

  pharmaceuticals-11-00078




pharmaceuticals-11-00078







Pharmaceuticals 2018, 11(3), 78; doi:10.3390/ph11030078




Article



Isolation and Structural Characterization of Bioactive Molecules on Prostate Cancer from Mayan Traditional Medicinal Plants



Rafael Sebastián Fort 1,†, Juan M. Trinidad Barnech 1,2,†, Juliette Dourron 2, Marcos Colazzo 3, Francisco J. Aguirre-Crespo 4, María Ana Duhagon 1,5,* and Guzmán Álvarez 2,*[image: Orcid]





1



Laboratorio de Interacciones Moleculares, Facultad de Ciencias, Universidad de la República, Montevideo, C.P. 11400, Uruguay






2



Laboratorio de Moléculas Bioactivas, CENUR Litoral Norte, Universidad de la República, Ruta 3 (km 363), Paysandú, C.P. 60000, Uruguay






3



Departamento de Química del Litoral, CENUR Litoral Norte, Universidad de la República, Paysandú, C.P. 60000, Uruguay






4



Facultad de Ciencias Químico Biológicas, Universidad Autónoma de Campeche, Campeche, C.P. 24039, Mexico






5



Departamento de Genética, Facultad de Medicina, Universidad de la República, Montevideo, C.P. 11800, Uruguay









*



Correspondence: mduhagon@fmed.edu.uy (M.A.D.); guzmanalvarezlqo@gmail.com (G.Á.); Tel.: +598-2525-8618 (ext. 7237) (M.A.D.); +598-9927-4984 (G.Á.)






†



These authors contributed equally to this work.









Received: 9 July 2018 / Accepted: 11 August 2018 / Published: 14 August 2018



Abstract

:

Prostate cancer is the most common cancer in men around the world. It is a complex and heterogeneous disease in which androgens and their receptors play a crucial role in the progression and development. The current treatment for prostate cancer is a combination of surgery, hormone therapy, radiation and chemotherapy. Therapeutic agents commonly used in the clinic include steroidal and non-steroidal anti-androgens, such as cyproterone acetate, bicalutamide and enzalutamide. These few agents have multiple adverse effects and are not 100% effective. Several plant compounds and mixtures, including grape seed polyphenol extracts, lycopene and tomato preparations, soy isoflavones, and green tea extracts, have been shown to be effective against prostate cancer cell growth. In vivo activity of some isolated compounds like capsaicin and curcumin was reported in prostate cancer murine models. We prepared a library of plant extracts from traditional Mayan medicine. These plants were selected for their use in the contemporaneous Mayan communities for the treatment of different diseases. The extracts were assessed in a phenotypic screening using LNCaP prostate cancer androgen sensitive cell line, with a fixed dose of 25 μg/mL. MTT assay identified seven out of ten plants with interesting anti-neoplastic activity. Extracts from these plants were subjected to a bioguided fractionation to study their major components. We identified three compounds with anti-neoplastic effects against LNCaP cells, one of which shows selectivity for neoplastic compared to benign cells.
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1. Introduction


Currently, there are many millenary cultures such as the Mayans who use plants to treat diverse human diseases. In some areas of Mexico, large communities of people are only treated by their traditional physicians (called “Chamanes”) who reach some success using traditional herbal medicine [1]. Although many plants are used for different purposes, scientific support for their application is still required. Due to the frequent consumption of these plants, there are many reports on their good toxicology that warrant their human use [2,3]. The search for natural products for cancer therapy represents an area of great interest in which plants have been the most important source. As an example, different plant extracts and herbal compounds studied in traditional Chinese medicine showed promising anti-prostate cancer activity [4]. Indeed, many clinically successful anti-cancer drugs are either natural products themselves or have been developed from natural occurring lead compounds [5,6]. One example used in the therapy of prostate cancer (PCa) is docetaxel [7]. Despite their different mechanisms of action, most of these compounds exhibit cytotoxic activity which is useful in cancer therapy where the goal is to kill cancerous cells.



Cancer remains one of the major causes of mortality worldwide and PCa is the most common cancer among males in Western countries [8]. PCa is a complex heterogeneous disease which shows a heterogeneous prognosis [9]. The current treatment for PCa is a combination of surgery, radiation, and chemotherapy. The therapeutic agents commonly used in the first line of PCa treatment include steroidal (cyproterone acetate) and nonsteroidal anti-androgens (like bicalutamide and enzalutamide) [10,11,12]. Steroids have partial agonistic activity and effects that extend to other hormonal systems, leading to many complications, including serious cardiovascular problems, gynecomastia, loss of libido and erectile dysfunction [10,13]. Non-steroidal anti-androgens also show several side effects, but have an improved oral bioavailability which favors their use over steroidal anti-androgens [12,14].



In the present context, there is a need for new more efficient and specific PCa drugs causing less severe side effects. Successful strategies for drug discovery employ the phenotypic screening of neoplastic cells [15]. Seeking for the discovery of anti-neoplastic compounds, the present investigation evaluate the anti-neoplastic activity of extracts from Cnidoscolus chayamansa McVaugh (Euphorbiaceae), Byrsonima crassifolia L. Kunth (Malpighiaceae), Leucaena leucocephala Lam. de Wit (Fabaceae), Malmea depressa Baillon R.E. Fries (Annonaceae), Ipomoea pes-caprae L. R. Br. (Convolvulaceae), Capsicum chinense Jacq. (Solanaceae), Terminalia catappa L. (Combretaceae), Helicteres baruensis Jacq. (Sterculiaceae), Cecropia obstusifolia Bertol. (Moraceae) and Coccoloba uvifera L. (Polygonaceae) and identifies active compounds using the PCa cell line LNCaP. The isolated compounds were structurally characterized by GC/MS and NMR analysis.



C. chayamansa, commonly known as “chaya” (Figure 1) is extensively used in Mexican daily diet due to its high nutritional value, but its anti-tumor activity has not been studied so far. However, it is known to display anti-mutagenic activity in the bacterial cell lines TA100 and TA98 [16]. In addition, ischemia-reperfusion tests performed in mice showed its anti-inflammatory and anti-oxidant activity in the ethanolic extract [16,17,18]. These data suggests its potential prophylactic and therapeutic use in cancer treatment [19].



B. crassifolia is a native American orchid species whose leaves produce a drug named birsonimadiol, an anti-inflammatory agent that suppresses the production of nitric oxide (NO) and prostaglandin E2 (PGE2), decreasing the gene expression of cyclooxygenase-2 (COX-2), tumor necrosis factor alpha (TNF-alpha) and interleukin 6 (IL-6) in lipopolysaccharide-stimulated macrophages [24]. Since IL-6 is an important determinant of PCa progression [25], the organic extract of B. crassifolia constitutes an interesting candidate for PCa treatment.



L. leucocephala, known as “huaje” by the Mayan culture, displays anti-proliferative effects in the cell lines HT-29 (human colon carcinoma), HeLa (human cervical carcinoma), HepG3 (human liver carcinoma) and MCF-7 (human breast adenocarcinoma), being the last one the most affected by the ethanolic extract. These effects are attributed to its promising condensed tannin compounds, which potentially hold health promoting qualities [26]. In addition, L. leucocephala extracts showed cytotoxic activity in SCC9 and SAS cells [20], while some of its chemical components have significant chemo-preventive and anti-proliferative properties [27].



M. depressa, also known as “elemuy”, was reported to inhibit the growth of HT-29 (human colon carcinoma), MCF-7 (human breast carcinoma) and A-549 (human lung carcinoma) cell lines [28]. Mice trials performed with I. pes-caprae in melanoma (B16F10) resulted in a decrease in tumor growth that position it as a complementary treatment to radiotherapy [26].



T. catappa, commonly referred as “almendro”, is a tropical and subtropical plant widely used in folk medicine. Since the ethanolic extract obtained from its leaves decreases the invasion of metastatic cells in oral and lung cancer cell lines [22,29], it is an interesting plant to further study. In addition, ethanol extracts of Terminalia catappa leaves were shown to exhibit an anti-tumor effect against Ehrlich ascites carcinoma by modulating lipid peroxidation [30].



C. uvifera, known as “niiche” or “Uva de mar”, displays anti-oxidant and anti-tyrosinase activities and also inhibites the production of IL-1alpha, TNF-alpha and alpha-MSH in melanocytes subjected to UV radiation [31].



C. chinense, called “chile habanero”, is one of the spiciest chilies of the genus, being widely used as a spicy sauce in Mexican food. Some of its compounds have been tested in clinical trials [32,33,34]. Capsaicin is the major components of C. chinense responsible for the burning sensation in the spices of the genus Capsicum spp. and is a well-known anti-neoplastic molecule in PCa and others tumors [34,35,36]; indeed, it has a proven anti-proliferative effect against the LNCaP cell line in a time and concentration dependent manner [37]. Thus, we decided to use C. chinense as a positive control for the bioguided fractionation. According to the NIH, there are four molecules derived from this kind of plants in clinical trials linked to cancer (two completed and two in progress) [38,39].



The only plant present in the study that does not present literature associated with cancer is H. baruensis, commonly referred as “tsutsup”. These families of plants have some toxicological reports and anti-parasitic activity reported, but nothing specific to H. baruensis [40,41].




2. Results and Discussion


2.1. Plant Collection and Extract Preparation


Based on prescription frequency, we selected 10 plants from southeastern Mexico (Caribbean region) of more than 300 species used in traditional Mayan medical practice (Table 1). These plants were chosen according to indications of the “chamanes” (the traditional Mayan doctors) and were then classified taxonomically by botanists. Although Mayan doctors recommend the use of these plants to treat human affections, the precision of the diagnosis is hampered by the absence of conventional medical consultation and treatment decisions that largely rely on religious ideas. In this context, to avoid bias in the process, the selection of the plants was independent from the disease in which they are used.



A robust system was used to maximize the extraction of stable molecules. Methanol was used to extract the most hydrosoluble compounds and dichloromethane was used to extract the most lipophilic components. High temperature was used in some steps to enhance solubilization. As shown in Table 1, extraction yield was appropriate to be applied in drug development process considering the good accessibility to the plant material and the simplicity of the instrument and methods used.




2.2. Bioguided Fractionation


The cytotoxic/anti-proliferative activity of the 22 fractions derived from the 10 plants was evaluated in the LNCaP cell line by MTT assays. We obtained the methanolic extract, the dichloromethane extract and some solid material from the filtration of the precipitated material mentioned. Dried plant extracts were dissolved in dimethylsulfoxide (DMSO) and used at a fixed dose of 25 µg/mL in the MTT assay. Putative MTT false positives due to direct reduction of MTT by remnant extract compounds were excluded studying the effect of the extracts on MTT absorbance in the absence of cells [42]. Although, some extracts caused a reduction of MTT, its magnitude is negligible in comparison to the reduction of MTT caused by the cells treated with them (Figure S1). In addition, we carried out a microscopic inspection of the cultures after the treatment to record alterations in cell number and morphology indicative of changes in cell proliferation and cell viability/death respectively. We found that reduction in MTT was always accompanied by changes in either cell number or morphology, which indicates that the reduction of MTT was not caused by a sole change in mitochondrial activity. As shown in Figure 2, we found seven plants whose extracts display in vitro anti-neoplastic activity in LNCaP. C. obstusifolia, I. pes-caprae and H. baruensis Jacg extracts were not cytotoxic/anti-proliferative at the tested concentration. Strikingly, some extracts showed increased activity in the MTT assay compared to the control, which is indicative of a pro-proliferative activity and/or a boosting effect on mitochondrial metabolism (T13, T5 and T11). Among the seven plants with cytotoxic/anti-proliferative activity in LNCaP (Figure 2), C. chayamansa (T3F1, T3F2 and T4), L. leucocephala (T2 and T8), T. catappa (T6), B. crassifolia (T28), C. chinense (T31), M. depressa (T19, T20 and T21) altered MTT absorbance greater than a 50%. Moreover, this threshold is reached by all the fractions from L. leucocephala and M. depressa showed cytotoxic/anti-proliferative greater than 50% (Figure 2). As expected, C. chinense (T31) showed a cytotoxic/anti-proliferative activity that validates this step of the fractionation.



Four active extracts were selected to continue the bioguided fractionation (blacks arrows in Figure 2 indicate the selected samples). The selected extracts comprise the methanolic extracts from L. leucocephala (T2), C. chayamansa (T3), T. catappa (T6) and C. chinense (T31). The new fractions derived from the fractionation by silica chromatography of the methanolic extract of L. leucocephala were again evaluated in LNCaP cells using the MTT assay. However, the MTT activity of these sub-fractions did not improve and even worsened in this purification stage (Figure 3A). The fractions F28, F29 and F34 were the most active fractions of L. leucocephala. The yield obtained in the first chromatography was poor and the amount of the material remaining from the next step was even lower. Indeed, there was not enough material to pursue the fractionation of F34. Nevertheless, since the TLC profile of fractions F28 and F29 were similar, they were mixed to continue with a preparative chromatography. As shown in Figure 3B, the cytotoxic/anti-proliferative effect of fraction F10 was similar to the parental fractions (preparative chromatography image available in Figure S2). However, there was not enough material to proceed to further fractionation with this extract. Although there are no reports about the activity of methanolic extracts of L. leucocephala in LNCaP cell line, extracts from this plant have been tested in other PCa cells, such as DU145, and some of the compounds responsible for the cytotoxic activity were structurally elucidated [26].



From the purification of T3 fraction (crude fraction from the methanolic extract of C. chayamansa) nine sub-fractions were obtained. Contrary to what was observed for L. leucocephala T2 extracts, the cytotoxic/anti-proliferative effect of fraction T3 on LNCaP was 31%, whereas the sub-fractions increased the effect to values of 48% in F5-8 and 59% in F31 (Figure 4). These results indicate that in the latter purification there was an enrichment of the active molecule(s).



The fraction F5-8 was submitted to preparative chromatography yielding nine different fractions (chromatography image available in Figure S3). Only Fp9 was active in the MTT assay. Optical microscopy images of the cultures after the treatment with this fraction and its previous fraction confirmed the cytotoxic/anti-proliferative activity determined by MTT (Figure S4). The major compound present in Fp9 fraction was then structurally characterized by NMR and MS (results available in Figures S5 and S6) and the structure is depicted in Figure 4C. The single major molecule corresponds to the methyl ester of the fatty acid 8-methyl-6-nonanoic acid (Figure 4C). Surprisingly, a relatively simple fatty acid was isolated in the form of ester, which surely derives from the successive manipulations with methanol and high temperature. The action of simple fatty acids has been reported in different types of cancer previously [43,44,45,46]. The closest related structure found in the literature was 13-methyltetradecanoic acid, which showed in vitro and in vivo anti-neoplastic activity (IC50 in prostate cancer cell in vitro DU145 was 62 µM) [47]. This strongly validates our bioguided fractionation procedure and opens a new class of molecules for use in a nature inspired design of new bioactive molecules for PCa. Simple fatty acids are versatile compounds that can be used in different types of reaction, as in the preparation of hybrid molecules. These molecules could be part of a new multi-target drug for PCa.



The sub-fractionation of C. chinense yield seven sub-fractions, three of which were cytotoxic/anti-proliferative against the LNCaP cell line: F0, F11 and F16 (Figure 5). F11 and F16 could be similar molecules due to their elution in neighboring fractions; however, F0 is probably a different molecule. The F0 and F11 fractions were selected for further fractionation and structural elucidation, since they were the most active fractions, decreasing the MTT activity to 35% and 55% respectively (Figure 5). Optical microscopy images of the cultures after the treatment with these fractions confirmed a decrease in cell viability suggested by MTT assay (Figure S7). F0 and F11 underwent silica preparative chromatography. For F0, five different subfractions were isolated (Figure S8), among which F5p was the subfraction with the highest cytotoxic/anti-proliferative effect, reducing MTT activity to 76% (Figure S8). Despite having evidenced cytotoxic effect in LNCaP, the subsequent step of fractionation decreased the MTT effect of the subfractions.



From the sub-fractionation of F0, we isolated the active compound (E)-ethyl 8-methylnon-6-enoate (Figure 5B and Figure S9). This molecule is a precursor in the biosynthesis of capsaicin, and has not been described as an inhibitor of PCa cells [32,48]. In addition, it is structurally correlated to the compound isolated from C. chayamansa, since it is a fatty acid with one unsaturation. Finally, we isolated a mixture of capsaicin and dihydrocapsaicin from F11 (Figure 5C and Figure S1), in a 60/40 proportion. This mixture was reported in the isolation from others types of chili [34,49]. These results confirm our bioguided procedure, because we finally purified the same product from the fruit of the C. chinense plant and evidenced the same range of cytotoxic/anti-proliferative effect reported previously for the LNCaP cell line [36,50].




2.3. Selectivity


To explore the selectivity of the isolated compounds we performed a MTT assay using different types of prostate cells lines: benign prostatic hyperplasia (BPH-1) [42], a prostate cancer cell line derived from a brain metastatic site (DU145), a prostate cancer cell line derived from bone metastasis (PC3), and a prostate cancer cell line derived from a lymph node metastasis (LNCaP). (E)-ethyl 8-methylnon-6-enoate was evaluated in a fixed dose of 100 μM for the 4 lines (Figure 6A). As can be seen in Figure 6, the malignant cell lines were affected in their activity, while the benign cell line was not. Remarkably, the MTT activity values for the LNCaP, DU145 and PC3 lines were 76%, 41% and 62%, respectively. This is correlated with the good toxicology profiles showed by these kind of fatty acids in other type of cells and also with their low in vivo toxicity [47]. Additionally, we tested vanillin to evaluate the possible contribution of the polyphenol motif in the anti-neoplastic activity, and curcumin, which has activity against PCa cells, as a positive control (Figure 6B). As can be observed in Figure 6C, vanillin did not affect the tested cell lines, suggesting that this pharmacophore itself is not sufficient for the cytotoxic/anti-proliferative effect observed for capsaicin. As expected, curcumin showed activity in the cell lines studied and selectivity for the neoplastic cells, but it greatly affected the benign cell line.



Finally, the structure-activity relationship was explored to understand the relation between the vinyl and vanillin motif in the cytotoxic activity observed. We used curcumin as a known anti-neoplastic drug hit, a molecule isolated from Curcuma longa which is used as a food spice worldwide and has strong structural relations with the capsicum family (Figure 7).



The curcumin was reported to be active in different cancer cell line models, infection and diseases [51,52,53,54]. Although it is labeled as a pan assay interference (PAINS) compound [55], there is a lot of toxicological information supporting its safety. Indeed, it is actually widely consumed in many diets around the world [56]. In this work, we evidenced that curcumin has similar activity in all the prostate cell models assessed (Figure 6B and Table 2). In addition, vanillin has been used as proof of the activity of the vanillin motif, and was innocuous at 100 µM (Figure 6C). Our observations and the review of the literature, allow us to propose that the region of the vanillin ring linked with the carbonyl amide bond could be an important motif involved in the cytotoxic/anti-proliferative activity. This region could be the area of the molecule that potentially interacts with the vanillin transitory receptor type 1 (TRPV1), a non-selective calcium channel involved in the burning sensation that has been proposed as one of the anti-neoplastic mechanisms of capsaicin [35,57].



The conjecture mentioned above is based on the fact that the molecules known to interact with TRPV1 are the capsaicinoids called “capsiate”, i.e., capsaicin and resiniferatoxin (RTX) [58]. They have only one common motif: the vanillin ring with the amide bond on carbon 1, where the bond can be amide (capsaicin and RTX) or ester (capsiate). TRPV1 mRNA and protein levels show a positive correlation with the level of malignancy of the tumors in PCa samples from patients, placing TRPV1 as a candidate biomarker and also a target for drugs [59]. In the LNCaP and PC-3 cell lines, this receptor is present and active, as in benign prostatic hyperplastic tissue samples, so the cell lines can be used to assays of TRPV1 activity [38]. The fatty acid motif in capsaicin seems to influence the selectivity between benign and neoplastic cells; it also has an intrinsic anti-neoplastic activity independent of the vanillin motif. Curcumin has higher activity than capsaicin, but there is not selectivity in the assayed cells. Curcumin has two vanillin motif without the fatty acid motifs, and also a Michael acceptor region, which together could explain its reduced selectivity (Figure 6). Therefore, the fatty acid is a promising motif to use in a drug design program inspired by nature. Finally, it could be useful in the design of new hybrid molecules with recognized anti-neoplastic compounds.





3. Experimental Section


3.1. Plant Material Collection


The most popular “chamanes” in the area of Quintana Roo, where the mayor community of Mayan descendants lives, where identified. Then, these traditional doctors were interviewed to find ethnobotanic information about the plant used for disease treatment. Ten plants were selected based on the prescription frequency. The “chamanes” shared their collection spaces and helped to identify the plants. The different species of plants were classified after a botanical verification using voucher samples. The information related to the time and location of the plants collected is indicated in Table 1. An identified voucher sample has been deposited in the herbarium of the Autonomous University of Campeche.




3.2. Extract Preparation


The collected samples were first separated according to the part of the plant, for example, leaves, flowers fruits, etc. With this first separation we had more than one sample for each species of plant. The extracts were prepared in a classical format. After the collection, the plant material was dried in an oven at 50–60 °C for approximately twelve hours. Then the dry material was ground to powder grade in a mill (MF 10.2 Impact Grinding Head), weighed and extracted. Preferably 150 and 250 g of the plant powder were dissolved with 600–800 mL of solvent. Two types of extraction were carried out, one with methanol and the other with dichloromethane. The methanolic extract was obtained from the macerate of the plant material incubated with methanol for 4 h (600–800 mL), then the solvent was collected by filtration and a new amount of solvent was added for 4 more hours. This process was repeated four times. The same method was used to prepare the dichloromethane extract, using dichloromethane in the same way as methanol. Finally, the total methanolic and dichloromethane extract was evaporated to dryness in vacuum and the crude was stored at room temperature in hermetic bottles for later use. When two phases were observed during the evaporation process in the crude extract, an extraction was performed using ethyl acetate/water.




3.3. Chromatographic Studies and Isolation of Active Constituents


The extract was adsorbed on silica gel and chromatographed on a silica gel column eluted with mixtures of petroleum ether-EtOAc-CH2Cl2 at increasing polarities. The eluted fractions were evaluated by TLC in the same condition. Elution with methanol at 10% yielded the polar material retained on the top of the column. The fractions were biological evaluated to identify the active fraction and a sub-sequent chromatography separation was made from them. The end point in some cases was an isolated compound.




3.4. Determination of the Chemical Structures


Structures of isolated fractions and purified compounds were analyzed by extensive spectroscopic methods including GS-MS, UV, IR, 1H-NMR, 13C-NMR, COSY, HSQC, HMBC, DEPT, NOE-diff and NOESY experiments, using deuterated chloroform and the instrument default parameters. 1H- and 13C-NMR spectra, and the rest of the experiments (COSY, NOE-diff, HSQC, HMBC, DEPT, and NOESY) were obtained on an AVANCE DPX-400 spectrometer (Bruker Rheinstetten, Germany) at 22.16 °C. UV and IR spectra were recorded at room temperature using ACTGene-Nanodrop (Piscataway, NJ, USA) and Shimadzu (Kyoto, Japan) IR PRESTIGE-21 spectrophotometers, respectively. GC–MS analyses were performed on a HP 5890 chromatograph Series II Gas Chromatograph (Hewlett-Packard, Avondale, PA, USA) coupled to a VG Trio 2 mass spectrometer (VG Instruments, Danvers, MA, USA) using a DB-5 fused silica capillary column, 30 m × 0.25 mm i.d., 0.25 µm film thickness (J&W Scientific, Folsom, CA, USA). Injections were made in the splitless mode with a helium head pressure of 0.85 MPa (velocity: 0.35 ms−1). The injector, the transfer line and the source temperatures were set to 315, 300 and 220 °C respectively. The temperature program was: 80 °C for 1 min followed by a gradient at 4 °C min−1 to 300 °C, final temperature held for 30 min. Scan rate was adjusted to 1s per scan from 50 to 700 amu. The “non-aromatic hydrocarbon” fraction was dissolved in 50 µl of hexane before injection of a 1 µL aliquot. Automated Mass Spectral Deconvolution and Identification System software (AMDIS), version 2.1, provided by the National Institute of Standards and Technology (NIST, Gaithersburg, MD USA, web address: http://chemdata.nist.gov/massspc/amdis/index.html) has been used for post-processing the MS data files [60].




3.5. MTT Assay


BPH-1, LNCaP, PC-3 and DU145 human cell lines were obtained from the ATCC (Manassas, VA, USA). All the cell lines were maintained in RPMI 1640 (R7755) supplemented with 10% FBS (PAA™) and penicillin/streptomycin. To perform the cytotoxicity assay 1 × 104 cells per well were seeded in a 96 well plate in a final volume of 200 µL of medium. The extracts or fractions were incubated for 24 h to evaluate the anti-neoplastic effect in the cell lines [61]. For selectivity assay compounds we incubated during 48 h. To proceed with the MTT assay, 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 5 mg/mL solution dissolved in 1× PBS was added to the wells and incubated for 4 h at 37 °C in a 5% CO2 controlled atmosphere. Next, the medium was aspirated,100 μL of DMSO was added to each well and the plate was incubated at room temperature for 15 min in the dark with moderate orbital shaking. Before the addition of MTT to the culture medium, all the plates were observed under the optical microscope and a semi-quantitative evaluation of changes in cell number and morphology was performed. Optical density (OD) was read on a plate spectrophotometer (Varioskan® Flash Multimode, Thermo Scientific, Waltham, MA, USA) at 570 nm (for formazan absorbance measurement) and 690 nm (for background measurement) wavelengths. The methanolic and dichloromethane extracts, as well as the fractions of the chromatographies, were tested in cell lines at a fixed concentration of 25 μg/mL (on 0.3% v/v of DMSO) and, based on their activity, they were subjected to other subfractionation methods (bioguided fractionation). All the fractions were centrifuged to eliminate insoluble particles. All the analyses were done at least in triplicates. For the statistical analyses the Dunnett’s multiple comparison tests, one-way ANOVA and Student’s t test on GraphPad Prism 6 [62] were used.





4. Conclusions


In this work, the in vitro anti-neoplastic activity of ten plants used in traditional Maya medicine were evaluated in the LNCaP cell line as a PCa biological model. C. chayamansa, C. chinense, C. uvifera, L. leucocephala, M. depressa and T. catappa showed the best cytotoxic/anti-proliferative activity. In addition, the process of bioguided fractionation of the plant extracts was standardized using the LNCaP cell line. The procedure was validated by the isolation of capsaicin from the extract of the fruit of C. chinense. Additionally, two novel simple fatty acids with in vitro anti-neoplastic activity were identified: 8-methyl 6-nonenoic acid ethyl ester from C. chinense and 8-methyl-6-nonanoic acid methyl ester from C. chayamansa. Finally, the selectivity for these molecules was evaluated, observing that the 8-methyl 6-nonenoic acid ethyl ester affected the malignant cells considerably more than the benign one.
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Figure 1. Pictures of plants assayed in this study and derived compounds previously reported in the literature [18,20,21,22,23]. 
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Figure 2. Phenotypic screening. Cytotoxic/anti-proliferative activity of the extracts (25 µg/mL) in LNCaP cells. Black arrows indicate samples selected for the next step of the bioguided fractionation procedure. The nomenclature of the fractions corresponds to a code of the preparation procedure. T3F1 and T3F2 fractions of C. chayamansa are derived from the sugar extraction of the methanolic extract with ethyl acetate/water. NS1 it is a solid derived from the T27 fraction isolated by filtration during the evaporation process. Statistical significance is * p < 0.05; **** p < 0.0001. 
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Figure 3. Bioguided fractionation. Cytotoxic/anti-proliferative activity of the L. leucocephala extracts (25 µg/mL) in LNCaP cells. (A) Evaluation of the fractions obtained from the silica chromatography of the methanolic extract of L. leucocephala. CO is the organic phase after the extraction with ethyl acetate/water. (B) Evaluation of the fractions obtained by preparative chromatography, particularly fractions F28 and F29. The nomenclature of the fractions corresponds to the chromatographic elution time. Statistical significance is * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 4. Bioguided fractionation. Cytotoxic/anti-proliferative activity of the C. chayamansa extracts (25 µg/mL) in LNCaP cells. (A) Evaluation of the fractions obtained from the silica chromatography of the methanolic extract of C. chayamansa. (B) Evaluation of the fractionations obtained by preparative chromatography of F5-8. (C) The structure of the compound identified in fraction Fp9: methyl ester of the fatty acid 8-methyl-6-nonanoic acid. Statistical significance is * p < 0.05; ** p < 0.01; **** p < 0.0001. 
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Figure 5. Bioguided fractionation. Cytotoxic/anti-proliferative activity of the C. chinense extracts (25 µg/mL) in LNCaP cells. (A) Evaluation of all the fractions obtained from the silica chromatography of the methanolic extract of C. chinense. The structure of the compounds isolated from the preparative chromatography of (B) F0 ((E)-ethyl 8-methylnon-6-enoate) and (C) F11 (capsaicin and dihydrocapsaicin, respectively) is shown. Statistical significance is *** p < 0.001; **** p < 0.0001. 






Figure 5. Bioguided fractionation. Cytotoxic/anti-proliferative activity of the C. chinense extracts (25 µg/mL) in LNCaP cells. (A) Evaluation of all the fractions obtained from the silica chromatography of the methanolic extract of C. chinense. The structure of the compounds isolated from the preparative chromatography of (B) F0 ((E)-ethyl 8-methylnon-6-enoate) and (C) F11 (capsaicin and dihydrocapsaicin, respectively) is shown. Statistical significance is *** p < 0.001; **** p < 0.0001.



[image: Pharmaceuticals 11 00078 g005]







[image: Pharmaceuticals 11 00078 g006 550] 





Figure 6. Selectivity assay. Cytotoxic/anti-proliferative activity after treatment of prostate cell lines with the indicated compounds. (A) (E)-ethyl 8-methylnon-6-enoate assayed at 100 µM, (B) Curcumin assayed at 50 µM and (C) vanillin assayed at 50 µM. The percentages of MTT activity of the compounds was calculated relative to control cultures incubated only with DMSO. Prostate cell lines: BPH-1 derived from a benign prostatic hyperplasia (control) and LNCaP, DU145 and PC3 derived from metastatic PCa. Statistical significance is * p < 0.05; *** p < 0.001; **** p < 0.0001. 
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Figure 7. Structure activity relationship. Exploration of the possible pharmacophore responsible for the cytotoxic/anti-proliferative activities against LNCaP. Color codes indicate the vanillin motif (blue), and vinyl motif (green). The “potency” refers to the activity of the compound in LNCaP and the selectivity towards malignant vs benign cells. 
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Table 1. Plant collection: general plant information, and extract production yields.
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	Common Name
	Scientific Name
	Location
	Collection Time
	Part of the Plant Used
	MeOH Extract (g) *
	CH2Cl2 Extract (g) *
	Initial Sample (g)
	Extraction Yield %





	Bejuco de playa
	Ipomoea pes-caprae
	Tulum Beach (20°11′52.00′′ N; 87°26′12.38′′ O)
	may-14
	leaves and branches
	20.2 (T25)
	2.4 (T33)
	132
	17



	Nance
	Byrsonima crassifolia
	Ecological Park Chetumal (18°30′21.25′′ N; 88°19′12.79′′ O)
	sep-13
	tree bark
	35.5 (T27)
	12.6 (T28)
	200
	24



	Uva de mar
	Coccoloba uvifera
	Chetumal bay (18°31′1.79′′ N; 88°16′14.46′′ O)
	may-14
	leaves
	40.0 (T24)
	4 (T23)
	214
	21



	Almendro
	Terminalia catappa
	Chetumal city (18°31′0.55′′ N; 88°18′50.27′′ O)
	may-14
	leaves
	27.9 (T13)
	9 (T6)
	250
	15



	Elemuy
	Malmea depressa
	Santa Rosa town (19°57′51.90′′ N; 88°16′17.00′′ O)
	may-14
	leaves and branches
	25.6 (T19)
	4
	164
	18



	Elemuy
	Malmea depressa
	Santa Rosa town (19°57′51.90′′ N; 88°16′17.00′′ O)
	may-14
	root
	9.5 (T20)
	2.6 (T21)
	187
	6



	Huachi
	Leucaena leucocephala
	Chetumal city (18°31′17.48′′ N; 88°18′47.94′′ O)
	may-14
	leaves and branches
	26.8 (T2)
	9 (T8)
	273
	13



	Chaya
	Cnidoscolus chayamansa
	Chetumal city (18°31′0.55′′ N; 88°18′50.27′′ O)
	may-14
	leaves
	16.7 (T3)
	2 (T4)
	100
	19



	Guarumbo
	Cecropia obstusifolia
	Chetumal city (18°31′26.60′′ N; 88°18′49.84′′ O)
	may-14
	leaves
	16.7 (T5)
	4.5 (T22)
	150
	14



	Tsutsup
	Helicteres baruensis Jacg
	Tulum Beach (20°11′59.42′′ N; 87°26′53.68′′ O)
	may-14
	leaves and branches
	10.6 (T11)
	6 (T14)
	113
	15



	Chile habanero
	Capsicum chinese
	F. Carrillo Puerto town (19°34′50.49′′ N; 88° 2′39.57′′ O)
	may-14
	fruit
	11.3 (T31)
	5 (T38)
	55
	21







* “T#” is the Nomenclature used to name the extract prepared.
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Table 2. IC50 for curcumin and (E)-ethyl 8-methylnon-6-enoate.
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	BPH-1
	DU145
	PC3
	LNCaP





	Curcumin IC50 (µM)
	11 ± 2
	12 ± 3
	8 ± 1
	2 ± 1



	(E)-Ethyl 8-methylnon-6-enoate at 100 µM (%) *
	0
	76
	62
	41







* % of inhibition of the cell growth at 100 µM.
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