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Abstract

:

The biological activities of curcuminoids, the main polyphenol constituents of Curcuma longa (turmeric), have been the subject of many studies in recent years. However, these studies have focused on the major active compound, curcumin (CUR), while other important constituents, demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDM) have been less studied and reported in the literature regarding their bioactivity as well as their isolation and solid-state characterization. Hence, in this study, DMC and BDM were isolated using pressurized liquid extraction (PLE) followed by column chromatography and crystallization. HRMS and 1H and 13C NMR were used to characterize them. Solid-state characterization was performed through powder X-ray diffraction (PXRD), Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), and scanning electron microscopy (SEM) techniques. Further, powder dissolution profiles were performed in two media, antioxidant and cytotoxic activities were determined through 2,2-diphenyl-1-picrylhidrazyl (DPPH) and an MTT assay on gastric adenocarcinoma (AGS), colorectal adenocarcinoma (SW-620), and hepatocellular carcinoma (HepG2) cell lines. DMC and BDM were extracted from Curcuma longa cultivated in Costa Rica, using pressurized liquid extraction (PLE), then isolated and purified, combining column chromatography and crystallization techniques. The highly pure solids obtained were shown to be crystalline with an amorphous component. Although the PXRD pattern of BDM suggested a high amorphous component, the crystal exhibited a well-defined and faceted shape. Meanwhile, DMC crystallized in a botryoidal habit, and this constitutes the first report for this compound. On the other hand, BDM was slightly more soluble than DMC, which in turn showed an antioxidant IC50 value 28% higher than BDM (12.46 and 17.94 µg/mL, respectively). In respect to the cytotoxic effects, DMC showed a better IC50 value than BDM for both the SW-620 and AGS cell lines, while BDM exhibited a better IC50 value than DMC against the HepG2 cell line (64.7 μM). In terms of selectivity, BDM and DMC had the highest SI value for SW-620 cells compared to non-tumoral cells, while both compounds also displayed the best cytotoxic effect against these colon adenocarcinoma SW-620 cells, indicating BDM and DMC as potential chemotherapeutic drugs.
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1. Introduction


Polyphenols are natural compounds, of interest in the human diet due to their recognized beneficial properties for health [1]. Curcuminoids are the main polyphenol constituents of the rhizomes from Curcuma longa (C. longa), usually known as turmeric. Curcumin (CUR) constitutes the major active compound, whose content is around 65–80%, while other important constituents are demethoxycurcumin (DMC), with 12–17%, and bisdemethoxycurcumin (BDM), with 3–7% [2,3].



In recent years, curcuminoids have been the subject of studies of their biological activities [4] including antiulcer, antifibrotic, antiviral, antibacterial, antiprotozoal, antimutagenic, antifertility, antidiabetic, anticoagulant, antivenom, antioxidant, antihypertensive, antihypocholesterolemic, and anticancer [4], among others. Nevertheless, special attention has been given to CUR, which has been intensively explored through in vivo and in vitro studies, confirming that CUR regulates a wide range of immune system responses [5,6] and modulates the production and activity of different cytokines and interferons, key proteins that play an important role in diseases related to immunological alterations, such as cancer [7,8,9]. The growing interest in this compound led to several reports focused on isolating, characterizing, and evaluating the bioactivity of CUR, while for DMC and BDM the literature is less abundant.



Considering the similarity in the CUR, DMC, and BDM chemical structures shown in Figure 2, it would be expected that DMC and BDM would display analogous bioactivities and pharmacological effects [10]. In fact, there are some reports studying the anti-inflammatory, antioxidant, anticancer and, pro-apoptotic activities properties of DMC and BDM [11,12]. Indeed, it has been reported that BDM has greater potency against the invasion of cancer cells, by cleavage of the extracellular matrix, than CUR [13].



Although CUR has a wide range of pharmacological activity, its pharmacokinetic deficiency has been observed through many in vivo studies failing several preclinical and clinical studies, thus limiting its applicability and approval as a drug in the treatment of diseases [14,15]. However, DMC and BDM have been reported to possess more stable chemical characteristics compare to CUR, hence they are promising as drug substances [16] and should be further investigated not only in terms of their bioactivities but also in terms of methods to isolate them and to perform solid-state characterization. Hence, in this contribution, DMC and BDM were extracted and isolated from C. longa rhizomes cultivated in Costa Rica, as well as identified chemically and structurally. Further, their dissolution profiles, as well as antioxidant and cytotoxic activities, were evaluated. The results reported herein are valuable and constitute an essential component in the separation and characterization processes of potential active pharmaceutical ingredients.




2. Materials and Methods


2.1. Materials, Reagents, and Solvents


Rhizomes from C. longa were acquired from a producer in the northern region from Costa Rica. They were cleansed with water, chopped into fine slices, and dried in an oven at 40 °C, until reaching constant weight. The dried material was ground and preserved in sealed containers at −20 °C until extraction. DMC and BDM analytical standards for quantification, 2,2-diphenyl-1-picrylhidrazyl (DPPH), phosphoric acid (H3PO4), disodium hydrogen phosphate, and sodium dihydrogen phosphate monohydrate were purchased from Sigma–Aldrich (Burlington, MA, USA). Chloroform (CHCl3), isopropanol (IPA), methanol (MeOH), and acetonitrile (MeCN) and acetone were purchased from JTBaker (Phillipsburg, NJ, USA). All solvents were HPLC/UV-grade or highly pure, and the water was purified using a Millipore system filtered through a Millipore membrane 0.22 µm Millipak 40. Finally, the human gastric adenocarcinoma cell line AGS, human colorectal adenocarcinoma SW-620, and HepG2 human hepatocellular carcinoma, were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA).




2.2. Extraction of Curcuminoids


The extraction of curcuminoids was carried out through a previously optimized pressurized liquid extraction (PLE) method [17]. The PLE equipment used was a Dionex™ASE™300 accelerated solvent extractor (Thermo Scientific™, Walthman, MA, USA). For each extraction, 7.5 g of turmeric powder was inserted into a 34 mL cell and extracted using a method consisting of 3 cycles of 10 min static time each, at a temperature of 80 °C, using acetone as solvent. The extracts were dried out using a Buchi™215 (Flawil, Switzerland) rotavapor and the extraction yield was determined. UPLC-DAD quantification for the three main curcuminoids was carried out according to the chromatographic method described below.



The chromatographic analysis was carried out in a UHPLC U3000 Thermo Scientific with a DAD detector. Chromatographic separation was performed using a Luna RP-C18 column (150 mm × 4.6 mm i.d. × 4 µm, Phenomenex, Torrance, CA, USA) with a pre-column filter (Phenomenex, Torrance, CA, USA). The mobile phase consisted of water (A), MeOH (B), and MeCN (C). An isocratic method was used with 45% A, 15% B, and 40% C, and detection was carried out at 420 nm.




2.3. Identification of Curcuminoids by UHPLC-MS


The three main curcuminoids, CUR, DMC, and BDM were identified using a Thermo Scientific MSQ Plus detector, using a negative mode ESI ionizer, with an ESI temperature of 550 °C, cone voltage set to 70 V, and needle voltage to 3 kV. The three signals corresponding to each of the three curcuminoids were observed, the first with a lower Rt and 307 m/z corresponding to BDM, followed by a peak with 337 m/z corresponding to DMC, and finally a signal with higher Rt and 367 m/z corresponding to CUR.




2.4. Isolation of BDM and DMC


The isolation of the curcuminoids was performed from extracts obtained using the optimized PLE method, starting with 7.5 g of dried turmeric as previously described, through column chromatography. The column was prepared using Sigma Aldrich silica (Silica gel 60 Merck Millipore 70–230 mesh) with the dimensions of the column being 3.5 cm in diameter and 30 cm in height and an elution gradient consisting of 100% CHCl3, followed by mixtures of CHCl3: MeOH of 99:1, 98:2, 97:3, 96:4, 95:5, 93:7, 90:10, and 100% methanol. Fractions were collected and grouped according to thin-layer chromatography (TLC) analysis.




2.5. NMR Characterization of Purified BDM and DMC


The isolated curcuminoids, BDM and DMC, were characterized by 1H and 13C NMR. A mass of 10 mg of each were weighed and dissolved in 750 uL of methanol-d4. The measurements were performed on a 400 MHz Bruker instrument.




2.6. Solid-State Characterization of DMC and BDM


2.6.1. Powder X-ray Diffraction


The PXRD analyses were conducted in a PANalytical Empyrean diffractometer (Malvern Panalytical, Malvern, UK) with a copper tube (λ=1.54 Å), using a PIXcel detector (Medipix2). A soller of 0.04 rad positioned at the X-ray tube and a large soller of 0.04 rad placed at the detector were used. A divergence slit of 1/4° and antiscatter slit of 1/2° were employed. Kβ was filtered using Nickel. Samples were placed in a zero-background sample holder and scanned from 4° to 40° using 45 kV and 40 mA. The software Data Collector, High Score plus (version 5.1), and PDF4+ (2021) were utilized.




2.6.2. Fourier Transform Infrared Spectroscopy (FT-IR)


FT-IR spectra were collected using 32 scans at a resolution of 4 cm−1 from a Thermo Scientific Nicolet iS50 spectroscope. The instrument was equipped with a diamond attenuated total reflectance (ATR) accessory. The samples were positioned directly into the ATR device and measured in the range of 4000–600 cm−1, collecting 32 scans at a resolution of 4 cm−1.




2.6.3. Differential Scanning Calorimetry (DSC)


DSC curves of the samples were measured in a TA Instruments DSC-Q200 calorimeter provided with a TA Refrigerated Cooling System 90 (TA Instrument, New Castle, DE, USA). An appropriate amount of sample (between 2 and 5 mg) was deposited in an aluminum pan with a lid and measured under a dynamic nitrogen atmosphere of 50 mL/min, a heating rate of 10 °C/min, and a temperature range from 40 to 250 °C.




2.6.4. Scanning Electron Microscopy


The morphology and crystal size of BDM and DMC were observed using a JEOL JSM-6390 LV scanning electron microscope (JEOL USA, Inc., Peabody, MA, USA), using an acceleration voltage of 20 kV. The samples were mounted on metal stubs using double-sided adhesive tape and coated with gold under vacuum in an argon atmosphere.





2.7. In Vitro Studies


2.7.1. Powder Dissolution Test


The dissolution tests of BDM and DMC powder samples were performed using the United States Pharmacopeia (USP) paddle method on a SOTAX S7 dissolution test system. Two dissolution media were tested, a phosphate-buffered saline (pH 7.4) and water (pH 6.8). Each media was previously heated at 37 ± 0.5 °C, and the rotation speed was 100 rpm, as indicated in the USP method. At specific time intervals, 5 mL of the sample was withdrawn, and the medium was replaced with the same volume of preheated fresh medium to ensure sink conditions. The removed sample was filtered using a 0.45 µm cellulose acetate membrane put into a Sartorius stainless-steel syringe filter holder and the BDM and DMC concentrations, without further dilution in organic solvents, were determined. The assessment was conducted in triplicate.



The individual curcuminoid content was determined using a Thermo Scientific™ UltiMate™ 3000 UHPLC system equipped with a variable wavelength detector, pump, variable temperature compartment column, and an autosampler. The chromatographic separation of BDM and DMC was achieved using a Nucleosil 100-5C18 column (250 mm × 4.0 mm, 5 µm packing) with a 1.0 mL/min rate flow, maintained at 37.5 °C. The mobile phase was composed of acetonitrile: phosphoric acid 0.1%, using a gradient elution starting at 45:55 to reach 65:35 in 20 min. The detection and quantification were performed at 420 nm.




2.7.2. DPPH Radical-Scavenging Activity


A DPPH evaluation of BDM and DMC was conducted as reported previously [17]. In brief, a solution of 2,2-diphenyl-1-picrylhidrazyl (DPPH) (0.25 mM) was set in ethanol. A volume of 0.5 mL of this solution was mixed with 1 mL of the sample under evaluation at different concentrations and incubated at 25° C in the dark for 30 min. The DPPH absorbance was measured at 517 nm. Blanks were prepared for each concentration and the DPPH absorbance was measured at 517 nm. The inhibition percentage was determined as shown in Equation (1):


  I n h i b i t i o n p e r c e n t a g e ( % ) =       A b s   b l a n k   −   A b s   s a m p l e         A b s   b l a n k     ∗ 100  



(1)







The percentage of the radical-scavenging activity of the sample was plotted against its concentration to calculate the IC50, which corresponds to the amount of sample necessary to reach a 50% radical-scavenging activity. Each sample was analyzed in three independent assays.




2.7.3. Cytotoxicity assessment on tumoral cells


Cell Culture


Three different human cancer cell lines, namely, gastric AGS, colorectal SW-620, and hepatocellular HepG2 cells, as well as monkey normal Vero kidney cells, were used. Minimum essential Eagle’s medium (MEM), holding 10% fetal bovine serum (FBS), served to grow these four cell types, along with amphotericin B (0.25 μg/mL), penicillin (100 IUmL−1), glutamine (2 mmol/L) and streptomycin (100 μg/mL). A humidified atmosphere at a temperature of 37 °C with 5% CO2 was used. Cells were sub-cultured using a trypsin–EDTA solution for detachment, with a confluence of around 70–80%. Once growth was achieved, a volume of 100 μL of cell suspension (1.5 × 105 cells/mL) was seeded into 96-well plates overnight. Subsequently, different concentrations of curcuminoids in volumes of 50 μL each, were added to the seeded cells and cell culture medium was added to obtain final concentrations from 15 to 500 μg/mL, then left in incubation for 48 h. A similar procedure was used to prepare control cultures, which were achieved by not adding any curcuminoids to the cultured cells.




Cytotoxicity Evaluation through MTT Assay


A cytotoxicity assessment for each curcuminoid sample was achieved through the measurement of the level of MTT reaction with available cells, since a sample’s cytotoxicity towards cells leads to a decrease in their viability. After the 48 h incubation, the cells’ medium was removed, and PBS (2 × 100 μL) was used to wash the cells. Subsequently, an MTT solution in culture medium (5 mg/mL) was added (100 μL) and the mixture was left for incubation at 37 °C for 2 h. Afterwards, 95% ethanol was added (100 μL) to dissolve the formazan crystals and the plates were put in a microplate reader to measure the absorbance at a wavelength of 570 nm. Dose–response curves were established for each sample and concentration and, finally, the cell viability reduction by 50%, or IC50, was calculated from these curves.







3. Results and Discussion


3.1. Isolation and Purification of BDM and DMC


A chromatographic column was prepared employing silica as the stationary phase and an elution gradient of CHCl3:MeOH as the mobile phase; the specific conditions are detailed in the corresponding experimental section. The crude extract was obtained through the optimized PLE method to obtain a crude extract with 17.6% yield/dry g, as indicated in the Materials and Methods section. From the 40 fractions obtained, fractions 13 to 16 corresponded to DMC, with a mass of 101.2 mg, and fractions 18 to 22 corresponded to BDM, with a mass of 307.6 mg, while CUR was obtained in fractions 9 to 12 with a mass of 1088.4 mg. The total mass of the isolated curcuminoids corresponded to a 56.7% extraction yield, and a 7.2% dry mass yield.



The UPLC-DAD analyses indicated purities of 98% for both BDM and DMC and the chromatograms are shown in Figure 1. In MS, [M+H]+ ions at m/z 309.1137, 339.1262, and 369.1358 were obtained for BDM, DMC, and CUR, respectively, as previously reported [17], and characteristic fragments were found at m/z 177, for CUR and DMC, as well as at m/z 147 for BDM and DMC, corresponding to cleavages between the C3-C4 and C4-C5 bonds, as shown in Figure 2.



Further, the results of the NMR analysis confirmed the isolation and purification of each curcuminoid, whose structures are presented in Figure 2. The 1H- and 13C-NMR spectra are shown in Figure 3.



The signals for the 1H-NMR and 13C-NMR spectra of purified curcumin are summarized in Table 1 and are in agreement with the literature [18]. The peaks observed at 56.46 ppm and 184.76 ppm in the 13C-NMR spectrum correspond to the methoxy and carbonyl groups, respectively, and a singlet corresponding to methoxy groups is observed at 3.94 ppm in the 1H-NMR spectrum.



As for the aromatic signals, a splitting pattern coinciding with the 1,3,4-trisubstituted ring is shown, as evidenced by the signal at 6.85 ppm (H5′, H5″), which shows a splitting with J = 8.2 ppm, consistent with a coupling with the ortho proton at 7.13 ppm (H6′, H6″). This latter is observed as a doublet of doublets, with a second splitting of J = 1.9 Hz due to the coupling with the protons in meta position (7.24 ppm, H2′ and H2″).



On the other hand, the NMR signals for BDM are presented in Table 2. Distinctively, the absence of the methoxy signals is observed in the 13C-NMR spectrum, as well as the presence of signals that correspond to a para-substituted aromatic system at 116.88 ppm and 131.14 ppm, which also results in a lower number of carbon signals in the olefin region, as well as the displacement of the peaks of C4″ and C4″ from 150.49 ppm in CUR to 161.06 ppm in BDM.



In the 1H-NMR spectrum, the most significant change, in addition to the absence of methoxy signals, is observed in the aromatic region, with the disappearance of signals at 7.13 ppm and 7.24 ppm, which are replaced by a doublet at 7.49 ppm that is part of the p-substituted system along with the peak at 6.83 ppm, with a coupling constant J = 8.6 Hz, as they are adjacent protons in the aromatic ring.



Finally, the 1H- and 13C-NMR spectra for DMC are summarized in Table 3, where a greater number of signals can be observed in both spectra due to the loss of symmetry in the molecule.



The peaks coincide in shifts and multiplicity with either CUR or BDM, because one of the aromatic rings possesses a methoxy group similar to CUR, showing the respective signals, and the other aromatic moiety has an absence of a methoxy group and a para-substituted aromatic ring, similar to BDM. The spectra for the three curcuminoids coincide with those reported in the literature [19,20].




3.2. Solid-State Characterization of BDM and DMC


The crystal structure of BDM is reported in the Cambridge Structure Database (CSD) with the CSD entry XIWCUE. BDM crystallizes as monoclinic in the space group P2/c with the cell parameters a = 17.059(7) Å, b = 7.072(3) Å, c = 24.690(10), β = 93.89(3)°, δ = γ = 90° [21]. In addition, three other entries related to BDM are found in the CSD, being BUWKUZ01, XIWDAL, and XIWDEP, methanol, acetone, and propan-2-ol solvates, respectively. The experimentally derived BDM powder diffraction pattern compared to the calculated pattern from the CSD entry XIWCUE is presented in Figure 4A. There are only a few weak reflections observed in the BDM pattern, most of them are coincident with the calculated BDM pattern. However, the reflections around 24 and 29 degrees 2 theta are related with the acetone solvate [21] that could be obtained during the final recrystallization process. In addition, an important amorphous content in the material can be observed.



On the other hand, DMC’s crystal structure was not found either in the CCD or in the Crystallography Open Database (COD). Figure 4B shows the experimental DMC powder pattern, showing several reflections of medium intensity and a halo evidencing the presence of amorphous content.



The FT-IR spectra of BDM and DMC are shown in Figure 5A, in which characteristic peaks of curcuminoids associated with the stretching vibration of hydrogen-bonded -OH of phenolic hydroxyl groups at around 3400 and 3188 cm−1 in DMC and BDM, respectively, can be observed, consistent with the literature [22]. Sharp peaks at 2914 and 2860 cm−1 were observed only in DMC, corresponding to -C-H methyl asymmetric and symmetric stretching, respectively, which is consistent with the lack of methoxy groups in BDM. Other important bands were observed at 1622 cm−1 and 1569 cm−1 as well as at 1598 cm−1 and 1562 cm−1, corresponding to the stretching vibration of the conjugated carbonyl (C=O) group for DMC and BDM, respectively [23]. Bands at 1507 cm−1 and 1510 cm−1 correspond to aromatic C-C stretching and at 1430 cm−1 and 1432 cm−1 are due to in-plane O-H deformation, for DMC and BDM, respectively. In turn, peaks at 1374 cm−1 and 1347 cm−1 correspond to -CH2 scissoring, and bands at 1259 cm−1 and 1233 cm−1 (DMC), as well as at 1268 cm−1 and 1235 cm−1 (BDM), are due to C-O stretching. Finally, signals at 1132 cm−1 and 1137 cm−1 correspond to C-H in-plane deformation, and bands at 959 cm−1 and 974 cm−1 are due to -CH2 out-of-plane bending for DMC and BDM, respectively [23].



The DSC curves of BDM and DMC are shown in Figure 5B. DMC and BDM exhibited singular endothermic events at 173 °C and 238 °C, respectively, aligned with values found in the literature [2,24].



The crystal morphology and sizes of both curcuminoids were observed by SEM images presented in Figure 6. BDM exhibited a well-defined and faceted prismatic-like crystal shape with different sizes. On the other hand, DMC interestingly crystallized in a botryoidal habit, which is commonly encountered in minerals such as aragonite [25] and has not been reported for DMC.




3.3. In Vitro Studies


3.3.1. Powder Dissolution Test


The powder dissolution profiles of BDM and DMC in both dissolution media are presented in Figure 7. As expected, taking into account the poor water solubility of curcuminoids, the maximum percentage of curcuminoid dissolved was 6% for BDM and around 3% for DMC after 120 min of analysis, related to BDM’s slightly higher aqueous solubility [26].



Opposite behavior was observed in the buffered medium, in which 100% of the DMC dissolved while BDM achieved around 20% in 1 h. This difference in favor of DMC can be attributed to the different pka values (DMC < BDM), that can destabilize the keto-enol arrangement and subsequently the dissociation of the enol hydrogen, affecting the stability, and thus the solubility, of the curcuminoids [27].



As reported previously, different media and pH values were evaluated to obtain a reliable dissolution profile of these two curcuminoids. However, anomalous results were observed that have been attributed to the chemical instability of BDM and DMC at pHs lower than 7. In this regard, reports in the literature supported the use of a pH below 7 in the release of curcuminoids [28,29,30]; and considering the absorption pH in the lumen of the intestine ranges from 6.8 to 7.4, this dissolution media is considered appropriate for curcuminoid evaluation [31].




3.3.2. DPPH Radical-Scavenging Activity


The capacity of scavenging free radicals for these compounds can be adequately evaluated, as described in the literature, by the reaction with a stable free radical, for instance, DPPH [32]. Kinetic studies performed for this test have demonstrated that the rate-determining step involves a fast electron transfer from phenoxide anions to DPPH, following an electron transfer mechanism in protic organic solvents [33]. The antioxidant activity of DMC and BDM was evaluated through the DPPH assay employing EtOH as solvent, as explained in the Materials and Methods subsection. Evaluation of the antioxidant activity indicated that DMC yielded the lowest IC50 (12.46 ± 0.02) µg/mL, with an antioxidant activity 28% higher than the antioxidant activity of BDM, with an IC50 of 17.94 ± 0.06 µg/mL. This result is consistent with the trend reported earlier for the antioxidant activity of these three main curcuminoids, where a good relationship was obtained for the antioxidant values using this DPPH radical method, with CUR having the highest antioxidant value, followed by DMC, that in turn attained a higher antioxidant value than BDM [34].




3.3.3. Cytotoxic Activity Evaluation on Tumoral Cells of DMC and BDM


The in vitro cytotoxicity of isolated DMC and BDM were evaluated through the MTT assay using three human tumoral cell lines: gastric adenocarcinoma (AGS), colorectal adenocarcinoma (SW-620), and hepatocellular carcinoma (HepG2). The inhibitory activities (IC50) are presented in Table 4.



The cytotoxicity values of both curcuminoids demonstrated a greater effect against colorectal adenocarcinoma cells followed by the effect against the gastric adenocarcinoma cells, and showed a lower effect on hepatic adenocarcinoma cells. According to Mahavorasirikul (2010), for natural product extracts IC50 values lower than 20 ug/mL could be considered of interest for their therapeutic potential [35]. All values shown in Table 4 exhibited better cytotoxic activity than that threshold with the exception of DMC’s cytotoxic effect on HepG2 adenocarcinoma cells.



Regarding SW-620 colorectal adenocarcinoma cells, the best cytotoxic effect observed corresponds to the cytotoxic activity of DMC, with an IC50 value of 42.9 μM. The literature mostly contains reports for CUR, with values of 16 μM [36] and 10 μM [37], achieving a cytotoxic effect higher than 50% in SW-620. Other reports are available for CUR in different colon tumoral cells, for instance IC50 for HCT-116 cells was 50 μM [38], 13.9 μM for HCT-15 cells [39], and 9.83 μM for DLD-1 cells [40]. For HT-29 cells the IC50 reported for CUR was 40.7 μM [41]. For comparison, isolated CUR was also evaluated in this work, showing an IC50 value of 23.1 ± 1.4 μM (8.5 ± 0.6 μg/mL) on SW-620 cells, thus comparable with the other reports. In respect to BDM and DMC, cytotoxicity reports are only available for other colon tumoral cells. For instance, a report on DLD-1 human cells showed IC50 values of 8.39 μM and 1.9 μM, respectively [40].



Cytotoxic activity in gastric adenocarcinoma cells (AGS), summarized in Table 4, shows an IC50 of 52.1 μM for DMC and 57.2 μM for BDM. The IC50 value for the CUR isolated in this study for comparison amounted to 32.5 μM, while for BDM and DMC there are no previous reports for gastric adenocarcinoma cell lines while previous reports in gastric tumoral cell lines showed an IC50 of 21.9 μM in AGS cells treated with curcumin [41].



For hepatocellular carcinoma cells, the curcuminoids BDM and DMC presented IC50’s of 64.7 μM and 115.6 μM, respectively (Table 4). Sahu et al. (2016) reported a lower cytotoxic activity (IC50 = 50 μM) for CUR in the same HepG2 cell line [38]. In turn, the value obtained in this study for CUR was better, corresponding to an IC50 of 40.2 μM.



The mechanisms associated with the cytotoxic effect of curcuminoids have been evaluated in some tumoral cell lines. CUR has been associated with apoptotic induction through activation of the caspase cascade, induction of DNA fragmentation, and inhibition of cytoprotective proteins, such as Bcl2 [42,43]. CUR was reported to also cause cell cycle arrest through a G1/S block [44]. In turn, DMC has been associated with a modulation of the tumor metastatic process through a binding inhibition of nuclear factor kappa B (NF-kB) to DNA, which results in a reduced expression of intracellular adhesion molecules such as ICAM-1 and chemokine receptor 4 (CXCR4) [45].



The cytotoxicity of the samples was also assessed in kidney non-tumoral cells (Vero) as a reference for their selectivity between non-tumoral and tumoral cells (selectivity index, SI). BDM presented the highest SI value of 2.6 for SW-620 cells and DMC exhibited the highest SI value of 3.0, while also displaying the best cytotoxic effect against the colon adenocarcinoma cells, showing therefore, in addition a high selectivity against SW-620 cells compared to non-tumoral cells (Table 5). This selectivity is an important parameter to be considered because it suggests a more effective and safe therapeutic potential.



An additional promising aspect of the SI values of DMC and BDM samples is the greater selectivity compared to reference compounds with anticancer activity, such as doxorubicin and cisplatin, for which the SI values are lower, corresponding to 1.0 and 0.9, respectively, in the SW-620 tumoral cell line [46].






4. Conclusions


DMC and BDM were successfully isolated, identified, and characterized. Both solid compounds were shown to be crystalline with an amorphous component, which was higher in BDM, which in turn exhibited a well-defined and faceted prismatic-like crystal shape, while DMC interestingly crystallized in a botryoidal habit not commonly reported in organic materials. The dissolution profile confirmed BDM’s slightly higher aqueous solubility with respect to DMC; meanwhile in the buffered medium DMC showed faster dissolution than BDM. Regarding antioxidant activity, DMC yielded an IC50 28% higher than BDM. Finally, in respect to the cytotoxic effects, DMC showed better IC50 values than BDM towards SW-620 cells (42.9 μM) and AGS cells (52.2 μM), while BDM presented a better IC50 value than DMC on HepG2 cells (64.7 μM). Concerning selectivity, both the compounds BDM and DMC exhibited the highest SI values for SW-620 cells (2.6 and 3.0 respectively) when compared to non-tumoral cells while also displaying the best cytotoxic effect on these colon adenocarcinoma SW-620 cell lines. In sum, the present study results indicate that BDM and DMC deserve further study as potential chemotherapeutic drugs.
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Figure 1. Chromatograms of (a) the three curcuminoids, (b) BDM, (c) DMC, (d) CUR. 
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Figure 2. Structure of isolated curcuminoids. 
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Figure 3. Spectra (I) 1H-NMR and (II) 13C-NMR for isolated curcuminoids: (a) CUR, (b) DMC, and (c) BDM. The measurements were made on a 400 MHz Bruker instrument. 
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Figure 4. Experimental PXRD pattern of (A) BDM with the calculated pattern and (B) DMC. 
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Figure 5. Comparative (A) FT-IR spectra and (B) DSC curves for curcuminoids BDM and DMC. 
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Figure 6. SEM images at different magnifications: (A) BDM at 270×, 550×, and 1200×, and (B) DMC at 200×, 650×, and 1300×. 
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Figure 7. Powder dissolution profiles of BDM and DMC in two dissolution media: (A) water (pH 6.8) and (B) phosphate-buffered saline (pH 7.4). Error bars represent the standard deviation of DMC and BDM concentrations in the triplicates. 
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Table 1. 1H- and 13C-NMR (methanol-d4) signals for isolated CUR.
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	# C
	13C (ppm)
	1H (ppm)





	3, 5
	184.76
	



	4′, 4″
	150.49
	



	3′, 3″
	149.43
	



	1, 7
	142.14
	7.60 (d, J = 15.8 Hz, 2 H)



	1′, 1″
	128.58
	



	6′, 6″
	124.13
	7.13 (dd, J = 8.2, 1.9 Hz, 2 H)



	2, 6
	122.26
	6.65 (d, J = 15.8 Hz, 2 H)



	5′, 5″
	116.57
	6.85 (d, J = 8.2 Hz, 2 H)



	2′, 2″
	111.72
	7.24 (d, J = 1.9 Hz, 2 H)



	4
	101.98
	5.99 (s, 2 H)



	(C3′,C3″)-O-CH 3
	56.46
	3.94 (s, 6 Hh)










 





Table 2. 1H- and 13C-NMR (methanol-d4) signals from isolated BDM.
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	# C
	13C (ppm)
	1H (ppm)





	3, 5
	184.79
	



	4′, 4″
	161.06
	



	1, 7
	141.84
	7.58 (d, J = 15.8 Hz, 2 H)



	2′, 2″, 6′, 6″
	131.14
	7.49 (d, J = 8.6 Hz, 4 H)



	1′, 1″
	127.99
	



	2, 6
	121.97
	6.60 (d, J = 15.8 Hz, 2 H)



	3′, 3″, 5′, 5″
	116.88
	6.83 (d, J = 8.6 Hz, 4 H)



	4
	101.88
	5.94 (s, 2 H)










 





Table 3. 1H- and 13C-NMR signals (methanol-d4) of isolated DMC.






Table 3. 1H- and 13C-NMR signals (methanol-d4) of isolated DMC.










	# C
	13C (ppm)
	1H (ppm)





	5
	184.81
	



	3
	184.76
	



	4′
	161.09
	



	4″
	150.47
	



	3″
	149.42
	



	1, 7
	142.13
	7.59 (d, J = 15.8 Hz)



	2′, 6′
	131.5
	7.51 (d, 8.7 Hz)



	1″
	128.58
	



	1′
	127.99
	



	6″
	124.12
	7.12 (dd, J = 8.2, 1.9 Hz)



	6
	122.29
	6.64 (d, J = 15.8 Hz)



	2
	122.25
	6.61 (d, J = 15.6 Hz)



	5″
	116.89
	6.84 (d, J = 8.2 Hz)



	3′, 5′
	116.57
	6.84 (d, J = 8.2 Hz)



	2″
	111.73
	7.23 (d, J = 1.9 Hz)



	4
	102.00
	5.98 (s)



	(C3″)-O-CH3
	56.45
	3.93 (s)










 





Table 4. Cytotoxic activity of curcuminoids in tumoral cell lines.
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DMC

	
BDM




	
Cell Line

	
IC50 μM (μg/mL)

	
IC50 μM (μg/mL)






	
AGS

	
52.2 ± 1.4 a (17.6 ± 0.5)

	
57.2 ± 2.5 a (17.6 ± 0.8)




	
SW-620

	
42.9 ± 2.4 a (14.5 ± 0.8)

	
52.5 ± 0.1 a (16.2 ± 0.1)




	
HepG2

	
115.6 ± 8.0 a (39.1 ± 2.7)

	
64.7 ± 0.8 b (19.9 ± 0.2)




	
Vero

	
126.9 ± 5.3 a (42.9 ± 1.8)

	
134.7 ± 5.3 a (41.5 ± 1.6)








Values are expressed as mean ± standard deviation (n = 3). In the same row, values with different superscript letters are significantly different at p < 0.05.













 





Table 5. Selectivity index of curcuminoids in tumoral cell lines.
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	Cell Line
	DMC
	BDM





	AGS
	2.4
	2.4



	SW-620
	3.0
	2.6



	HepG2
	1.1
	2.1







SI: ratio of IC50 values of non-tumor cells to cancer cells.
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