Scholar] [CrossRef]

	



García-Gutiérrez, N.; Maldonado-Celis, M.E.; Rojas-López, M.; Loarca-Piña, G.F.; Campos-Vega, R. The fermented non-digestible fraction of spent coffee grounds induces apoptosis in human colon cancer cells (SW480). J. Funct. Foods 2017, 30, 237–246. [Google Scholar] [CrossRef]

	



Maldonado-Celis, M.E.; Roussi, S.; Foltzer-Jourdainne, C.; Gossé, F.; Lobstein, A.; Habold, C.; Raul, F. Modulation by polyamines of apoptotic pathways triggered by procyanidins in human metastatic SW620 cells. Cell. Mol. Life Sci. 2008, 65, 1425–1434. [Google Scholar] [CrossRef]

	



Massagué, J. G1 cell-cycle control and cancer. Nature 2004, 432, 298–306. [Google Scholar] [CrossRef]

	



Park, M.T.; Lee, S.J. Cell cycle and cancer. J. Biochem. Mol. Biol. 2003, 36, 60–65. [Google Scholar] [CrossRef]

	



Bai, Y.; Mao, Q.-Q.; Qin, J.; Zheng, X.-Y.; Wang, Y.-B.; Yang, K.; Shen, H.-F.; Xie, L.-P. Resveratrol induces apoptosis and cell cycle arrest of human T24 bladder cancer cells in vitro and inhibits tumor growth in vivo. Cancer Sci. 2010, 101, 488–493. [Google Scholar] [CrossRef] [PubMed]

	



de Freitas-Silva, M.; Coelho, L.F.; Guirelli, I.M.; Pereira, R.M.; Ferreira-Silva, G.Á.; Graravelli, G.Y.; Horvath, R.O.; Caixeta, E.S.; Ionta, M.; Viegas, C. Synthetic resveratrol-curcumin hybrid derivative inhibits mitosis progression in estrogen positive MCF-7 breast cancer cells. Toxicol In Vitro 2018, 50, 75–85. [Google Scholar] [CrossRef] [PubMed]

	



Salla, M.; Pandya, V.; Bhullar, K.S.; Kerek, E.; Wong, Y.F.; Losch, R.; Ou, J.; Aldawsari, F.S.; Velazquez-Martinez, C.; Thiesen, A.; et al. Resveratrol and Resveratrol-Aspirin Hybrid Compounds as Potent Intestinal Anti-Inflammatory and Anti-Tumor Drugs. Molecules 2020, 25, 3849. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 14 02278 g001 550] 





Figure 1. Hydrazones with anti-tumoral activity. 
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Figure 2. Design of resveratrol/hydrazone hybrids as anticancer agents. 
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Scheme 1. Synthesis of resveratrol-hydrazone hybrids. Reagents and conditions: (a) I2, KOH, MeOH, 0 °C, 71–84%; (b) N2H4, MeOH, MW, 60–90%; (c) POCl3, DMF, CH3CN, 90%; (d) EtOH-H2O, AcOH, US, 55–70%; (e) Isoniazid, EtOH-H2O, AcOH, US, 60%; (f) Thiosemicarbazide, EtOH-H2O, AcOH, US, 50%. 
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Figure 3. Antiproliferative effect of resveratrol/hydrazone hybrids on SW480 (A) and SW620 (B) cells. Results obtained with sulforhodamine B assay. DMSO 1% was used as a control. Data are presented as the mean ± SE of at least three independent experiments. * p < 0.05; *** p < 0.001; **** p < 0.0001. 
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Figure 4. Representative images of SW480 cells 48 h after treatment with hybrid 6e and 7. Arrows indicate changes in size and shape. Magnification: 40×. 
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Figure 5. Mitochondrial membrane potential (ΔΨm) in SW480 and SW620 cells treated with either hybrids 6e, 7, or DMSO 1% (vehicle control). Q1 and Q2: PI-positive cells with membrane damage. Q3: DiOC6 high, live cells with high membrane polarization; Q4: DiOC6 low, cells in latency that lose membrane polarization. *** p < 0.001. 
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Figure 6. Effect of resveratrol/hydrazone hybrids on cell cycle distribution. (A) SW480 cells; (B) SW620 cells; (C) Statistical analysis of cell cycle phase distribution. One representative image of two independent experiments is shown. Data are presented as means ± SE of three independent tests. * p < 0.05 versus control, *** p < 0.001 versus control. 
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Figure 7. Flow cytometry analysis of apoptosis. (A) Representative histograms of SW480 and SW620 cells. Representation of data in bar chart form of (B) SW480 cells and (C) SW620 cells. Q1 + Q2: Cells which lost membrane integrity (Late apoptotic cells, dead cells, necroptotic cells, secondary necrotic cells, others); Q3: Viable cells; Q4: Early apoptotic cells. Control cells were treated with DMSO (1%). All experiments were performed in duplicate and gave similar results. p values lower than 0.05 were considered statistically significant (* p < 0.05; ** p < 0.01). 






Figure 7. Flow cytometry analysis of apoptosis. (A) Representative histograms of SW480 and SW620 cells. Representation of data in bar chart form of (B) SW480 cells and (C) SW620 cells. Q1 + Q2: Cells which lost membrane integrity (Late apoptotic cells, dead cells, necroptotic cells, secondary necrotic cells, others); Q3: Viable cells; Q4: Early apoptotic cells. Control cells were treated with DMSO (1%). All experiments were performed in duplicate and gave similar results. p values lower than 0.05 were considered statistically significant (* p < 0.05; ** p < 0.01).



[image: Pharmaceutics 14 02278 g007]







[image: Table] 





Table 1. Cytotoxic effect of resveratrol/hydrazone hybrids on SW480, SW620, HaCaT and CHO-K1 cell lines.
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Hybrid

Compound

	
24 H

	
48 H




	
IC50 ± SEM (µM)

	
Selectivity Index

	
IC50 ± SEM (µM)

	
Selectivity Index




	
CHO

	
HACAT

	
SW480

	
SW620

	
SI1

	
SI2

	
SI3

	
SI4

	
CHO

	
HACAT

	
SW480

	
SW620

	
SI1

	
SI2

	
SI3

	
SI4






	
6a

	
28.4 ± 1.48

	
47.5 ± 1.15

	
33.0 ± 2.13

	
172.1 ± 9.0

	
0.86

	
1.44

	
0.16

	
0.28

	
13.0 ± 1.3

	
2.2 ± 0.2

	
24.9 ± 2.8

	
41.5 ± 1.2

	
0.52

	
0.09

	
0.31

	
0.05




	
6b

	
23.4 ± 1.83

	
36.9 ± 3.53

	
36.1 ± 1.97

	
159.9 ± 9.4

	
0.65

	
1.02

	
0.15

	
0.23

	
14.4 ± 1.7

	
13.9 ± 0.7

	
11.3 ± 2.3

	
37.6 ± 2.9

	
1.28

	
1.24

	
0.38

	
0.37




	
6c

	
22.6 ± 2.38

	
32.8 ± 1.33

	
29.2 ± 3.55

	
57.7 ± 3.6

	
0.77

	
1.12

	
0.39

	
0.57

	
12 ± 1.6

	
14.6 ± 0.8

	
10.8 ± 2.0

	
12.5 ± 1.0

	
1.11

	
1.35

	
0.96

	
0.76




	
6d

	
35.5 ± 2.36

	
49.7 ± 1.96

	
34.8 ± 3.31

	
170.6 ± 8.7

	
1.02

	
1.43

	
0.21

	
0.29

	
22.4 ± 2.7

	
2.95 ± 0.2

	
20.5 ± 1.9

	
49.9 ± 2.1

	
1.09

	
0.14

	
0.45

	
0.06




	
6e

	
20.6 ± 3.06

	
34.4 ± 3.96

	
24.2 ± 3.29

	
74.8 ± 12.9

	
0.85

	
1.42

	
0.28

	
0.46

	
18.8 ± 1.9

	
19.1 ± 0.8

	
6.5 ± 1.9

	
27.8 ± 3.9

	
2.89

	
2.94

	
0.67

	
0.69




	
6f

	
22.7± 2.25

	
42.2 ± 5.9

	
23.4 ± 1.31

	
201.5 ± 2.5

	
0.97

	
1.80

	
0.11

	
0.21

	
15.9 ± 1.6

	
14.9 ± 1.3

	
12.2 ± 1.2

	
99.4 ± 6.9

	
1.30

	
1.22

	
0.16

	
0.15




	
6g

	
33.2 ± 1.99

	
63.7 ± 5.27

	
37.0 ± 2.24

	
190.6 ± 13.0

	
0.90

	
1.72

	
0.17

	
0.33

	
17.2 ± 2.0

	
17.7 ± 0.5

	
20.2 ± 2.7

	
40.3 ± 2.7

	
0.85

	
0.88

	
0.43

	
0.44




	
6h

	
22.8 ± 1.31

	
43.2 ± 4.02

	
29.1 ± 1.31

	
126.3 ± 20.9

	
0.78

	
1.49

	
0.18

	
0.34

	
14.0 ± 1.2

	
4.5 ± 0.6

	
7.2 ± 2.0

	
26 ± 3.2

	
1.95

	
0.62

	
0.54

	
0.17




	
7

	
67.2 ± 4.32

	
79.0 ± 6.73

	
84.2 ± 10.02

	
122.5 ± 10.8

	
0.80

	
0.94

	
0.55

	
0.64

	
40.5 ± 2.4

	
47.3 ± 2.5

	
19.0 ± 1.4

	
38.41 ± 3.3

	
2.14

	
2.49

	
1.06

	
1.52




	
8

	
41.9 ± 2.83

	
60.15 ± 3.99

	
41.0 ± 3.93

	
101.9 ± 3.5

	
1.02

	
1.47

	
0.41

	
0.59

	
36.7 ± 3.8

	
31.8 ± 1.4

	
41.2 ± 2.3

	
64.14 ± 2.9

	
0.89

	
0.77

	
0.57

	
0.50




	
PIH

	
308.5 ± 34.71

	
240.7 ± 16.55

	
281.4 ± 27.5

	
202.0 ± 2.0

	
1.10

	
0.86

	
1.53

	
1.19

	
75.3 ± 6.4

	
100.9 ± 10.8

	
111.6 ± 5.9

	
119.2 ± 7.0

	
0.67

	
0.90

	
0.63

	
0.85




	
RESV

	
118.4 ± 8.54

	
228.5 ± 18.25

	
153.6 ± 10.6

	
549.0 ± 38.5

	
0.77

	
1.49

	
0.22

	
0.42

	
64.0± 8.9

	
20.2 ± 2.7

	
123 ± 4.5

	
143.1 ± 4.0

	
0.52

	
0.16

	
0.45

	
0.14




	
5-FU

	
543.5 ± 52.94

	
>1000

	
1544 ± 127.9

	
898.8 ± 60.7

	
0.35

	
>1

	
0.59

	
>1

	
173.2 ± 14.6

	
118.7 ± 2.8

	
174.3 ± 19.1

	
180.9 ± 18.8

	
0.99

	
0.68

	
0.96

	
0.66








IC50 values were obtained from dose response curves for each compound. Selectivity index was determined as a ratio of the IC50 against nonmalignant cells (CHO K1 or HaCaT) to the IC50 for malignant cells (SW480 or SW620). S1: CHO-K1/SW480; S2: HaCaT/SW480; S3: CHO-K1/SW620; S4: HaCaT/SW620.













[image: Table] 





Table 2. Data of viability (%) different concentrations evaluated.
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Cell Line

	
Compound

	
Concentration (µM)

	
Time after Plating (Days)




	
2

	
4

	
6

	
8




	
Viability (%) ± SE






	
SW480

	
Hybrid 6e

	
3

	
95.00 ± 3.11

	
68.46 ± 1.31

	
49.02 ± 2.08

	
33.86 ± 0.30




	
6

	
58.90 ± 0.89

	
10.50 ± 0.87

	
5.03 ± 0.19

	
2.52 ± 0.10




	
12

	
38.44 ± 2.67

	
2.78 ± 0.42

	
0.76 ± 0.36

	
0.48 ± 0.11




	
24

	
23.85 ± 0.82

	
0.81 ± 0.38

	
0.00 ± 0.00

	
0.00 ± 0.00




	
48

	
9.44 ± 1.17

	
0.30 ± 0.33

	
0.00 ± 0.00

	
0.00 ± 0.00




	
Hybrid 7

	
3

	
100.0 ± 0.00

	
99.45 ± 0.55

	
96.87 ± 0.14

	
74.76 ± 0.02




	
6

	
90.45 ± 1.38

	
78.51 ± 1.56

	
67.42 ± 1.82

	
48.49 ± 1.11




	
12

	
59.10 ± 0.27

	
11.39 ± 0.35

	
5.49 ± 0.05

	
2.52 ± 0.22




	
24

	
27.20 ± 0.50

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00




	
48

	
19.65 ± 2.58

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.00 ± 0.00




	
SW620

	
Hybrid 7

	
3

	
89.35 ± 1.65

	
87.29 ± 0.75

	
59.25 ± 2.77

	
46.55 ± 0.03




	
6

	
88.01 ± 2.48

	
72.42 ± 0.90

	
43.35 ± 0.48

	
38.53 ± 0.28




	
12

	
67.82 ± 0.40

	
33.05 ± 1.80

	
17.82 ± 0.30

	
5.53 ± 0.11




	
24

	
45.21 ± 0.38

	
27.84 ± 2.96

	
8.13 ± 1.48

	
3.93 ± 0.59




	
48

	
41.47 ± 3.30

	
6.31 ± 0.74

	
0.26 ± 0.07

	
0.00 ± 0.00
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