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Abstract

:

β-sitosterol β-d-glucoside (BSSG) was extracted from “piña” of the Agave angustifolia Haw plant by microwave-assisted extraction (MAE) with a KOH solution such as a catalyst and a conventional maceration method to determine the best technique in terms of yield, extraction time, and recovery. The quantification and characterization of BSSG were done by high-performance thin layer chromatography (HPTLC), Fourier-transform infrared spectroscopy (FT-IR), and high-performance liquid chromatography−electrospray ionization−mass spectrometry (HPLC-ESI-MS). With an extraction time of 5 s by MAE, a higher amount of BSSG (124.76 mg of β-sitosterol β-d-glucoside/g dry weight of the extract) than those for MAE extraction times of 10 and 15 s (106.19 and 103.97 mg/g dry weight respectively) was shown. The quantification of BSSG in the extract obtained by 48 h of conventional maceration was about 4–5 times less (26.67 mg/g dry weight of the extract) than the yields reached by the MAE treatments. MAE achieved the highest amount of BSSG, in the shortest extraction time while preserving the integrity of the compound’s structure.
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1. Introduction


The genus Agave belongs to the Agavaceae family of which 200 species have been documented; 150 (75%) are distributed in Mexico and 116 (58%) are endemic [1,2]. These agaves were a source of carbohydrates (before the corn crop was established) for western Mexico and the southwestern United States of America [3]. Furthermore, the agaves have had and continue to have great social, cultural, ecological, environmental, and medicinal importance. A. angustifolia is an example of this family, which has been used in various ways such as the production of alcoholic beverages such as the “bacanora” of Sonora and the “mezcal” in southern Mexico. Its leaves are used to cook roasted lamb and flowers in various dishes. In some parts, the flowers and leaves are used as fodder. Likewise, its fibers are extracted to make ropes, baskets, clothes, sandals, brushes, etc. In traditional Mexican medicine, it has been widely used by the indigenous people to heal different ailments such as dehydration, scurvy, blows, wounds, indigestion, “reumas,” toothache, stings of poisonous animals, and to heal livestock diseases. In addition, it is used as a remedy for the sprains of bones of people and animals [4].



A large range of secondary metabolites have been reported from different Agave species, such as steroidal sapogenins and saponins, sterols [5,6,7], fructans [8], flavonoids [9,10,11], homoisoflavonoids [12], phenolic acids [10], tannins, volatile coumarins [9], long-chain alkanes, fatty acids, and alcohols [12,13]. Evidence of pharmacological activity has been reported for this genus, where immunomodulatory, anti-inflammatory, cytotoxic, and antiparasitic activity are some of the most important [6,7,14,15].



An example of these biological activities was reported in a plant of this genus, A. angustifolia [6], where an immunomodulatory effect of the acetonic extract was found by the maceration method. It has been demonstrated that the compounds responsible for this activity were 3-O-[(6′-O-palmitoyl) -β-d-glucopyranosyl] sitosterol, stigmasterol, and β-sitosteryl glucoside. The β-sitosterol β-d-glucoside (BSSG) and its free phytosterol, known as β-sitosterol, are phytosterols that have been described as bioactive molecules, which provide anti-inflammatory activity [16], immunomodulation activity [17], and protection against certain cancers [18], as well as reduce cholesterol [19] and control blood glucose [20]. Therefore, they can be suitable candidates for the treatment of different diseases.



It is important to mention that maceration has been a traditional extraction method of phytosterols. This extraction technique involves soaking plant materials (coarse or powdered) in a stoppered container with a solvent at room temperature for a period of 72 h, sometimes assisted with frequent agitation. Although this method is easy and simple to perform, the prolonged extraction time is inconvenient and requires a large quantity of toxic solvents [21].



In recent years, novel extraction techniques have been developed such as ultrasound-assisted extraction (UAE), pressure-assisted extraction (PAE), and microwave-assisted extraction (MAE); these techniques have shown advantages over conventional extraction methods, such as greater yield, shorter time, and less required solvent [22].



Microwave extraction technology is recognized as an environmentally friendly method for the extraction of medicinal and aromatic plants compared to conventional techniques, by providing a shorter extraction time, using environmentally friendly solvents, reducing the overall consumption of solvents and energy during the process, and developing a selective extraction with an increase in the yield. In addition to having a good reproducibility as an automated technique; it uses minimum manipulation of the sample for the extraction process [23].



MAE uses microwave energy to accelerate the partition of analytes from the sample matrix into the solvent. Microwaves are electromagnetic waves that consist of an electric field and a magnetic field, which oscillate perpendicularly to each other at frequencies from 0.3 to 300 GHz. Microwave radiation interacts with the dipoles of polar and polarizable materials and ions, which causes heating of the materials dependent on the materials’ dielectric properties and presentation geometry. Equally important, dipole rotation of the molecules induced by microwave electromagnetic disrupts hydrogen bonding, improves the migration of dissolved ions, and promotes solvent penetration into the matrix [24]. MAE can be considered a selective method that favors polar molecules and solvents with a high dielectric constant [25].



MAE has been used for the extraction of several classes of compounds, such as essential oils [26], terpenes [27,28], flavonoids, phenols [27], alkaloids [29], and glucoside [30] from natural-plant resources.



The aim of this study was to evaluate the extraction of BSSG from A. angustifolia by the MAE and maceration methods in terms of extraction time and quantification using environmentally friendly solvents.




2. Results and Discussion


2.1. High-Performance Thin Layer Chromatographic (HPTLC) Analysis


The first step in this research work was to determine the usefulness of applying a solution with KOH to the extracts obtained by microwaves, in order to improve the extraction of BSSG. To assess this objective, a qualitative HPTLC plate Figure 1 was prepared using a mobile phase of toluene:ethyl acetate:formic acid in the ratio (5:5:0.7 v/v/v). The derivatized plate with the Komarovsky reagent caused the bands corresponding to terpenes to have a purple color. In the qualitative HPTLC plate, we can appreciate the greater purple intensity of the band corresponding to the BSSG in the extracts to which the KOH solution was applied, compared to the extracts without its application. This was the criterion taken to perform the quantification of BSSG in the extracts with KOH solution, using microwaves as the extraction method.



The identification of BSSG was determined in the experimental extract samples by obtaining the same value of the retention factor (rf), 0.230 +/− 0.020, of the BSSG reference standard. This value of the rf is the same as that reported by Jirge et al. in 2011 [31], who reported a rf of 0.21 in a mobile phase consisting of chloroform:methanol (8:2 v/v).



Figure 2 shows a quantitative HPTLC plate, in which adequate separation of the line of the application of BSSG standard was observed. Additionally, the presence of BSSG was confirmed again in the ethanol extracts obtained by MAE (5, 10, and 15 s with KOH solution) and maceration (48 h) from A. angustifolia.



They performed the standardization of four formulations for their content of BSSG, using HPTLC. In order to carry out the comparison between the extracts and the standard solution, integration was performed to separate the zone of the chromatogram containing the BSSG in the extracts.



Densitograms of the BSSG standard and the BSSG in the extracts are shown in Figure 3, which demonstrate the similarity of the rf of the standard and the extracts of interest.



After the plate was derivatized, a densitometric scan was performed, which allowed the band to be located in an automated way by scanning at different wavelengths from λ = 200 to 600 nm. Figure 4 shows the comparison and the spectral similarity obtained from the BSSG standard with the different extracts of interest (ethanolic extracts of MAE at 5, 10, and 15 s with KOH solution and the extract by maceration of 48 h). The height of the peaks increased proportionally with the increase in the concentration of BSSG in the sample, with the highest absorption peak at λ = 540 nm for the BSSG.



The results of the quantification of BSSG are shown in Table 1. The extraction time of 5 s by MAE with KOH solution yielded the highest amount of BSSG, achieving 124.76 mg of BSSG/g dry weight of the extract, compared to other times of MAE of 10 s (106.19 mg/g dry weight) and 15 s (103.97 mg/g dry weight) both with KOH solution. Contact time with the extraction system may compromise the chemical structure of the metabolite, resulting in a greater degradation effect on polar compounds due to the microwave energy effect [32]. The quantification of BSSG in the extract obtained by 48 h maceration was 26.67 mg/g of dry weight of extract, which was substantially lower than the amount achieved in the three extraction times by MAE with a shorter extraction time.



To understand these results, it is important to remember the mechanism by which MAE uses microwave energy to facilitate the partition of analytes. First, the rapid rise in temperature and internal pressure increase generated by the microwave radiation pushes the cell wall from the inside, stretching and ultimately rupturing it, releasing compounds. This process is caused by microwave radiation, which interacts with dipoles of the polar and polarizable materials. Dipole rotation of the molecules produced by microwave electromagnetic waves cuts-off hydrogen bonding of the cellulose (which is the main constituent of the cell wall of the plant), which improves the migration of dissolved ions and stimulates solvent penetration into the vegetable matrix [25].



However, when we added the KOH as a catalyst, we caused more destructive effects on the vegetal matrix. This caused the BSSG to dilute and dissolve in the solvent in a faster way.



In this way, we can confirm with these results that the extraction of BSSG by MAE was favored by the addition of KOH by causing a greater decomposition of the cell wall, in a short extraction time, thus avoiding the degradation of the compound when exposed to a prolonged extraction time. This was probably the reason why a greater amount of BSSG was obtained in the extraction time of 5 s with KOH solution than 10 and 15 s with KOH solution.



The scientific literature reports that one of the benefits of MAE is the greater amount of the compound of interest obtained, compared to conventional extraction methods, such as maceration. The maceration method consists of the penetration of the solvent into the cell, causing dehydration or rupture of cell membranes [21].



In this work, the large amount of BSSG obtained by MAE compared to the method of maceration, is, in itself, due to the same MAE technique, which also benefits from the addition of the KOH solution.



The calibration curve of BSSG was linear in the range between 100 and 1000 ng/band, with a regression coefficient of R = 99.63% and a regression equation, y = 2.078 × 10−10 X+ 4.079 × 10−3.



The quantification results obtained can be compared to a research work, in which extraction by hexane maceration of the aerial parts of the Sisymbrium irio plant was realized, reporting a quantification of BSSG of 0.00210 mg/g dry weight [33], less than the amount obtained in our work by the MAE method as per the maceration technique. Our results are the first reported work in the extraction of BSSG by the MAE method, and they are similar to others that compared different conventional extraction methods with the MAE method. They concluded that the MAE method is a good and safe technique for the extraction of active metabolites from plants. There are different factors that influence the success of the MAE method, such as the selection of a suitable solvent that depends on the solubility of the compounds of interest, the penetration of the solvent, the interaction with the matrix of the plant material, and, furthermore, the material’s dielectric constant. There are organic solvents, such as ethanol, methanol, and acetone, that are also effective for application in the MAE. We know that water is a nontoxic and cheaper solvent, but it has some disadvantages such as being a good medium for the development of mold and bacteria; it can cause the breakdown of plant metabolites; besides, the evaporation of the extracts requires the application of high temperatures, which can favor the degradation of many of the compounds present in an extract [32]. Ethanol is usually the most used solvent because it is a good microwave absorbent, together with the advantage that is appropriate to extract different active compounds from plants [27,34]. Other investigations have reported the extraction and identification of BSSG, but they used toxic solvents such as petroleum ether and chloroform [35].



For all these reasons, the MAE method is known as an alternative ecological extraction technology, and a good option among thermal extraction techniques. This is due to its unique effective mechanism as a noncontact energy source to produce heat in the extraction matrix for effective heating, faster thermal energy transfer, less thermal degradation, higher extraction selectivity, a faster start of the extraction process (automated), and a higher yield in a shorter time, compared to conventional extraction methods [26].




2.2. Identification of the Functional Groups of BSSG by FT-IR


To carry out the FT-IR analysis, samples of the MAE extractions were taken at 5, 10, and 15 s with KOH solution to compare the presence of the functional groups present in the BSSG FT-IR spectrum. Figure 5A,B (FTI-IR zoom) show that the BSSG FT-IR spectrum showed an absorption band (cm−1) at 3406 in the presence of OH stretch, 2932 (CH2) -CH), CH2 a 2868.14, unconjugated olefinic (C = C) in 1641, cyclic methylene groups (CH2) n in 1443, gem-dimethyl group (-CH (CH3) 2) in 1366, secondary alcohol (C-OH) in 1055; while the absorption bands in 801 and 600 are due to the presence of a group -C=C-, possibly of simple glycoside. It is evident that the functional group characteristics of BSSB were identified in the FT-IR spectrum extracts obtained by MAE of 5, 10, and 15 s with KOH solution. The FT-IR spectra also showed the presence of one C=C in the structure, characteristic of BSSG (Figure 5A) [36,37].



It is worth mentioning that the FT-IR spectrum of extracts showed a clear displacement of some absorbances such as the unconjugated olefinic (C=C) band, occurring from 1641 to cm−1, cyclic methylene groups (CH2)n band, passing from 1443 to cm−1, C-OH of secondary alcohol band, occurring from 1055 to cm−1, and -C=C- group band, which takes place from 801 to 600 cm−1, respectively. These displacements in these bands can be related to the probable hydrolysis of the compound, which is due to the application of KOH solution, shown more clearly in Figure 5B. This phenomenon is better observed in the extraction time of 15 s with KOH solution. It is necessary to mention that the degradation of sterols takes place at more than 150 °C, resulting in fragmented phytosterol molecules, volatile compounds, and oligomers [38]. In this research work, the maximum extraction temperature was 23 °C; for this reason, we believe that the possible degradation was caused by the addition of KOH solution and not by microwave energy. The scientific literature mentions that the microwaves used in the extraction of bioactive compounds are a source of heat without contact; for this reason, there is a decrease in thermal degradation [22]. Besides, it is necessary to mention the FT-IR spectra are of pure extracts, and for this reason, the bands present can be associated with other compounds, for example, the pronounced band at 1641 cm−1 could be for the presence of lignins, which are polymeric aromatic constituents in plant cell walls and are found in this spectral region [39]. Nowadays, different researches have reported the use of FT-IR as a complementary method for the identification of sterols from plants, animals, and algae [40,41,42]. This phenomenon is due to FT-IR, which presents some advantages such as being a fast technique, which provides a great deal of information with only one test and does not need reagents and pre-treatment of the sample. Besides, this technique uses a relatively small sample quantity that can be recovered after the analysis [43]. For this reason, FT-IR analysis is a great tool for the identification of the chemical nature of phytochemical compounds present in medicinal plants, because they can contribute with information of the functional groups responsible for their biological activity [40].




2.3. High-Performance Liquid Chromatography−Electrospray Ionization−Mass Spectrometry (HPLC-ESI-MS) Analysis


The criteria that were taken into account to choose the best extract by MAE, to continue with the HPLC-ESI-MS analysis, were the data obtained in the quantification performed by HPTLC (highest yield of BSSG) and the results obtained in the FT-IR analysis (greater integrity of functional groups); as a result, the extract obtained by MAE of 5 s with KOH solution was chosen to continue with the analysis previously mentioned.



Our compound of interest, BSSG, has a real molecular weight of 576, and the mass spectrum in the 5 s ethanolic extract obtained by MAE shows a peak at 599.42 m/z = [M + Na]+, which is due to an adduct of a Na+. According to the spectral data found in this research work, it was confirmed that the compound identified and quantified from an ethanol extract of A. angustifolia obtained by MAE of 5 s is BSSG (Figure 6) [36].



In all plant tissues, sterols exist in two forms: Free form (free sterols, FSs) and the conjugated form, which includes steryl esters (SEs), steryl glycosides (SGs), and acyl steryl glycosides (ASGs). These conjugated sterols are found ubiquitously in plants, but their relative contents are different between species and can change in response to developmental and environmental signals. The conjugated sterols have important functions in the plant, such as the SEs acting in homeostasis of the membrane sterols, and are also used as a reserve of sterols in some plant tissues. The SGs and ASGs are found in the plant plasma membrane (PM) where they are accumulated in microdomains (lipid rafts) known to regulate many important cellular processes. Besides, there are different studies that confirm the role of conjugated sterols in plant stress responses [44]. In general, the phytosterols have been described as bioactive compounds, because they have important pharmacological activities that supply different benefits to human health [45]. To simplify the process of phytosterol analysis, conjugated phytosterols are frequently converted to free phytosterols through acid hydrolysis and base saponification before quantification, making quantification easier because only the total sterol content is obtained and the SGs and ASGs are ignored by the research. This could be because polar conjugated sterols are not soluble in the nonpolar lipid phase and may not be included in the direct lipid extracts [46]. However, nowadays, there is enough research evidence that suggests the importance of biological functions of SGs. This act is due to the presence of the steroidal backbone as the aglycone part increases its solubility in nonpolar solvents such as chloroform, whereas the presence of glucose moiety makes it slightly soluble in polar solvents such as ethanol or methanol [47]. This characteristic provides an important advantage if we compare it with the FSs, and one example of this is that SGs contain more hydrophilic parts (glucose moiety); this part of these glucosides is being thought to effectively hinder the esterification of cholesterol, thus resulting in the inhibition of entry of cholesterol into the blood vessel; this medical activity has been reported [48].



Another important point to take into account in the medicinal activity of plant extracts is the importance of the use of pure extracts, because the components may interact and generate a synergistic effect, thus favoring a biological activity of interest, better than when the compounds are used in isolation [49].





3. Experimental Section


3.1. Extraction Techniques


3.1.1. Plant Material


A 5 year old “piña” of the A. angustifolia plant of recorded biological identity was collected in Yautepec, Morelos, Mexico (18°49′33.3”N and 99°06′21.98″W; 1120 m above mean sea level).




3.1.2. Sample Preparation


The “piña” of the A. angustifolia plant was fractionated to produce 32.4 kg of fresh material. After placing the plant material in an oven at a constant temperature of 40 °C for 48 h, the dry plant material was ground (INMIMEX Mill, M-200, Mexico City, Mexico) using a 200 mesh sieve (0.074 mm particle size), resulting in a final yield of 3965 kg.




3.1.3. Innovation Extraction Technique: Microwave-Assisted Extraction (MAE)


MAE was carried out in a laboratory CEM Discover® microwave oven (300 W at 2450 MHz equipment maximum power), Matthews, NC, USA. An open MAE system was used in this work, which operates at atmospheric conditions, and only the vessel was exposed to the microwave radiation.



The MAE conditions used were a constant radiation power of 300 W, a ratio of 20:1 mL/g of liquid/solid, 23 °C of extraction temperature maximum, different extraction times of 5, 10, and 15 s, besides the application of 1 mL of ethanolic solution of KOH 0.2 N. Afterward, all samples were filtered and concentrated at low temperature and reduced pressure on a rotary evaporator (Heildolph Laborota Model 4000, Schwabach, Germany).



It is necessary to mention that the application of an ethanolic solution of KOH 0.2 N was determined in preliminary experiments (qualitative HPTLC plate) to find its effect on BSSG extraction and its relation to microwave extraction. Three extraction times (5, 10, and 15 s) were used without and with the application of the ethanolic solution of KOH 0.2 N. It was found that the application of the ethanolic solution of KOH 0.2 N was sufficient to achieve a better BSSG extraction than without it.




3.1.4. Conventional Extraction Technique: Maceration


The dried plant material was macerated in ethanol for 48 h. After that, the ethanolic extract was concentrated at low temperature and reduced pressure on a rotary evaporator (Heildolph Laborota Model 4000, Schwabach, Germany).





3.2. High-Performance Thin-Layer Chromatographic (HPTLC) Method


3.2.1. Reagents


The reference standard used was the β-sitosterol β-D-glucoside purchased from Sigma Aldrich Co. (St. Louis, MO, USA). The HPTLC silica gel glass plate 60 F254 (10 cm × 20 cm with 250 µm thickness) was supplied by Merck (Darmstadt, Germany).



The mobile phase employed consisted of toluene, ethyl acetate and formic acid (88%). Methanol was used as a diluent for the standard solution and experimental samples.




3.2.2. Standard Solution


The stock solution of BSSG (from Sigma Aldrich Co., St Louis, MO, USA) of 250.00 μg/mL was dissolved in methanol.




3.2.3. Preparation of Samples


For the preparation of experimental samples, 5 mg of extracts from the MAE (5, 10, and 15 s) and the maceration extraction was dissolved in 1 mL of methanol.




3.2.4. Application


To differentiate and compare each of the MAE and maceration extraction methods, each of the ethanolic extracts of A. angustifolia was analyzed by HPTLC for the identification and quantification of BSSG. The sample solutions were sprayed onto HPTLC plates in the form of bands of 6 mm using a CAMAG Linomat V, (Muttenz, Switzerland) with nitrogen gas and a microlite syringe of 100 mL. These samples were applied on HPTLC plates with the following properties: 20:10 cm, distance between bands, 10 mm, distance from lower edge, 8 mm, and distance from the left side, 15 mm; and 18 tracks were applied. For the quantification of BSSG, a calibration curve was used for standard solution, which consisted of six different volumes (0.5, 1.0, 2.0, 2.5, 3.0, and 4.0 μL).



For BSSG determination, 2 μL of each extract obtained by MAE at different extraction times (5, 10, and 15 s) and 4.0 μL of maceration extract (48 h) were applied three times on each plate with a constant application rate of 150 nL/s.




3.2.5. Chromatography


The chromatography was performed on 20 ×10 cm 60 F254 silica gel and the development was performed in the CAMAG Automatic Developing Chamber 2 (ADC 2), Muttenz, Switzerland at 26 °C and a relative air humidity of 39%. Evaluation of several combinations of mobile phases (hexane- hexane:acetone 80:20; hexane:ethyl acetate 70:30; chloroform:methanol 90:10, toluene:ethyl acetate:formic acid 5:5:0.5) was performed. The selected mobile phase consisted of a mixture of toluene, ethyl acetate, and formic acid (5:5:0.7 v/v/v). The migration distance was 70 mm and the migration time was 22 min. After the development, the plate was dried with air for 5 min.



After the development of the HPTLC plate, considering that BSSG showed no sensitivity in the UV detector, the plate was sprayed with Komarovsky reagent, and after that, it was heated in the CAMAG TLC Plate Heater III, Muttenz, Switzerland at 110 °C, for 3 min.



For the evaluation of the plate images, a CAMAG TLC Visualizer Documentation System (Muttenz, Switzerland) was used, employing a high-performance 12-bit CCD digital camera with outstanding linearity. All the images were captured with an exposure time of 2 min under a UV wavelength of λ 540 nm, in a reflected way. The obtained data were processed using VisionCATS 2.4 software.



Densitometric evaluation was performed by a CAMAG TLC Scanner 4 (Muttenz, Switzerland). Absorption measurement of the derivatized plate with the Komarovsky reagent was recorded under UV light at λ 540 nm.





3.3. Fourier-Transform Infrared (FT-IR) Spectroscopic


The functional groups of BSSG were identified using Fourier-transform infrared (FT-IR) with a Shimadzu spectrophotometer model IRAffinity-1S (Shimadzu Corporation, Kyoto, Japan), with an attenuated total reflection accessory, which permits an analysis of samples in the medium infrared (MIR).




3.4. HPLC-ESI-MS


The mass spectroscopy was performed on a Bruker micrOTOF-Q mass spectrometer (Bremen, Germany) with electrospray ionization with a scanning ratio from 50 to 3000 m/z and a set capillary of 4500 V. The masses were processed using Bruker Compass Data Analysis 4.1 software.




3.5. Statistical Analysis


The data obtained were analyzed using one-way ANOVA. The Holm−Sidak Test was applied to determine significant differences between each group at (p < 0.001). Statistical analysis was carried out with a SigmaPlot 11.0 program [50].





4. Conclusions


In this work, we obtained a greater yield of BSSG from “piña” of A. angustifolia plants with the MAE method with the addition of KOH as a catalyst, compared to the traditional maceration method. The MAE method reduced the extraction time using ethanol as an environmentally friendly solvent. A greater concentration of BSSG was obtained with less degradation of this compound. All these advantages demonstrated that MAE was a better method to obtain BSSG from A. angustifolia by solid-liquid extraction than the maceration method.







Author Contributions


H.L.-S.: Coordination and execution of research protocol and composition of this research article; B.H.C.-D.: Design of some experiments of HPTLC and FT-IR and analysis of results; S.V.Á.-R.: Statistical analysis of data; M.D.P.-G.: HPTLC quantification, M.G.-C.: Mass spectroscopy analysis, M.L.A.O.: Design and supervision of experimental work; A.R.J.-A.: General design and supervision of experimental work, analysis, and discussion.




Acknowledgments


This research work was funded by project SIP 20196656 of the Instituto Politécnico Nacional and through a basic grant from the Consejo Nacional de Ciencia y Tecnología (CONACyT), Mexico for the PhD studies of Herminia López Salazar, in the Centro de Desarrollo de Productos Bióticos, Instituto Politécnico Nacional. Additionally, the BEIFI scholarship (Beca de Estímulo Institucional de Formación de Investigadores) was provided by the Instituto Politécnico Nacional, Mexico.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gentry, H.S. Agaves of Continental North America; The University of Arizona Press: Tucson, AZ, USA, 1982; p. 670. [Google Scholar]

	



García-Mendoza, A. Sistemática y Distribución Actual de los Agave Smezcaleros. CONABIO. Fina Report. Project V029. Available online: http://www.conabio.gob.mx/institucion/cgi-bin/datos.cgi?Letras=V&Numero=29ISBN (accessed on 23 May 2019).

	



Hodgson, W.C. Food Plants of the Sonoran Desert; The University of Arizona Press: Tucson, AZ, USA, 2001. [Google Scholar]

	



Flores, N.B.; Araiza, P.L.S. El mezcal en Sonora, México, más que una bebida espirituosa. Etnobotánica de Agave angustifolia Haw. In Estudios Sociales. Revista de Alimentación Contemporánea y Desarrollo Regional; CIAD: Hermosillo Sonora, Mexico, 2012; pp. 173–197. [Google Scholar]

	



Gutiérrez Nava, Z.; Jiménez-Aparicio, A.R.; Herrera-Ruiz, M.L.; Jiménez-Ferrer, E. Immunomodulatory Effect of Agave tequilana Evaluated on an Autoimmunity Like-SLE Model. Induced in Balb/c Mice with Pristane. Molecules 2017, 22, 848. [Google Scholar] [CrossRef] [PubMed]

	



Hernández-Valle, E.; Herrera-Ruiz, M.; Salgado, G.; Zamilpa, A.; Ocampo, M.; Jiménez-Aparicio, A.R.; Jiménez-Ferrer, E. Anti-inflammatory effect of 3-O-[(6′-O-palmitoyl)-β-d-glucopyranosyl sitosterol] from Agave angustifolia on ear edema in mice. Molecules 2014, 19, 15624–15637. [Google Scholar] [CrossRef] [PubMed]

	



Monterrosas-Brisson, N.; Ocampo, M.; Jiménez-Ferrer, E.; Jiménez-Aparicio, A.R.; Zamilpa, A.; Gonzalez-Cortazar, M.; Herrera-Ruiz, M. Anti-inflammatory activity of different Agave plants and the compound Cantalasaponin-1. Molecules 2013, 18, 8136–8146. [Google Scholar] [CrossRef] [PubMed]

	



Velázquez-Martínez, J.R.; González-Cervantes, R.M.; Hernández-Gallegos, M.A.; Mendiola, R.C.; Jiménez-Aparicio, A.R.; Ocampo, M.L.A. Prebiotic potential of Agave angustifolia Haw fructans with different degrees of polymerization. Molecules 2014, 19, 12660–12675. [Google Scholar] [CrossRef] [PubMed]

	



Ahumada-Santos, Y.P.; Montes-Avila, J.; De Jesús Uribe-Beltrán, M.; Díaz-Camacho, S.P.; López-Angulo, G.; Vega-Aviña, R.; Delgado-Vargas, F. Chemical characterization, antioxidant and antibacterial activities of six Agave species from Sinaloa, Mexico. Ind. Crop. Prod. 2013, 49, 143–149. [Google Scholar] [CrossRef]

	



Almaraz-Abarca, N.; Delgado-Alvarado, E.A.; Ávila-Reyes, J.A.; Uribe-Soto, J.N.; González-Valdez, L.S. The phenols of the genus Agave (Agavaceae). J. Biomater. Nanobiotechnol. 2013, 4, 9. [Google Scholar] [CrossRef]

	



Barriada-Bernal, L.G.; Almaraz-Abarca, N.; Delgado-Alvarado, E.A.; Gallardo-Velázquez, T.; Ávila-Reyes, J.A.; Torres-Morán, M.I.; Herrera-Arrieta, Y. Flavonoid composition and antioxidant capacity of the edible flowers of Agave durangensis (Agavaceae). CYTA J. Food 2014, 105–114. [Google Scholar] [CrossRef]

	



Morales-Serna, J.A.; Jiménez-Aparicio, A.R.; Estrada-Reyes, R.; Marquez, C.; Cárdenas, J.; Salmón, M. Homoisoflavanones from Agave tequilana weber. Molecules 2010, 15, 3295–3301. [Google Scholar] [CrossRef]

	



Rizwan, K.; Zubair, M.; Rasool, N.; Riaz, M.; Zia-Ul-Haq, M.; De Feo, V. Phytochemical and biological studies of Agave attenuata. Int. J. Mol. Sci. 2012, 13, 6440–6451. [Google Scholar] [CrossRef]

	



Botura, M.B.; Silva, G.D.; Lima, H.G.; Oliveira, J.V.A.; Souza, T.S.; Santos, J.D.G.; Batatinha, M.J.M. In vivo anthelmintic activity of an aqueous extract from sisal waste (Agave sisalana Perr.) against gastrointestinal nematodes in goats. Veterinary Parasitol. 2011, 177, 104–110. [Google Scholar] [CrossRef]

	



Mina, S.A.; Melek, F.R.; Abdel-khalik, S.M.; Gabr, N.M. Two steroidal saponins from Agave franzosinii and Agave angustifolia leaves and Biological activities of Agave franzosinii. J. Nat. Prod. 2013, 6, 188–197. [Google Scholar]

	



Loizou, S.; Lekakis, I.; Chrousos, G.P.; Moutsatsou, P. β-Sitosterol exhibits anti-inflammatory activity in human aortic endothelial cells. Mol. Nutr. Food Res. 2010, 54, 551–558. [Google Scholar] [CrossRef] [PubMed]

	



Bouic, P.J. The role of phytosterols and phytosterolins in immune modulation: A review of the past 10 years. Curr. Opin. Clin. Nutr. Metab. Care 2001, 4, 471–475. [Google Scholar] [CrossRef] [PubMed]

	



Awad, A.B.; Fink, C.S. Phytosterols as anticancer dietary components: Evidence and mechanism of action. J. Nutr. 2000, 130, 2127–2130. [Google Scholar] [CrossRef] [PubMed]

	



Jones, P.J.; Raeini-Sarjaz, M.; Ntanios, F.Y.; Vanstone, C.A.; Feng, J.Y.; Parsons, W.E. Modulation of plasma lipid levels and cholesterol kinetics by phytosterol versus phytostanol esters. J. Lipid Res. 2000, 41, 697–705. [Google Scholar] [PubMed]

	



Gupta, A.; Naraniwal, M.; Kothari, V. Modern extraction methods for preparation of bioactive plant extracts. Int. J. Appl. Nat. Sci. 2012, 1, 8–26. [Google Scholar]

	



Dong, Z.; Gu, F.; Xu, F.; Wang, Q. Comparison of four kinds of extraction techniques and kinetics of microwave-assisted extraction of vanillin from Vanilla planifolia Andrews. Food Chem. 2014, 149, 54–61. [Google Scholar] [CrossRef]

	



Vinatoru, M.; Mason, T.J.; Calinescu, I. Ultrasonically assisted extraction (UAE) and microwave assisted extraction (MAE) of functional compounds from plant materials. TrAC Trends Anal. Chem. 2017, 97, 159–178. [Google Scholar] [CrossRef]

	



Cardoso-Ugarte, G.A.; Juárez-Becerra, G.P.; Sosa Morales, M.E.; López-Malo, A. Microwave-assisted extraction of essential oils from herbs. J. Microw. Power Electromagn. Energy 2013, 47, 63–72. [Google Scholar] [CrossRef]

	



Trusheva, B.; Trunkova, D.; Bankova, V. Different extraction methods of biologically active components from propolis: A preliminary study. Chem. Cent. J. 2007, 1, 13. [Google Scholar] [CrossRef]

	



Azwanida, N.N. A review on the extraction methods use in medicinal plants, principle, strength and limitation. Med. Aromat. Plants 2015, 4, 3–8. [Google Scholar]

	



Abd El-Gaber, A.S.; El Gendy, A.N.G.; Elkhateeb, A.; Saleh, I.A.; El-Seedi, H.R. Microwave Extraction of Essential Oil from Anastatica hierochuntica (L): Comparison with Conventional Hydro-Distillation and Steam Distillation. J. Essential Oil Bear. Plants 2018, 21, 1003–1010. [Google Scholar] [CrossRef]

	



Mustapa, A.N.; Martin, A.; Mato, R.B.; Cocero, M.J. Extraction of phytocompounds from the medicinal plant Clinacanthus nutans Lindau by microwave-assisted extraction and supercritical carbon dioxide extraction. Ind. Crops Product. 2015, 74, 83–94. [Google Scholar] [CrossRef]

	



Xiao, X.H.; Yuan, Z.Q.; Li, G.K. Preparation of phytosterols and phytol from edible marine algae by microwave-assisted extraction and high-speed counter-current chromatography. Sep. Purif. Technol. 2013, 104, 284–289. [Google Scholar] [CrossRef]

	



Du, F.; Xiao, X.; Xu, P.; Li, G. Ionic liquid-based microwave-assisted extraction and HPLC analysis of dehydrocavidine in corydalis saxicola Bunting. Acta Chromatogr. 2010, 22, 459–471. [Google Scholar] [CrossRef]

	



Zhou, T.; Xiao, X.; Li, G.; Cai, Z. Study of polyethylene glycol as a green solvent in the microwave-assisted extraction of flavone and coumarin compounds from medicinal plants. J. Chromatogr. A 2011, 1218, 3608–3615. [Google Scholar] [CrossRef]

	



Jirge, S.S.; Tatke, P.A.; Gabhe, S.Y. Development and validation of a novel HPTLC method for simultaneous estimation of beta- sitosterol d-glucoside and withaferin A. Int. J. Pharm. Pharm. Sci. 2011, 3, 227–230. [Google Scholar]

	



Belwal, T.; Ezzat, S.M.; Rastrelli, L.; Bhatt, I.D.; Daglia, M.; Baldi, A.; Anandharamakrishnan, C. A critical analysis of extraction techniques used for botanicals: Trends, priorities, industrial uses and optimization strategies. TrAC Trends Anal. Chem. 2018, 100, 82–102. [Google Scholar] [CrossRef]

	



Al-Massarani, S.M.; El Gamal, A.A.; Alam, P.; Al-Sheddi, E.S.; Al-Oqail, M.M.; Farshori, N.N. Isolation, biological evaluation and validated HPTLC-quantification of the marker constituent of the edible Saudi plant Sisymbrium irio L. Saudi Pharm. J. 2017, 25, 750–759. [Google Scholar] [CrossRef]

	



Chan, C.H.; Yusoff, R.; Ngoh, G.C.; Kung, F.W.L. Microwave-assisted extractions of active ingredients from plants. J. Chromatogr. A 2011, 37, 6213–6225. [Google Scholar] [CrossRef]

	



Deepak, M.; Handa, S.S. Antiinflammatory activity and chemical composition of extracts of Verbena officinalis. Phytother. Res. 2000, 14, 463–465. [Google Scholar] [CrossRef]

	



Ilango, K. β-Sitosterol Glucoside from Pisonia grandis R. Br. Stem Bark in Ethyl Acetate Extract. Int. J. Green Pharm. 2018, 12. [Google Scholar] [CrossRef]

	



Ododo, M.M.; Choudhury, M.K.; Dekebo, A.H. Structure elucidation of β-sitosterol with antibacterial activity from the root bark of Malva parviflora. SpringerPlus 2016, 5, 1210. [Google Scholar] [CrossRef] [PubMed]

	



Barriuso, B.; Otaegui-Arrazola, A.; Menéndez-Carreño, M.; Astiasarán, I.; Ansorena, D. Sterols heating: Degradation and formation of their ring-structure polar oxidation products. Food Chem. 2012, 135, 706–712. [Google Scholar] [CrossRef]

	



Derkacheva, O.; Sukhov, D. Investigation of lignins by FTIR spectroscopy. Macromol. Symp. 2008, 265, 61–68. [Google Scholar] [CrossRef]

	



Ashokkumar, R.; Ramaswamy, M. Phytochemical screening by FTIR spectroscopic analysis of leaf extracts of selected Indian Medicinal plants. J. Curr. Microbiol. Appl. Sci. 2014, 3, 395–406. [Google Scholar]

	



Rutckeviski, R.; Xavier-Júnior, F.; Morais, A.; Alencar, E.; Amaral-Machado, L.; Genre, J.; Egito, E. Thermo-oxidative stability evaluation of bullfrog (rana catesbeiana shaw) oil. Molecules 2017, 22, 606. [Google Scholar] [CrossRef]

	



El Hattab, N.; Daghbouche, Y.; El Hattab, M.; Piovetti, L.; Garrigues, S.; De la Guardia, M. FTIR-determination of sterols from the red alga Asparagopsis armata: Comparative studies with HPLC. Talanta 2006, 68, 1230–1235. [Google Scholar] [CrossRef]

	



Ogunbusola, E.M.; Fagbemi, T.N.; Osundahunsi, O.F. Fatty acid characterisation, sterol composition and spectroscopic analysis of selected Cucurbitaceae seed oils. Int. Food Res. J. 2017, 24, 696–702. [Google Scholar]

	



Ferrer, A.; Altabella, T.; Arró, M.; Boronat, A. Emerging roles for conjugated sterols in plants. Progr. Lipid Res. 2017, 67, 27–37. [Google Scholar] [CrossRef]

	



Feng, S.; Liu, S.; Luo, Z.; Tang, K. Direct saponification preparation and analysis of free and conjugated phytosterols in sugarcane (Saccharum officinarum L.) by reversed-phase high-performance liquid chromatography. Food Chem. 2015, 181, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, L.W.; Liu, Y.; Li, H.F.; Lin, J.M. Simultaneous extraction and determination of free and conjugated phytosterols in tobacco. J. Sep. Sci. 2016, 39, 2466–2473. [Google Scholar] [CrossRef] [PubMed]

	



Desai, S.; Tatke, P. Charantin: An important lead compound from Momordica charantia for the treatment of diabetes. J. Pharmacogn. Phytochem. 2015, 3, 163–166. [Google Scholar]

	



Khatun, M.; Billah, M.; Quader, M.A. Sterols and sterol glucoside from Phyllanthus species. Dhaka Univer. J. Sci. 2012, 60, 5–10. [Google Scholar] [CrossRef]

	



Chithambo, B.; Noundou, X.S.; Krause, R.W. Anti-malarial synergy of secondary metabolites from Morinda lucida Benth. J. Ethnopharmacol. 2017, 199, 91–96. [Google Scholar] [CrossRef] [PubMed]

	



SigmaPlot for Windows Version 11.0, Build 11.1.0.102; Systat Software, Inc.: Wpcubed GmbH, Germany, 2018.












	
	
Sample Availability: Samples of the compounds are available from the authors.












[image: Molecules 24 03926 g001 550] 





Figure 1. Qualitative high-performance thin layer chromatographic (HPTLC) plate derivatized with Komarovsky reagent; Track 1 standard of β-sitosterol β-d-glucoside (BSSG), Tracks 2–4 ethanolic extracts by microwave-assisted extraction (MAE) in extraction time of 5 s, Tracks 5–7 ethanolic extracts by MAE in extraction time of 10 s, Tracks 8–10 ethanolic extracts by MAE in extraction time of 15 s, Tracks 11–13 ethanolic extracts by MAE in extraction time of 5 s with KOH solution, Tracks 14–16 ethanolic extracts by MAE in extraction time of 10 s with KOH solution, Tracks 17–18 ethanolic extracts by MAE in extraction time of 15 s with KOH solution, and Tracks 16–18 ethanolic extracts of A. angustifolia, with white light and mobile phase toluene:ethyl acetate:formic acid (5:5:0.7 v/v/v). 






Figure 1. Qualitative high-performance thin layer chromatographic (HPTLC) plate derivatized with Komarovsky reagent; Track 1 standard of β-sitosterol β-d-glucoside (BSSG), Tracks 2–4 ethanolic extracts by microwave-assisted extraction (MAE) in extraction time of 5 s, Tracks 5–7 ethanolic extracts by MAE in extraction time of 10 s, Tracks 8–10 ethanolic extracts by MAE in extraction time of 15 s, Tracks 11–13 ethanolic extracts by MAE in extraction time of 5 s with KOH solution, Tracks 14–16 ethanolic extracts by MAE in extraction time of 10 s with KOH solution, Tracks 17–18 ethanolic extracts by MAE in extraction time of 15 s with KOH solution, and Tracks 16–18 ethanolic extracts of A. angustifolia, with white light and mobile phase toluene:ethyl acetate:formic acid (5:5:0.7 v/v/v).



[image: Molecules 24 03926 g001]







[image: Molecules 24 03926 g002 550] 





Figure 2. HPTLC plate derivatized with Komarovsky reagent; Tracks 1–6 calibration curve of BSSG, Tracks 7–9 ethanolic extracts by MAE in extraction time of 5 s with KOH solution, Tracks 10–12 ethanolic extracts by MAE in extraction time of 10 s with KOH solution, Track 13–15 ethanolic extracts by MAE in extraction time of 15 s with KOH solution, and Tracks 16–18 ethanolic extracts by maceration method in extraction time of 48 h of A. angustifolia, with white light and mobile phase toluene:ethyl acetate:formic acid (5:5:0.7 v/v/v). 
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Figure 3. 3D densitograms; track 6 represents the standard solution of BSSG, tracks 7–9 show extracts obtained by MAE in 5 s with KOH solution, tracks 10–12 are the extracts obtained by MAE in 10 s with KOH solution, tracks 13–15 show the extracts obtained by MAE in 15 s with KOH solution, and tracks 16–18 represent maceration at 48 h. All measurements were taken at λ 540 nm. 
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Figure 4. Spectral comparison of HPTLC chromatograms obtained by the BSSG standard, and ethanolic extracts obtained by MAE and by maceration of A. angustifolia. Wavelengths from 200 to 600 nm. (1) BSSG standard, (2) ethanolic extracts by MAE in extraction time of 5 s with KOH solution, (3) ethanolic extracts by MAE in extraction time of 10 s with KOH solution, (4) ethanolic extracts by MAE in extraction time of 15 s with KOH solution, and (5) ethanolic extracts by maceration at 48 h. 
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Figure 5. (A) FT-IR spectra of the BSSG standard (BSSG) and the ethanolic extracts obtained by MAE from A. angustifolia (5, 10, 15 s) with KOH solution; (B) ampliation of Figure 5A in the region from 600 to 1800 cm−1. 
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Figure 6. High-performance liquid chromatography−electrospray ionization−mass spectrometry (HPLC-ESI-MS) positive ion of the mass spectrum of ethanolic extract of 5 s obtained by MAE with KOH solution of A. angustifolia. 
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