

  agronomy-12-02274




agronomy-12-02274







Agronomy 2022, 12(10), 2274; doi:10.3390/agronomy12102274




Article



Essential Oil and Polyphenolic Compounds of Flourensia cernua Leaves: Chemical Profiling and Functional Properties



Nestor E. Aranda-Ledesma 1, María D. González-Hernández 1, Romeo Rojas 1[image: Orcid], Alma D. Paz-González 2, Gildardo Rivera 2[image: Orcid], Brenda Luna-Sosa 1 and Guillermo C. G. Martínez-Ávila 1,*[image: Orcid]





1



Laboratory of Chemistry and Biochemistry, School of Agronomy, Autonomous University of Nuevo Leon, General Escobedo 66050, Mexico






2



Laboratorio de Biotecnología Farmacéutica, Centro de Biotecnología Genómica, Instituto Politécnico Nacional, Reynosa 88710, Mexico









*



Correspondence: guillermo.martinezavl@uanl.edu.mx; Tel.: +52-81-83294000 (ext. 3500)







Academic Editors: Dezső Csupor and Javad Mottaghipisheh



Received: 24 August 2022 / Accepted: 20 September 2022 / Published: 22 September 2022



Abstract

:

Flourensia cernua is a bush that grows in the semi-desert regions of Mexico. It has been used in traditional medicine due to its healing properties and currently represents an alternative source of bioactive molecules for different areas of the agri-food and health industries. The objective of this study was to extract and characterize the purified polyphenolic compounds (PPCs) and essential oils (EOs) of F. cernua leaves, determine the total flavonoid content, evaluate the antioxidant activity by three different assays, and determine, for the first time, its inhibitory effect against enzymes involved in the degradation of carbohydrates (α-amylase and α-glucosidase). In addition, the analysis of functional groups (by FTIR-ATR assay) and the identification of the chemical constituents present in both essential oils and phenolic compounds were carried out by GC/MS and UPLC-QToF/MS2, respectively. The results indicate that PPCs and EOs are rich in flavonoid-type compounds. In addition, they showed potential for free-radical scavenging and the inhibition of the lipid oxidation process. The analyzed EOs and PPCs had potential against α-amylase and α-glucosidase enzymes, which are related to high blood sugar levels. FTIR-ATR analysis allowed for the identification of functional groups characteristic of polyphenolic compounds and the chemical constituents of EOs. Finally, compounds such as caryophyllene, caryophyllene oxide, and germacrene-D were identified by GC/MS assay and luteolin 7-O-rutinoside and apigenin-6-C-glucosyl-8-C-arabinoside by UPLC/QToF-MS2. The results indicate that the PPCs and EOs of F. cernua have the potential to be used as antioxidant and enzyme inhibitor agents.
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1. Introduction


Flourensia cernua (Figure 1) is a bush that grows in the desert areas of the southern United States and northern Mexico, extending into the central states of Zacatecas and Hidalgo [1]. It is one of the three species of the genus Flourensia along with F. microphylla and F. retinophylla, which are endemic to the state of Coahuila de Zaragoza, Mexico [2]. Infusions of F. cernua leaves have been widely used in traditional medicine, being effective against rheumatism, venereal diseases, herpes, bronchitis, chickenpox, and the common cold, as well as for gastrointestinal diseases such as stomach pain, diarrhea, and dysentery, besides being used as a purgative [3,4]. In addition, the antifungal potential of F. cernua extracts has been demonstrated against Alternaria sp., Rhizoctonia solani, Fusarium oxysporum, Phytophthora capsici, Aspergillus flavus, Botrytis sp., Rhyzopus sp., Colletotrichum gloesporioides, and Penicillum digitatum [2,5,6]. Its inhibitory potential has also been evaluated against medically important bacteria such as multidrug-resistant Mycobacterium tuberculosis [1], and its potential as a cyanobactericidal and thermicidal agent has been addressed [7]. In the food field, the efficiency of F. cernua extract components as bioactive agents in edible coatings to improve the shelf life of tomatoes and Fuji apples has recently been evaluated [8,9].



Furthermore, it has been reported that species belonging to the genus Flourensia produce essential oils, and although this genus is composed of approximately 42 species, only F. cernua together with F. oolepis, F. thurifera, and F. campestris have been analyzed in terms of profiling their chemical components [10]. However, the evaluation of the functional properties given by the essential oil of F. cernua has not been explored so far, and it represents an opportunity area for novel research and future innovative applications of this oil and the polyphenolic compounds from this species.



Among the wide applications that the phytomolecules in essential oils and phenolic compounds may have, one of the most important is in the health field. Diabetes is a global health problem that mainly affects the metabolism of macromolecules (carbohydrates) and consequently causes the deterioration of other functions [11]. Currently, synthetic drugs such as α-amylase and α-glucosidase enzyme inhibitors are administered to control sugar levels; however, their prolonged use causes a series of side effects [12]. In this regard, bioactive compounds of natural sources are of great interest in the search for safer and more effective antidiabetic agents.



The objective of this study was to obtain and chemically characterize the EOs and PPCs of F. cernua leaves from three different communities and determine the antioxidant activity and inhibitory effect against the enzymes involved in the degradation of carbohydrates (α-amylase and α-glucosidase).




2. Materials and Methods


2.1. Reagents


Ethanol, quercetin, gallic acid, linoleic acid, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)), Tween 20, Amberlite XAD-16, ferrous chloride (FeCl2), ferric chloride (FeCl3), monobasic potassium phosphate (KH2PO4), dibasic potassium phosphate (K2HPO4), potassium ferricyanide (C6N6FeK3), sodium chloride (NaCl), phenol (C6H6O), sodium sulfite (Na2SO3), sodium nitrite (NaNO2), aluminum chloride (AlCl3), sodium carbonate anhydrous (Na2CO3), acetic acid (CH3COOH), sodium hydroxide (NaOH), sodium carbonate (Na2CO3), porcine pancreatic α-amylase, α-Glucosidase from Saccharomyces cerevisiae, starch, dinitrosalicylic acid (DNS) (C7H4N2O7), p-nitrophenyl glucopyranoside (pNPG) (C12H15NO8), acetonitrile and water suitable for UPLC, and formic acid (CH2O2) were all purchased from Sigma-Aldrich.




2.2. Plant Material


The plant material (leaves) was collected in three communities in northern Mexico called San Jerónimo (SJ) in the state of Zacatecas and Estanque de León (EL) and Tortuga (TG) in the state of Coahuila de Zaragoza. Subsequently, the plants were transferred to the laboratory, washed with distilled water, and dried in an oven at 50 °C for 48 h using a Jeio Tech model ON-12G convection oven. The samples were placed into airtight bags and stored at room temperature until use. Figure 2 describes the general process performed in this study.




2.3. Essential Oil Extraction by Steam Distillation


A steam distillation system was established for essential oil extraction, consisting of a steam generator, which was made to impinge on 100 g of vegetable sample contained in a 3-mouth ball flask for extracting the essential oil. The vapor was conducted through a connector to a Liebig-type condenser connected to a Polyscience LM6 Benchtop Chiller for refrigeration at 4 °C, and, finally, separation by decantation was performed. The essential oil extraction process was carried out in triplicate.




2.4. Extraction of Polyphenolic Compounds


The extraction was based on the methodology previously reported by Ascacio-Valdes et al. [13], with some modifications. Briefly, 20 g of leaves (the previously ground and sieved samples adjusted to a particle size of 592 µm) were placed in 100 mL of distilled water in amber-colored bottles. Subsequently, the bottles were incubated in a water bath at 60 °C for 30 min. Finally, the obtained extract was filtered through a Whatman #41 filter paper and dried at 50 °C for 24 h. This extraction process was carried out in triplicate.



Purification of Extracts and Sample Preparation


The purification was carried out by a stationary phase (Amberlite XAD-16) and a mobile phase (ethanol). First, 20 mL of the aqueous extract was added to the stationary phase and distilled water was used as the eluent to discard unwanted compounds; then, ethanol was used as the eluent to obtain the purified polyphenolic compounds. The solvent was evaporated (50 °C for 48 h.) and the polyphenols were recovered as a fine powder. The samples of PPCs were prepared at 1000 ppm (dissolved in distilled water) for all the performed analyses. The essential oils were prepared at a 1:100 ratio for the evaluation of the antioxidant activity and at a 1:10 (dissolved in ethanol:water 80:20) ratio for the enzyme inhibition assays.





2.5. Flavonoid Content


The flavonoid content was determined according to the method of De la Rosa et al. [14], with some modifications. A sample (EOs or PPCs) volume (31 μL) was mixed with 9.3 μL of 5% sodium nitrite (w/v) and 9.3 μL of distilled water. The solution was manually mixed and incubated for 3 min at 40 °C. Then, 9.3 μL of 10% aluminum chloride (w/v) was added and incubated for 3 min. Finally, 12.50 μL of 0.5 mol∙L−1 sodium hydroxide was added and incubated for 30 min in the dark. The absorbance was recorded at 510 nm using a Synergy HTX MULTI-MODE READER microplate reader. Finally, the results were reported as the μg equivalent of quercetin per milliliter (EQ μg·mL−1) according to a calibration curve prepared with the same standard.




2.6. Antioxidant Activity Assays


2.6.1. ABTS•+ Radical Scavenging Assay


The inhibition of the ABTS•+ radical was evaluated according to the methodology proposed by Berg et al. [15], with slight modifications. The ABTS•+ radical cation was generated by aqueous ABTS solution (7 mmol∙L−1) with potassium persulfate (2.45 mmol∙L−1) mixed in the dark at room temperature for 12 h before use. Working ABTS•+ solution was adjusted in ethanol to 0.700 ± 0.002 nm of absorbance. A sample volume (5 μL) was mixed to react with 95 μL of the ABTS•+ solution, and after 1 min of reaction, the absorbance was measured at 734 nm. Finally, the results were reported as the μg equivalent of Trolox per milliliter (ET μg·mL−1) according to a calibration curve prepared with the same standard.




2.6.2. Ferric Reducing Antioxidant Power (FRAP)


The ferric reducing antioxidant power was determined according to the methodology proposed by Celik et al. [16], with slight modifications. Samples (5 μL) were mixed with 12 μL of phosphate buffer (pH 7), prepared by mixing dibasic potassium phosphate (61.5 mL, 1 M), monobasic potassium phosphate (38.1 mL, 1 mol∙L−1), and water up to 1000 mL in a volumetric flask. Then, 22 μL of 1% potassium ferricyanide was added to the reaction mix, which was homogenized and incubated at 50 °C for 20 min. Next, 10% trichloroacetic acid (12 μL), distilled H2O (45 μL), and 0.1% ferric chloride (10 μL) were added. The absorbance was recorded at a wavelength of 700 nm. Finally, the results were reported as the μg equivalent of gallic acid per milliliter (EGA μg·mL−1) according to a calibration curve prepared with the same standard.




2.6.3. Lipid Peroxidation Inhibition (LPO) Assay


The assay was performed according to Zou et al. [17], with some modifications. A total of 50 μL of the sample to be analyzed was mixed with 1.50 mL of acetate buffer (0.02 M, pH 4) and 100 μL of a linoleic acid solution which was prepared by mixing 0.6 g of linoleic acid and 1.5 g of Tween 20 dissolved in 8 mL of ethanol. For blanks, 50 μL of distilled water was used in place of the sample. The samples were homogenized and incubated at 37 °C in a water bath for one minute. After that, 750 μL of FeCl2 solution was prepared by mixing 0.01 g FeCl2 and 0.017 g EDTA dissolved in 100 mL of distilled water and incubated for 24 h at 37 °C to induce lipid oxidation. Finally, 250 μL aliquots were taken to analyze oxidation (0 and 24 h). For each sample and control, 1 mL of NaOH (0.1 M) was added to stop the oxidation process and 2.5 mL of ethanol (10 %, v/v) to dilute the sample. The absorbance of the samples was measured at 232 nm.


Inhibition (%) = [Acontrol − Asample/Acontrol] × 100








where Acontrol represents the difference in the absorbance value of the control reagent at 0 and 24 h and Asample corresponds to the difference in the reaction absorbance value according to each sample.





2.7. Enzyme Inhibition Assays


2.7.1. α-Amylase Inhibition Assay


This assay was performed using a modified procedure from McCue and Shetty [18]: 250 μL of the sample and 250 μL of porcine pancreatic α-amylase enzyme (0.5 mg·mL−1) in sodium phosphate buffer (20 mmol∙L−1, pH 6.9) were incubated at 25 °C for 10 min, then 250 μL of a 1% starch solution in sodium phosphate buffer (20 mmol∙L−1, pH 6.9) was added and incubated again at 25 °C for 10 min. The reaction was stopped by adding 500 μL of dinitrosalicylic acid (DNS) solution (which contained 1% dinitrosalicylic acid, 0.2% phenol, 0.05% sodium sulfite, and 1% NaOH). The tubes were then placed in a water bath at 90 °C for 5 min and then cooled to room temperature. The reaction mixture was diluted with 5 mL of distilled water and the absorbance was measured at 540 nm.


Inhibition (%) = [Acontrol − Asample/Acontrol] × 100








where Acontrol represents the absorbance value of the control and Asample the reaction value according to each sample.




2.7.2. α-Glucosidase Inhibition Assay


The effect of bioactive compounds against the α-glucosidase activity was determined according to the method described by Kim et al. [19], using α-glucosidase from Saccharomyces cerevisiae in phosphate buffer (20 mmol∙L−1, pH 6.9). A total of 100 μL of α-glucosidase (1.0 U·mL−1) and 50 μL of the sample were incubated at 37 °C for 10 min. After that, 50 μL of the substrate p-nitrophenyl glucopyranoside (pNPG) 3 mmol∙L−1 dissolved in phosphate buffer (20 mmol∙L−1, pH 6.9) was added to initiate the reaction and incubated again at 37 °C for 20 min. The reaction was stopped by adding 500 µL of sodium carbonate (1 mol∙L−1) and the absorbance was read at 405 nm.


Inhibition (%) = [Acontrol − Asample/Acontrol] × 100








where Acontrol represents the absorbance value of the control and Asample the reaction value according to each sample.





2.8. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


The analyses were performed using an Agilent FTIR model Cary 630 coupled with the ATR accessory with zinc selenide (ZnSe) crystal. The samples (EOs and PPCs) were analyzed using MicroLab PC software in a spectral range of 4000 to 650 cm−1, with a cycle of 32 scans and a resolution of 2 cm−1. The construction of the graph was performed using OriginPro 8 software v8.0724 (B724), OriginLab (Northampton, MA 01060, USA).




2.9. Gas Chromatography Coupled to Mass Spectrometry (GC–MS) Analysis


The GC–MS analysis used the methodology described by Sethi et al. [20], with slight modifications. Briefly, the analysis was performed using Agilent Technology 7890B Network Series GC System equipment and a 5975C triple-axis mass selective detector, with an HP-5ms19091S-433 capillary column (J & W Scientific, Folsom, CA, USA), 30 m × 250 µm × 0.25 µm. A volume of 2 µL of each sample was injected, and the temperature of the injector and the temperature of the ion source were 250 °C and 220 °C, respectively. The oven temperature was initially maintained at 70 °C for 3 min and then increased to 170 °C; the rate of increase was 10 °C/min. This temperature was maintained for 10 min, and finally, the temperature was increased to 250 °C for 20 min. The mass spectra were recorded at 70 ev with a 0.5 s scan interval and a mass range of 50–650 uma. Compounds were identified using the database of the Agilent 7890B equipment.




2.10. UPLC/QToF-MS2 Analysis


The PPC samples were analyzed using an Acquity ultra-performance liquid chromatography (UPLC) system (Waters, Milford, MA, USA) consisting of an autosampler and a binary pump equipped with a 10 µL loop (partial loop injection mode). A Waters BEH PHENYL (2.1 mm × 100 mm, 1.7 µm; WATERS, Waxford, Ireland) was thermostatted at 40 °C. The solvents used were (A) water + 0.1% formic acid (v/v) and (B) acetonitrile + 0.1% formic acid (v/v) at a constant flow rate of 0.3 mL min−1. The elution gradient (over 24 min) was 95% of A for 12 min, gradually passing to 23.5 min with 12.6 of A and returning to normal conditions 0.5 min later (5% of B) for the re-equilibration of the column, using a 3 µL injection of the sample. MS detection was performed on a quadrupole time-of-flight (Q-TOF™, Waters, Milford, MA, USA) orthogonal acceleration Q-ToF mass spectrometer equipped with an electrospray ionization (ESI) source. The sample acquisition mode was in negative ion polarity, normal sensitivity, and dynamic range mode; in a mass range of 50 to 1200 Da, scanning conditions of 1.5 s−1, and centroid data format; using a capillary voltage of 0.31 kV, a source temperature of 120 °C, and a solvation temperature of 250 °C, with a cone gas flow of 40 (L/h) and desolvation of 600 (L/h). The identification of phenolic compounds from the different samples was performed using the full mass spectra and their mass fragmentation spectra. The comparison of the MS2 spectra was carried out based on the literature and databases.




2.11. Statistical Analysis


All assays were carried out in triplicate. A completely randomized design was used; the comparison of means was performed by means of Tukey’s test (p = 0.05). Statistical analysis was performed by means of the IBM SPSS Statistics 25 program.





3. Results


3.1. Content of Essential Oil and Polyphenolic Compounds


The results showed a significant difference (p = 0.05) in the content of polyphenolic compounds, at least in two communities, and the values ranged from 1.3 to 2.1%, the community of EL being where the highest content was obtained. Regarding the content of essential oils, the results showed a significant difference (p = 0.05), at least in two communities, and the values ranged from 0.10 to 0.31%, the community of TG being where the highest content was obtained.




3.2. Flavonoid Content


The obtained results (Table 1) indicate that the values of the flavonoid-type compounds ranged from 133.77 to 258.22 EQ μg·mL−1 and from 134.88 to 300.88 EQ μg·mL−1 for PPCs and EOs, respectively, proving that F. cernua leaves are rich in these kinds of bioactive compounds and showing a significant difference (p = 0.05) between samples.




3.3. Antioxidant Activity


The ABTS•+ radical scavenging assay (Table 1) showed a significant difference (p = 0.05) between the PPCs and EOs in the samples from the three communities. In the case of the PPCs, the inhibition values were recorded between 105.34 and 124.39 ET μg·mL−1, the community of EL presenting the highest radical scavenging activity.



On the other hand, the EOs presented radical scavenging values between 55.67 and 103.3 ET μg·mL−1, the community of EL presenting the higher radical scavenging activity.



The ferric reducing power (FRAP) showed a significant difference (p = 0.05) between PPCs and EOs, at least in samples from two communities. In the case of PPCs, the values ranged from 84.02 to 90.50 EGA μg·mL−1; while for EOs, the reducing power presented values between 82.07 and 94.33 EGA μg·mL−1.



The lipoperoxidation inhibition test (LPO) showed a significant difference (p = 0.05) between PPCs and EOs, at least in samples from two communities. Once again, the sample from EL showed the highest percentage of the inhibition of linoleic acid.




3.4. Enzyme Inhibition


3.4.1. α-Amylase Inhibition Assay


The α-amylase enzyme inhibition assays showed a significant difference (p = 0.05) in only one community (EL). This is an indication that the inhibitory potential between both types of secondary metabolites is very similar (Table 2).




3.4.2. α-Glucosidase Inhibition Assay


Finally, the α-glucosidase enzyme inhibition assay showed a significant difference (p = 0.05) between PPCs and EOs, but not between communities (Table 2). In this sense, the oil samples showed a percentage of inhibition of the enzyme activity higher than 90%.





3.5. FTIR Assay


3.5.1. IR Spectra of the EOs


Figure 3a shows at 3300 cm−1 the stretching of a hydroxyl group (O-H), as well as the subsequent signal at 3069 cm−1, showing the presence of a C-H bond from the CH3 functional group belonging to aromatic compounds. The region between 3000 and 2750 cm−1 shows the presence of the C-H bond for a CH2 group that may correspond to aromatic hydrocarbon compounds. The peak at 1642 cm−1 indicates the presence of C=C, which may correspond to the characteristics of aromatic rings. At 1375 cm−1, the presence of an O-H interaction deformation of a tertiary alcohol is observed. The peak at 986 cm−1 indicates the presence of C-C, which may correspond to a branched hydrocarbon with a length of more than 4C. Finally, in the region between 850 and 826 cm−1, the presence of C-H is observed, which may correspond to a cyclic unsaturated hydrocarbon of more than 5C.




3.5.2. IR Spectra of the PPCs


Figure 3b shows, firstly, in the range between 3400 and 3200 cm−1, the presence of the stretching of a hydroxyl group (O-H) of an aromatic ring. Subsequently, in the range between 3000 and 2900 cm−1, the presence of a C-H bond that may belong to the CH2 or CH3 groups of aromatic compounds is observed. The region between 1620 and 1560 cm−1 could be related to the stretching vibration of the C=C bonds of aromatic rings. The band between 1420 and 1380 cm−1 shows the presence of a C-C bond of a carbonyl group. The signal at 1250–1200 cm−1 is attributed to the deformation of an O-H group of polyphenols, while that between 1100 and 1000 cm−1 indicates the presence of the C-O-H functional group of alcohols.





3.6. Compound Identification of the Essential Oil by GC/MS


Since essential oils are mainly composed of volatile compounds, GC/MS can be applied for the separation and identification of low molecular weight and volatile compounds as it has an excellent separation capability, sensitivity, selectivity, and reproducibility [21].



The identification analysis of compounds present in the essential oil of F. cernua (Table 3) showed that the community of SJ presented the highest number of identified compounds, with a total of 26, followed by the community of EL with a total of 14, and finally, the community of TG, with a total of 12, mainly corresponding to the chemical class of monoterpenes and sesquiterpenes as the main components in the three communities.




3.7. Compound Identification of the Polyphenolic Compounds by UPLC/QToF-MS2


UPLC analysis offers higher resolution and higher quality separation of complex analytes, allowing the detection of a wide range of secondary metabolites from several matrices using porous particles smaller than 2 µm in size [22].



The identification of polyphenolic compounds present in the samples of F. cernua (Table 4) was carried out, and a total of 18 compounds were found among the three communities, with the community of EL presenting the highest number of compounds identified with a total of 14, followed by the communities of SJ and TG with 12 each.





4. Discussion


4.1. Content of Essential Oil and Polyphenolic Compounds


The content of polyphenolic compounds ranged from 1.3 to 2.1%. In a recent study, Alvarez-Perez et al. [26], reported a content of 2.72% of phenolic compounds from dried and ground plant material, which is within the values obtained in the analyzed samples. On the other hand, Zavala et al. [29], reported a content of 10% in the leaf dry extract of F. cernua. This value is higher than those obtained in this study; however, it must be considered that these authors did not carry out a purification process of the bioactive compounds. In addition, there are other factors that could influence the content of phenolic compounds such as the extraction method, solvents used, time of the extraction process, and temperature, among others [26].



On the other hand, reports on the essential oils of F. cernua are limited. The first report corresponds to Tellez et al. [30], who obtained values between 0.28 and 0.34% of essential oil content from the leaves of this plant. In addition, Priotti et al. [31] reported an essential oil content of 0.6% from leaves of F. oolepis. Likewise, in a recent study, Piazza et al. [32] obtained values between 0.24 and 0.88% of essential oil from the leaves of F. campestris processed in different years. Our obtained results are intermediate values with respect to the other species of the same genus reported by these authors.



It has been reported that the drying methods of plant material have a significant effect on the content of essential oils and polyphenolic compounds [33]. However, Hanna et al. [34] described that drying at high temperatures (45 °C) allowed for obtaining a higher yield of essential oils than other methods at lower temperatures (sun and shade). This is accordant with the finding of Álvarez-Pérez et al. [26], who used a drying temperature of 60 °C, which shows that despite the drying temperature, the samples presented high antioxidant power and enzyme inhibitory potential. Thus, the obtained results in this study suggest that a drying temperature of 50 °C for F. cernua leaves is an alternative option to obtain the molecules of several biological actives.




4.2. Flavonoids Content


Studies about the biological potential of flavonoids have intensified in the last two decades. This is due to the current interest of society in healthier foods, as well as the incidence of diseases such as cancer, cardiovascular accidents, and coronary heart diseases [35]. The obtained results (Table 2) agree with previous findings reported, indicating that all species of the genus Flourensia produce flavonoid-type bioactive compounds [36].



According to Wei et al. [37], currently, no relevant studies have been published regarding the presence of flavonoid-type compounds in essential oils, which also are present in the essential oil of Pelargonium graveolens leaves. This is accordant with the previous findings reported by Mohamed et al. [38]. Moreover, it has been reported that some flavonoid-type compounds are present in relatively high concentrations in the same oil glands where the essential oils occur, which also can also act as a good natural solvent to extract these molecules [39]. Then, the leaves of F. cernua can be considered as a source of these phytomolecules that could act as anti-inflammatory agents for the respiratory tract in asthma problems [40].




4.3. Antioxidant Activity


In the ABTS•+ radical scavenging assay, the PPCs from the community of EL presented the highest radical scavenging activity with a value of 124.39 ET μg·mL−1, equivalent to 76.30% of radical inhibition. Our results are close to those obtained by Álvarez-Pérez et al. [26], who obtained an approximate inhibition value of 87% in aqueous extracts from F. cernua leaves (at 1000 ppm). The differences between the values obtained may be due to the extraction time and the conditions of the plant (phenological state, stress conditions, and geographical location).



In the same way, the samples of EOs from the community of EL presented higher radical scavenging activity with a value of 103.3 µg ET μg·ml−1, equivalent to 63.13% of radical inhibition. To the best of our knowledge, at present, there are no reports about the antioxidant potential of F. cernua essential oils; for that reason, the present study is the first to evaluate the antioxidant capacity of this oil. However, the values obtained are higher than those reported by Yang et al. [41] in samples of essential oils from other plant materials such as lavender (Lavendular angustifolia), grapefruit (Citrus paradise), and lemon (Citrus limon) with approximate inhibition values of 25%, 37%, and 22%, respectively.



For the ferric reducing power (FRAP), in the case of the PPCs, the community of EL presented the highest reducing activity with a value of 90.50 EGA μg·mL−1, this value was higher than those reported by Jasso de Rodriguez et al. [42] for aqueous and ethanol extracts of F. cernua leaves, which demonstrates that the use of water is a good alternative for polyphenolic compound recovery from this plant material.



In addition, the reducing power of the samples of EOs from the community of EL presented the highest reducing activity with a value of 94.33 EGA μg·mL−1. The ferric reducing power is an indicator of the capacity of a matrix of bioactive compounds to transfer electrons and therefore act as a reducing agent. Such capacity is related, at the same time, to a high antioxidant capacity [43]. Hitherto, there are no current reports on the ferric reducing antioxidant power of the essential oil of F. cernua.



On the linoleic acid lipoperoxidation inhibition assay, it is observed that EOs presented higher inhibition percentages than PPCs did. For PPCs, inhibition values ranged from 10.91 to 34.89%, the community of EL presenting the highest inhibitory activity. The obtained results are lower than those reported by Álvarez-Pérez et al. [26], who obtained a percentage of lipoperoxidation inhibition near 58%. Thus, phenolics from F. cernua leaves could be applied to reduce cholesterol oxidation (low-density lipoproteins) and thus improve cardiovascular health [44].



The EO inhibition values ranged from 25.09 to 47.16%, with the samples from the community of EL presenting the highest inhibitory activity at 47.16%. As previously mentioned, there are no reports about the inhibitory potential of the lipid oxidation process of the essential oil of F. cernua; however, it has been reported that essential vegetable oils, many of which have been approved by the FDA (USA), represent an effective alternative to synthetic preservatives to prevent the process of lipid oxidation since they act as inhibitors of the reactions that initiate this process and prevent the deterioration of lipids, thus avoiding the loss of food quality and the reduction in the shelf life of food products [45,46]. However, the inhibitory effect of other molecules should be addressed in future studies.




4.4. Enzyme Inhibition


4.4.1. α-Amylase Inhibition Assay


In the case of the PPCs, the percentage of α-amylase inhibition values ranged from 10.14 to 44.93%, with the community of EL presenting the highest inhibitory potential. The mechanism of α-amylase inhibition by polyphenols has been proposed as the result of binding interactions between polyphenols and the active site of the enzyme (competitive inhibition) which is induced by hydrogen bonds and hydrophobic forces [47]. As reported for flavonoid-type compounds, the intensity of binding to α-amylase increases depending on the number of hydroxyl groups in the molecular structure [48].



On the other hand, for EOs, the inhibition values ranged from 8.66 to 15.43%, with the community of EL presenting the highest inhibitory activity. Currently, there are no reports on F. cernua essential oils on α-amylase inhibitory potential; however, Rahali et al. [49] indicated that monoterpenes, commonly found in plant essential oils, have a high potential to inhibit enzymes such as α-amylase, which is related to the development of diseases such as diabetes and obesity.




4.4.2. α-Glucosidase Inhibition Assay


In the case of PPCs, the values of α-glucosidase inhibition ranged from 4.41 to 9.12%, with the community of S, presenting the highest inhibitory activity. Dai et al. [50] reported that polyphenolic compounds strongly inhibit α-glucosidase enzyme activity by spontaneously binding via hydrogen bridges and hydrophobic interactions. In addition, it has also been mentioned that inhibition occurs in a non-competitive manner and the studies about the molecular models suggest that polyphenolic compounds bind to an allosteric site of the enzyme [51].



On the other hand, for the EOs, the inhibition values ranged from 92.57 to 97.07%, with the community of TG presenting the highest inhibitory potential at 97.07%. It was also observed that, in this case, the essential oils showed the highest inhibition values with values near 100%. The inhibition of α-glucosidase by essential oils of different medicinal herbs was reported by Ma et al. [52], who mentioned that this process can occur in a non-reversible competitive manner or in a reversible non-competitive manner, which will depend on the plant species and its own components; however, regardless of the type of inhibition, the authors reported that essential oils presented a higher inhibitory activity than acarbose (a drug used in the control of diabetes II).





4.5. FTIR Assay


4.5.1. IR Spectra of the PPCs


The presence of the hydroxyl group (O-H) in the region between 3400 and 3200 cm−1 in the analyzed samples matches with that reported by Álvarez-Pérez et al. [26], in samples of aqueous extracts of F. cernua leaves (3328.97 cm−1), and Jasso de Rodríguez et al. [2], in ethanolic extracts of F. cernua, Flourensia microphylla, and Flourensia retinophylla (3349 cm−1). Both signals are related to the presence of the hydroxyl groups characteristic of the bioactive compounds present in these species. In addition, the presence of double bonds (C=C) at a wavelength of 1620 cm−1 is related to the presence of alkene groups, which are characteristic of polyphenolic extracts [26].




4.5.2. IR Spectra of the EOs


Dinnen [53] indicates that the signals located in the region between 3600 and 3200 cm−1 (O-H), 3200 and 2800 cm−1 (C-H), and the signal between 1750 and 1600 cm−1 (C=C) are characteristic of β-eudesmol, which is a component found of the essential oil of F. cernua.





4.6. Compound Identification of the Essential Oil by GC/MS


Regarding the identification of compounds present in the essential oil from F. cernua leaves, currently, there is only one report on the identification of compounds present in this oil, which corresponds to Téllez et al. [31], who identified a total of 89 compounds, with α-eudesmol, limonene, γ-eudesmol, myrcene, borneol, and δ-3-carene being the main compounds present in this oil. Although the presence of some of these compounds is consistent with the analyzed samples, other unique compounds such as α-himachalene and α-gurjunene (Figure 4) were also identified in the samples from the three communities. It is important to consider that the chemical composition of essential oils will depend on several biotic and abiotic factors, such as plant age, growth stage, time of collection, stress conditions, and phenology [54].



The identified compounds from the essential oil represent between 99.96 and 100.00% of the total area (Figures S1 and S2). Among the compounds with the highest area (%) are ledol, caryophyllene, and α-himachalene. In this respect, the presence of ledol in essential oils has been related to high antioxidant activity, as well as the inhibition of acetylcholinesterase and butyrylcholinesterase enzymes involved in neuronal deterioration and damage [55]. On the other hand, it has been hypothesized that caryophyllene contributes to the antioxidant power of essential oils; in addition, this compound has been related to a high inhibitory potential of α-amylase, α-glucosidase, and pancreatic lipase enzymes, which are involved in the development of some diseases such as type II diabetes and chronic kidney disease [56]. Finally, essential oils with high content of α-himachalene have been described as a strong inhibitor of pathogenic bacteria and fungi (Pseudomonas aeruginosa, Escherichia coli, and Candida albicans) of medical interest [57]. These compounds could be related to the functional properties of the EOs of F. cernua; however, the contribution of the other compounds by a synergic effect should be addressed.




4.7. Compound Identification of the Polyphenolic Compounds by UPLC/QToF-MS2


It is important to mention that the use of a UPLC/QToF-MS2 system for phytochemical identification gives several advantages over other techniques such as better peak detection, as well as higher sensitivity, resolution, and speed of analysis, which reduces reading times for each analyzed sample [58]. Álvarez-Perez et al. [26] reported a total of 15 compounds, including luteolin 7-O-rutinoside and apigenin-6-C-glucosyl-8-C-arabinoside as the main components present in the F. cernua extracts, which also were identified in the analyzed samples. In addition, the presence of quinic acid and caffeic acid was also detected, which have been reported in the species F. microphylla [23]. Moreover, other bioactive compounds such as caftaric acid and vicenin-2 were identified (Figure 4), which have not been reported in species of the genus Flourensia, but in other members of the Asteraceae family (Echinacea purpurea and Lychnophora sp., respectively) to which F. cernua also belongs [25,28].



The identified polyphenolic compounds represent between 94.99 and 95.97% of the total area (Figures S1 and S2). Among the compounds with the highest area (%) are Apigenin-6-C-glucosyl-8-C-arabinoside and luteolin 7-O-rutinoside. The luteolin 7-O-rutinoside, together with the apigenin glucosides, have been reported as good inhibitors of α-amylase and α-glucosidase enzymes through the creation of complexes with both enzymes [59]. Currently, there is not much information on the functional activities of apigenin-6-C-glucosyl-8-C-arabinoside, however, it has been reported that the presence of flavonoid C-glucosides is related to higher antioxidant potential with respect to flavonoid O-glucosides [60].





5. Conclusions


The present study allowed us to demonstrate the functional properties of the polyphenolic compounds and essential oils from F. cernua leaves. The results indicated that the PPCs and EOs are rich in flavonoid-type compounds with strong antioxidant activity and inhibitory properties against α-amylase and α-glucosidase enzymes, the sample from Estanque de León presenting the highest activities. The data obtained from the FTIR-ATR analysis indicated the presence of O-H, C-H, C=C, and C-C functional groups, related to the bioactive compounds present in the analyzed samples. Finally, GC/MS and UPLC/QToF-MS2 analysis allowed for the identification of compounds such as α-himachalene and α-gurjunene in the essential oil, and caftaric acid and vicenin-2 in the polyphenolic compounds. The results obtained place the phytomolecules obtained from F. cernua as a viable alternative to be applied in the agri-food and health industries.
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Figure 1. Flourensia cernua plant. 
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Figure 2. General experimental process: (A) extraction of EOs, (B) extraction of PPCs, (C) evaluation of antioxidant activity, (D) enzyme inhibition assays, (E) analysis by FTIR-ATR, (F) identification by GC/MS and UPLC/QToF-MS2. 
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Figure 3. (a) IR spectra of the essential oils of F. cernua, (b) IR spectra of the purified polyphenolic compounds of F. cernua; Estanque de León (EL), San Jerónimo (SJ), and Tortuga (TG). 
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Figure 4. (a) Vicenin-2 and (b) caftaric acid, identified from polyphenolic compounds (PC) by UPLC/QToF-M2; (c) α-himachalene and (d) α-gurjunene identified from essential oil (EO) by GC/MS. 
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Table 1. PPCs and EOs content, flavonoids, and antioxidant activity.
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Samples

	
Content (%)

	
Flavonoids

	
ABTS •+

	
FRAP

	
Lipid Oxidation




	
(EQ μg mL−1)

	
(ET μg mL−1)

	
(EGA μg mL−1)

	
(% inhibition)






	

	
PPCs

	
EOs

	
PPCs

	
EOs

	
PPCs

	
EOs

	
PPCs

	
EOs

	
PPCs

	
EOs




	
EL

	
2.1 ± 0.15 a

	
0.13 ± 0.03 b

	
258.22 ± 0.78 b

	
134.88 ± 5.66 e

	
124.39 ± 4.31 a

	
103.3 ± 6.75 b

	
90.5 ± 3.11 ab

	
94.33 ± 2.94 a

	
34.89 ± 2.39 b

	
47.16 ± 6.93 a




	
SJ

	
1.5 ± 0.15 b

	
0.10± 0.007 b

	
191 ± 3.60 c

	
300.44 ± 9.84 a

	
105.41 ± 9.76 b

	
85.46 ± 8.77 c

	
84.77 ± 3.37 bc

	
82.07 ± 3.27 c

	
10.91 ± 7.16 cd

	
31.32 ± 6.23 bc




	
TG

	
1.3 ± 0.26 b

	
0.31 ± 0.07 a

	
133.77 ± 4.37 e

	
175.44 ± 2.83 d

	
105.34 ± 11.75 b

	
55.67 ± 15.25 c

	
84.02 ± 3.79 bc

	
87.1 ± 5.42 bc

	
13.87 ± 5.82 cd

	
25.09 ± 10.88 bc








Different letters show significant differences according to Tukey’s mean comparison (p = 0.05).
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Table 2. Enzymatic inhibition of the purified polyphenolic compounds (PPCs) and essential oils (EOs) of F. cernua leaves.






Table 2. Enzymatic inhibition of the purified polyphenolic compounds (PPCs) and essential oils (EOs) of F. cernua leaves.





	
Sample

	
% Inhibition




	
α-Amylase

	
α-Glucosydase




	
PPCs

	
EOs

	
PPCs

	
EOs






	
EL

	
44.93 ± 8.58 a

	
15.43 ± 3.92 b

	
4.41 ± 4.6 b

	
96.64 ± 4.30 a




	
SJ

	
15.87 ± 9.70 b

	
8.66 ± 3.60 b

	
9.12 ± 3.04 b

	
92.57 ± 3.24 a




	
TG

	
10.14 ± 3.38 b

	
9.45 ± 1.25 b

	
4.47 ± 4.25 b

	
97.05 ± 1.60 a








Different letters show significant differences according to Tukey’s mean comparison (p = 0.05).
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Table 3. Identification of essential oil compounds of F. cernua by GC/MS.
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N° Peak

	
Retention Time (min)

	
m/z Experimental [M-H]–

	
m/z Calculated [M-H]–

	
MS2 Fragment Ion

	
Tentative Assignment

	
Molecular Formula

	
Relative Content (%)




	
EL

	
SJ

	
TG






	
1

	
1.147

	
136.1252

	
136.23

	
93

	
β-Myrcene

	
C10H16

	

	
0.66

	




	
2

	
1.195

	
150.1044

	
-

	
91

	
Thymol

	
C10H14O

	
0.72

	

	




	
3

	
1.203

	
136.1252

	
136.234

	
93

	
β-Pinene

	
C10H16

	

	

	
0.37




	
4

	
1.205

	
136.125

	
136.234

	
93

	
α-Pinene

	
C10H16

	

	
0.54

	




	
5

	
1.239

	
196.1463

	
196.286

	
68

	
β-Terpinyl acetate

	
C12H20O2

	

	
0.29

	




	
6

	
1.306

	
154.1357

	
154.25

	
93

	
Eucalyptol

	
C10H18O

	

	

	
3.46




	
7

	
1.319

	
370.0939

	
370.77

	
73

	
Cyclopentasiloxane, decamethyl-

	
C10H30O5Si5

	

	
0.24

	




	
8

	
1.559

	
152

	
152.23

	
81

	
cis-Verbenol

	
C10H16O

	

	
0.33

	




	
9

	
1.605

	
154.1357

	
154.25

	
95

	
endo-Borneol

	
C10H18O

	
1.71

	

	




	
10

	
1.634

	
154.1357

	
154.25

	
95

	
Borneol

	
C10H18O

	

	
2.53

	
2.4




	
11

	
1.88

	
444.1127

	
444.92

	
73

	
Cyclohexasiloxane, dodecamethyl-

	
C12H36O6Si6

	

	
0.36

	




	
12

	
2.229

	
150.1044

	
150.22

	
135

	
Carvacrol

	
C10H14O

	

	
0.83

	




	
13

	
2.252

	
204.1878

	
-

	
135

	
Cyclohexanone, 2-(2-butynyl)-

	
C10H14O

	
1.31

	

	




	
14

	
2.315

	
204.1878

	
204.35

	
121

	
δ-Elemene

	
C15H24

	

	
0.47

	




	
15

	
2.364

	
204.1878

	
204.35

	
84

	
γ-Elemene

	
C15H24

	

	

	
1.2




	
16

	
2.624

	
204.1878

	
204.35

	
119

	
α-Copaene

	
C15H24

	

	
0.22

	




	
17

	
2.715

	
204.1878

	
204.35

	
93

	
β-Elemene

	
C15H24

	

	
1.01

	
0.94




	
18

	
3.047

	
204.1878

	
204.35

	
93

	
Caryophyllene

	
C15H24

	
11.07

	
12.97

	
10.76




	
19

	
3.391

	
204.1878

	
-

	
119

	
α-Himachalene

	
C15H24

	
21.52

	
21.39

	




	
20

	
3.48

	
204.1878

	
204.351

	
119

	
β-Himachalene

	
C15H24

	

	

	
19.36




	
21

	
3.625

	
204.1878

	
204.35

	
161

	
Germacrene.-D

	
C15H24

	
8.03

	
7.68

	
7.75




	
22

	
3.774

	
204.1878

	
204.351

	
161

	
α-gurjunene

	
C15H24

	
2.37

	

	




	
23

	
3.825

	
204.1878

	
204.35

	
105

	
γ-Gurjunene

	
C15H24

	

	
3.63

	
1.73




	
24

	
3.986

	
204.1878

	
204.35

	
161

	
δ-cadinene

	
C15H24

	

	
0.8

	




	
25

	
4.1

	
222.19836

	
222.36

	
93

	
Cubebol

	
C15H26O

	

	
0.52

	




	
26

	
4.392

	
238.3657

	

	
69

	
Neryl (S)-2-methylbutanoate

	
C15H26O2

	

	
0.23

	




	
27

	
4.432

	
222.19837

	
222.36

	
59

	
Elemol

	
C15H26O

	
11.14

	

	
7.81




	
28

	
4.609

	
222.19837

	
222.36

	
59

	
Cyclohexanemethanol, 4-ethenyl-α,α,4-trimethyl-3-(1-methylethenyl)-, [1R-(1α,3α,4β)]-

	
C15H26O

	

	
11.78

	




	
29

	
4.912

	
222.1983

	
222,37

	
81

	
Germacrene-D-ol

	
C15H26O

	

	
0.46

	




	
30

	
4.941

	
220.18272

	
220.35

	
79

	
Caryophyllene oxide

	
C15H24O

	
1.62

	
2.1

	




	
31

	
5.153

	
222.1983

	
-

	
109

	
Ledol

	
C15H26O

	
19.45

	
8.25

	
27.7




	
32

	
5.685

	
222.19836

	
-

	
161

	
8-epi-.gama-eudesmol

	
C15H26O

	
3.0

	

	




	
33

	
5.817

	
222.1983

	
222.366

	
161

	
γ-Eudesmol

	
C15H26O

	

	
3.53

	




	
34

	
6.103

	
222.19837

	
222.36

	
59

	
β-eudesmol

	
C15H26O

	
13.16

	
14.3

	




	
35

	
6.307

	
222.19837

	
222.36

	
59

	
β-Selinenol

	
C15H26O

	

	

	
16.48




	
36

	
6.441

	
222.1983

	
222.3663

	
69

	
7-epi-cis-sesquisabinene hydrate

	
C15H26O

	
1.79

	

	




	
37

	
6.755

	
222.1983

	
222.366

	
69

	
cis-sesquisabinene hydrate

	
C15H26O

	

	
1.93

	




	
38

	
8.3

	
400.3705

	
-

	
82

	
5β-Cholestan-3α-ol

	
C28H48O

	
2.66

	

	




	
39

	
8.746

	
222.1983

	
222.37

	
82

	
3-(1,5-Dimethyl-hex-4-enyl)-2,2-dimethyl-cyclopent-3-enol

	
C15H26O

	

	
2.9

	




	

	

	

	

	

	

	
Total:

	
100.0

	
99.96

	
99.96








Estanque de León (EL), San Jerónimo (SJ), Tortuga (TG).
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Table 4. Identification of polyphenolic compounds of F. cernua by UPLC/QToF-M2.
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Peak

	
Retention Time (min)

	
m/z

Experimental

[M-H]–

	
m/z

Calculated

[M-H]–

	
MS2

Fragment Ion

	
Tentative Assignment

	
Molecular Formula

	
Relative Content (%)

	
Reference




	
EL

	
SJ

	
TG






	
1

	
0.75

	
296.92

	
-

	
-

	
Unknown

	
-

	
32.55

	
11.98

	
22.78

	
-




	
2

	
0.85

	
191.0874

	
191.0556

	
116.9535

	
(-) Quinic acid

	
C7H12O6

	
0.71

	
0.43

	
1.53

	
[23]




	
3

	
1.05

	
203.0524

	
203.0344

	
174.9865

	
Crenulatin

	
C11H8O4

	
0.98

	

	

	
Database




	
4

	
1.71

	
191.0874

	
191.0556

	
165.0699

	
(+) Quinic acid

	
C7H12O6

	
1.33

	

	

	
[23]




	
5

	
1.76

	
247.0289

	
-

	
-

	
Unknown

	
-

	

	

	
0.92

	
-




	
6

	
3.48

	
414.2328

	
-

	
-

	
Unknown

	
-

	
0.72

	
1.21

	

	
-




	
7

	
4.34

	
417.1488

	
417.1186

	
353.1289

	
Liquiritin

	
C21H22O9

	
1.88

	
0.46

	
1.66

	
[24]




	
8

	
4.64

	
179.0661

	
179.0344

	
135.0723

	
Caffeic acid

	
C9H8O4

	

	
2.97

	

	
[23]




	
9

	
6.1

	
311.1165

	
309.1006

	
311.0403

	
Caftaric acid

	
C13H12O9

	
1..34

	

	
1.46

	
[25]




	
10

	
6.51

	
273.0927

	
273.0753

	
116.9535

	
Phloretin

	
C15H14O5

	
1.89

	

	
3.66

	
[26]




	
11

	
7.16

	
433.2517

	
433.1651

	
433.3344

	
Mundulone

	
C26H26O6

	

	
1.91

	

	
[27]




	
12

	
7.42

	
593.2043

	
593.1506

	
473.1681

	
luteolin 7-O-rutinoside

	
C27H30O15

	
18.34

	
21.88

	
21.42

	
[26]




	
13

	
7.72

	
593.205

	
593.1506

	
473.1686

	
Vicenin-2

	
C27H30O15

	

	
3.30

	

	
[28]




	
14

	
8.38

	
563.1918

	
563.1401

	
537.2484

	
Apigenin-6-C-glucosyl-8-C-arabinoside (schaftoside)

	
C26H28O14

	
6.01

	
7.86

	
4.56

	
[26]




	
15

	
8.88

	
563.1918

	
563.1401

	
443.1449

	
Apigenin-6-C-glucosyl-8-C-arabinoside (schaftoside) isomer

	
C26H28O14

	
8,98

	
14.05

	
10.10

	
[23]




	
16

	
9.34

	
563.1918

	
563.1401

	
443.1446

	
Apigenin-6-C-glucosyl-8-C-arabinoside (schaftoside) isomer

	
C26H28O14

	
13.92

	
22.62

	
16.44

	
Database




	
17

	
10.04

	
563.1918

	
563.1401

	
443.146

	
Apigenin-6-C-glucosyl-8-C-arabinoside (schaftoside) isomer

	
C26H28O14

	
5.27

	
8.14

	
6.57

	
Database




	
18

	
10.7

	
577.2085

	
577.1557

	
563.1939

	
Apigenin 7-rutinoside

	
C27H30O14

	
1.99

	

	
3.83

	
[26]




	

	

	

	

	

	

	
Total=

	
95.97

	
95.03

	
94.99

	








Estanque de León (LN), San Jerónimo (SJ), Tortuga (TG).
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