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Abstract

:

This paper reports the successive isolation and purification of bioactive compounds from the stem bark of Jatropha podagrica, a widely known medicinal plant. The ethyl acetate extract of the stem bark exhibited the strongest antioxidant activity assessed by 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging, and ferric reducing antioxidant power (FRAP) assays (IC50 = 46.7, 66.0, and 492.6, respectively). By column chromatography (CC) with elution of hexane and ethyl acetate at 8:2, 7:3, and 6:4 ratios, the isolation of this active extract yielded five fractions (C1–C5). Chemical structures of the constituents included in C1–C5 were elucidated by gas chromatography-mass spectrometry (GC-MS), electrospray ionization-mass spectrometry (ESI-MS), and nuclear magnetic resonance (NMR) and resolved as methyl gallate (C1, C2, C3, C4), gallic acid (C1, C2), fraxetin (C2, C3, C4, C5), and tomentin (C3). Mixture C2 (IC50 DPPH and ABTS = 2.5 µg/mL) and C3 (IC50 FRAP = 381 µg/mL) showed the highest antioxidant properties. Among the isolated fractions, C4 was the most potential agent in growth inhibition of six bacterial strains including Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Listeria monocytogenes, Bacillus subtilis, and Proteus mirabilis (MIC = 5, 20, 30, 20, 25, and 20 mg/mL, respectively). All identified constituents exerted an inhibitory activity on the growth of Lactuca sativa, of which the mixture C3 performed the maximal inhibition on shoot (IC50 = 49.4 µg/mL) and root (IC50 = 47.1 µg/mL) growth. Findings of this study suggest that gallic acid, methyl gallate, fraxetin, and tomentin isolated from J. podagrica possessed antioxidant, antibacterial, and growth inhibitory potentials.
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1. Introduction


Plants synthesize numerous natural organic compounds having complex chemical structures. These plant-derived compounds play a crucial role in their ecological functions [1]. Extensive studies have indicated that terpenoids, phenolics, and nitrogen-containing substances are important phytoalexins which provide a defense system and protect plants against attack by harmful microbes and herbivores [1,2]. The plants that release these active compounds are capable to compete and invade other plant species in their vicinity by suppressing their growth (a natural phenomenon known as allelopathy) [3,4]. In addition to their physiological functions in plants, numerous phytoalexins have also been reported to possess strong antioxidant, antibacterial, and herbicidal properties. A number of bioactive compounds have been isolated, purified and employed in a wide range of applications including food, pharmaceutical, cosmetic, and agricultural industries [1,5,6,7]. Therefore, the exploration of active medicinal plants and their natural bioactive molecules has become essential to exploit the possible additional values of natural sources.



Jatropha podagrica is a succulent shrub belonging to the family Euphorbiaceae. It is widely distributed in tropical and subtropical areas worldwide [8]. J. podagrica is an ornamental plant and one of the most important materials of traditional folklore medicines in Asia, Latin America, and Africa [9,10,11]. In traditional therapies, this plant has been extensively used as an effective treatment for skin infections [8], jaundice and fever [12], sexually transmitted diseases like gonorrhea [8,13] pain relief [14], gout [15], and paralysis [15,16]. In addition, its seed oil is applied in African ethnomedical practice as a natural remedy for rheumatic conditions, pruritus, and to alleviate constipation, while its leaves have been used as a hemostatic agent (IPCS-INCHEM). In Nigeria, indigenous people utilize this shrub to cure hepatitis [17]. The investigations of the biologically active components of J. podagrica resulted in the isolations of japodic acid, erytrinasinate, fraxidin [13], steroids and flavonoids [18], podacycline A and B [19], diterpenoids, japodagrone, japodagrin [8], 3-acetylaleuritolic acid, japodagrol [20], n-heptyl ferulate, and γ-sitosterol [21]. Although extracts of different parts of J. podagrica have been reported to possess various biological properties including antiproliferative, antioxidant, antitumor, antibacterial, and antimicrobial [8,12,13], the search for phytochemicals responsible for the observed activities has been conducted sporadically, except for antibacterial capacity. Additionally, little information has been found concerning phytochemicals and biological activity from J. podagrica stem bark so far [22]. Several second metabolites including fraxidin, fraxetin, scoparone, 3-acetylaleuritolic acid, β-sitosterol, and sitosterone from the stem bark of this plant were isolated, but their biological activity was not examined [21]. In another trial, although the antimicrobial activity of J. podagrica stem bark extracts was evaluated, isolation of the compounds responsible for the studied activity was not achieved. Therefore, the objectives of this research were to establish a simple and effective protocol to isolate the bioactive components present in J. podagrica stem bark. The bioactive properties including antioxidant, antibacterial, and plant growth inhibitory activities were also evaluated.




2. Results


2.1. Antioxidant Activities of the Different Fractions of J. podagrica Stem Bark Extract


Chromatographic fractionation of the crude methanol extract led to three different polarity extracts including hexane, EtOAc, and aqueous. The DPPH, ABTS radical scavenging activities, and ferric reducing antioxidant power (FRAP) of individual extracts were then performed to evaluate the antioxidant capacities of the extract fractions. Among them, EtOAc emerged as the most effective solvent with the lowest IC50 values in scavenging both DPPH and ABTS free radicals and reducing ferric power. Its IC50 values in the three assays were 46.7, 66.0, and 492.6 µg/mL, respectively. The results imply that the antioxidant constituents originating from J. podagrica stem bark might predominantly be present in the EtOAc extract. Hence, this extract was selected for further isolation and purification of the bioactive compounds responsible for antioxidant activity of this shrub succulent plant. The bioactive constituents of the ethyl acetate extract of J. podagrica stem bark were isolated using column chromatography (Figure 1, Table 1).




2.2. Structure Elucidation of Isolated Compounds


Separation of bioactive compounds from J. podagrica was conducted following the procedure illustrated in Figure 1. The methanol extract of this plant (50.8 g) was extracted with hexane, ethyl acetate, and water to produce 14.2, 13.0, and 21.6 extracts, respectively. The ethyl acetate extract was then separated by column chromatography using a gradient elution technique as follows: Fractions (Frs.) 20–38 (hexane: EtOAc = 8:2), Frs. 51–95 (hexane: EtOAc = 7:3), Frs. 96–142 (hexane: EtOAc = 7:3), Frs. 143–196 (hexane: EtOAc = 6:4) to obtain 223 mg (C1), 200 mg (C2), 282 mg (C3), and 228 mg (C4) of compounds. C5 (30 mg) was the mixture Frs. 197–204 and residue of Frs. 143–196 after filtration by EtOAc.



On the basic of GC-MS data, the retention times, molecular weight, molecular formula, name of compound, similarity, and peak area (%) of components in each isolated fraction were identified (Table 2). The structure and formula of the compounds were further confirmed by ESI-MS and LC-MS. Only fraction C5 was additionally elucidated by 1H-NMR and 13C-NMR. The instrument analyses including GC-MS, ESI-MS, and LC-MS to elucidate the chemical structures of (1) methyl gallate: [C8H8O5 – H]−: 183.02-183.30; [C8H8O5 + H]+: 184.02; [C8H8O5 + Na]+: 207.03 (C1, C2, C3, and C4) major fragments: 184.08, 154.06, 153.05, 125.05, 79.04, (2) fraxetin: [C10H8O5 – H]−: 207.02-207.23; [C10H8O5 + H]+: 209.04; [C10H8O5 + Na]+: 231.02; major fragments: 209.09, 208.09, 193.06, 180.09, 165.06, 137.06, 109.05, 81.05, 53.05, 51.04 (C2, C3, C4, and C5), (3) gallic acid: [C7H6O5 – H]−: 169.01-169.27; [C7H6O5 + H]+: 171.04; [C7H6O5 + Na]+: 193.02; major fragments: 170.12, 152.02, 124.01, 79.04 (C1, C2), and (4) tomentin: [C11H10O5 – H]−: 221.04; [C11H10O5 + H]+: 223.05-223.06; [C11H10O5 + Na]+: 245.04; major fragments: 222.05, 221.04, 207.02, 194.05, 178.06, 163.03, 152.04, 136.01, 108.02, 54.01, 41.00 (C4) (Supplementary Materials S1–S21). Chemical structures of the identified compounds are illustrated in Figure 2.




2.3. Quantitative Analysis of Fraxetin from J. podagrica Stem Bark


The content of one pure compound fraxetin in the stem bark of J. podagrica is presented in Table 3. Quantification of this compound was done by GC (13.04 µg/g DW—dry weight) by comparing the mass spectra, retention time, and peak area between the samples and purified fraxetin from this research.




2.4. Antioxidant Activities of the Isolated Fractions


Antioxidant activities of the isolated fractions were determined using three assays including DPPH, ABTS free radical scavenging, and reducing power assay. BHT was used as a standard for all methods. The results are summarized in Table 4.



2.4.1. DPPH Activity of the Isolated Fractions


As can be seen in Table 4, the DPPH scavenging activities of C2 was the strongest as its IC50 value was the lowest (2.5 µg/mL). Statistically, the antioxidant activities of C4 and C5 (IC50 = 3.54 and 2.81 µg/mL, respectively) were similar in comparison with that of C2. The fraction C3 (IC50 = 6.92 µg/mL) exhibited intermediate antioxidant capacities, while C1 showed the lowest DPPH radical scavenging ability (IC50 = 40.83 µg/mL). Generally, the antioxidant properties of the isolated fractions were higher than that displayed by BHT, except for the fraction C1.




2.4.2. ABTS Activity of the Isolated Fractions


The ABTS scavenging abilities of the fractions and BHT are presented in Table 4. Among the tested samples, C2 exhibited the maximum scavenging activity with an IC50 value of 2.5 µg/mL, followed by C5, C4, and C3 although their IC50 values were not significantly different (IC50 = 3.23, 3.36, and 7.52 µg/mL). The lowest antioxidant property was found for fraction C1 (IC50 = 21.83 µg/mL). This result is consistent with that of the DPPH method. However, all tested fractions showed stronger ABTS scavenging abilities as compared with that of the positive control BHT.




2.4.3. Ferric Reducing Antioxidant Activity of the Isolated Fractions


The reducing power ability of various fractions and BHT are summarized in Table 4. Among the isolated fractions, C5 displayed the maximum reducing power with an IC50 value of 381 µg/mL. The antioxidant activity of the tested samples evaluated by the FRAP method could be ranked in the following order: C5 > C4 > C2 > C1 > C3 > BHT.





2.5. Antibacterial Activity of the Isolated Fractions


The antibacterial activities of the different fractions of the EtOAc extract of J. podagrica against the growth of six bacteria including Gram-positive bacteria: Staphylococcus aureus, Listeria monocytogenes, Bacillus subtilis and Gram-negative bacteria: Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis are shown in Table 5. Ampicillin and streptomycin were used as standards. The results revealed that all the fractions are potential antibacterial agents against most of the investigated microorganisms. However, the inhibitory effects varied among the bacteria and tested samples.



It was found that fractions C3, C4, and C5 inhibited all tested pathogens, but C1 was inactive on K. pneumonia and P. mirabilis, and C2 also had no effect on the growth of K. pneumoniae. Among the studied fractions, C4 exerted the strongest inhibitory effects on the growth of four bacterial strains including S. aureus, E. coli, B. subtilis, L. monocytogenes, and P. mirabilis. The MIC values of C4 were 5, 20, 20, 25, and 20 mg/mL, respectively, whilst K. pneumoniae was the most sensitive to the fraction C5 with the MIC 25 mg/mL.




2.6. Growth Inhibitory Activities of the Isolated Fractions


The allelopathic capacities of the isolated fractions on the growth of Raphanus sativus, Echinochloa crus-galli, and Lactuca sativa are presented in Table 6. The herbicidal activities of different fractions were also compared, expressed by the IC50 value, which presented the concentration required to inhibit 50% growth of the indicator plants. The growth inhibitory effects on the tested plants performed differently with the isolated fractions and compounds of J. podagrica bark. In general, all studied fractions from J. podagrica exhibited suppressive effects on the growth of tested plants and the inhibitory effects of the fractions on root lengths were higher than that of the shoot elongations. However, the emergence of R. sativus and E. crus-galli was less influenced than that of L. sativa. The fraction C3 had the greatest phytotoxic effect shoot height of L. sativa (IC50 = 49.4 µg/mL), while its root was most sensitive to the fraction C5 (IC50 = 30.0 µg/mL).



The fraction C1 was the most inhibitory against the magnitude of the shoot of E. crus-galli (IC50 = 495.7 µg/mL), but C3 exhibited the strongest inhibitory effect on its root (IC50 = 143.9 µg/mL). The fraction C2 gave maximum inhibitory effects on shoot and root elongation of R. sativus (IC50 = 924.7 and 212.3 µg/mL, respectively).





3. Discussion


The radical scavenging activity of the isolated fractions was examined using DPPH, which is a frequently used method in natural product antioxidant evaluation [24]. Previous reports showed that methanol and water extracts of J. podagrica leaves and seeds exhibited antioxidant activities. By using this method, their antioxidant capacities were evaluated at IC50 values of 78.19 and 71.34 µg/mL, respectively [12]. In the genus Jatropha, the antioxidant capacity of bark extracts has been investigated for J. curcas [25]. At a concentration of 1000 µg/mL, the percentages of DPPH and ABTS radical scavenging activity of different extracts were shown as follows: the methanolic extract (91.5% and 89%, respectively), the aqueous extract (80.5% and 86.8%, respectively), and the ethanolic extract (78.2% and 87.78%, respectively). However, the IC50 values of the antioxidant activity of these extracts were not mentioned. In this study, for the first time, we found that the J. podagrica stem bark extracts possessed remarkable antioxidant capacity. At a concentration of 500 µg/mL, the inhibition percentage of hexane, EtOAc, and aqueous was >95% in both the DPPH and ABTS methods. The oxidation process is involved with multiple reaction characteristics and different mechanisms; hence, no single method can accurately evaluate the antioxidants in complex botanical extracts. The result indicated that this compound could easily donate an electron to Fe (III) most effectively, thus reducing it to Fe (II) [24,26]. Therefore, three different assays including DPPH, ABTS radical scavenging activities, and reducing power assay were employed to measure the antioxidant activity of various extracts of J. podagrica. The result obtained from these methods showed consistently that the EtOAc extract had the strongest antioxidant ability (Table 1), indicating that the antioxidants of this sub-woody shrub have been effectively enriched in this extraction. Compared with J. podagrica leaves and seeds, the extract of stem bark demonstrated a stronger DPPH radical scavenging activity (IC50 = 46.7 µg/mL, Table 1). Moreover, the antioxidant capacity of J. podagrica seed extract has been reported to be greater than that of ascorbic acid [12]. Our results suggest that the EtOAc extract of stem bark might contain the major antioxidants of J. podagrica.



Due to the considerable therapeutic values, intensive investigations of J. podagrica have documented the presence of many classes of plant secondary metabolites such as diterpenoids, flavonoids, steroids, cyclic peptides [8,13,18,19,20] (Table 7). However, they have primarily focused thus far on the root, leaf, and seed of this plant, while studies on stem bark have been desultory. In this study, four compounds were isolated and identified from the most effective EtOAc extract of stem bark, namely fraxetin, gallic acid, methyl gallate, and tomentin. They are biologically active constituents belonging to coumarin and phenolic acids. The antioxidant capacities of a purified compound (C5) and the mixtures C1, C2, C3, and C4 were significantly stronger than the EtOAc extract and the standard (BHT), except for the DPPH radical scavenging activity of C1 (methyl gallate, gallic acid) which was lower than that of BHT. Specifically, the antioxidant abilities of a mixture C2 (fraxetin, gallic acid, and methyl gallate) and a pure compound C5 (fraxetin) measured by DPPH and ABTS assays, were significantly higher than BHT, approximately 3 to 18 folds, respectively [27,28,29,30,31]. Fraxetin was successfully isolated from Fraxinus rhinchophylla and reported to have potential anti-oxidative effects [32], while gallic acid and methyl gallate have been separated from Givotia rottleriformis and reported to have anti-proliferative effects [33].



In addition to antioxidant potential, isolated constituents of J. podagrica showed considerable herbicide activity and antibacterial property. Although the antibacterial capacity of extracts and isolated compounds of J. podagrica has been investigated so far [8], the growth inhibitory activity of these plants was acknowledged for the first time in this study. According to the allelopathic assay, all fractions inhibited the growth of the studied plants at various levels. Generally, the level of inhibition on root lengths was higher than on shoot elongations in all plants (Table 6). The reduction in root growth might be due to the sensitivity of roots to allelochemicals. The strongest inhibitory effect was observed in the growth reduction of L. sativa. The results suggest that these fractions isolated from J. podagrica might be potent candidates for the development of novel herbicides. Allelochemicals other than the identified components of J. podagrica in this study and their interference mechanisms need further elaboration.



Dilution is one of the most appropriate techniques for determining the MIC value [34]. By using this method, we can estimate the lowest concentration of antimicrobial agents that will inhibit the visible growth of a microorganism. Antibacterial agents of J. podagrica have been reported thus far including fraxidin, fraxetin, erythrinasinate, japodgrin, japodagrone, 4z-jatrogrosidentadion, 15-epi-4z–jatrogrossidentadion, 2-hydroxyisojatrogrossidion, and 2-epihydroxyisojatrogrossidion. Those compounds exerted antibacterial activity toward S. aureus and B. subtilis with inhibition zones ranging from 12 to 35 mm at a concentration of 20 µg/disk (Table 7). However, other pathogenic bacteria such as E. coli and Pseudomonas aeruginosa were not sensitive to these compounds at the same concentration. In this study, the antibacterial effects of five isolated fractions were evaluated against the growth of six different pathogens including S. aureus, E. coli, K. pneumoniae, L. monocytogenes, B. subtilis, and P. mirabilis. The studied microorganisms are ubiquitous bacteria causing an array of serious nosocomial infections worldwide. The result revealed that most of the bacteria strains were susceptible to the fractions at the tested concentrations. Among the isolated fractions, a combination of fraxetin and methyl gallate in the mixture C4 caused the strongest antibacterial effect on S. aureus, E. coli, L. monocytogenes, B. subtilis, and P. mirabilis (Table 5). Therefore, the reaction mechanism of this synergic effect should be further investigated. It was observed that gram-negative bacteria K. pneumoniae and P. mirabilis exhibited high resistance to treatment by C1 and C2. A possible explanation for this might be that the outer membrane of gram-negative bacteria acts as a barrier which is able to protect them against the penetration of compounds, and the periplasmic space carries enzymes which can break down foreign molecules introduced from outside [35].



In this study, phytochemical investigation of stem bark of J. podagrica led to identification of four constituents. Among the isolated compounds, fraxetin (C5) was previously identified from J. podagrica by Rumzhum et al. [21] and has been known as an antibacterial and antidiabetic agent [36,37]. Other constituents including gallic acid, methyl gallate, and tomentin were isolated for the first time in the stem bark of J. podagrica herein. The content of pure fraxetin (C5) was quantified as 13.04 µg/g DW (Table 3). Gallic acid and methyl gallate have been documented as medicinally important components found in most plants and possess a wide range of pharmacological activities such as antioxidant, anticancer, anti-HIV, antiulcerogenic, anti-inflammatory, and antifungal [38,39]. Tomentin was firstly identified in the root of J. curcas which is another member of the Euphorbiaceae family [40]. The biological activities of this substance have been described as a potent anti-inflammatory capacity [41]. The result in Figure 1 suggests that the combination of hexane and ethyl acetate at 8:2, 7:3, and 6:4 was the most efficient elution to yield bioactive components from J. podagrica stem bark. This is the first report of methyl gallate, gallic acid, and tomentin from J. podagrica. This research provided practical information about purification of fraxetin by effective and simple methods. However, further work is required to establish more efficacious solvent systems to purify the methyl gallate, tomentin, and gallic acid in the J. podagrica stem bark.




4. Materials and Methods


4.1. Materials


J. podagrica Hook stem barks were collected from Thanh Hoa province, Vietnam (19° 48’ 24.0912’’ N and 105° 47’ 6.6552’’ E) in August 2017. The identification of the plant was authenticated by the corresponding author [42]. The samples were preliminarily sterilized by NaOCl 1% and washed several times with water. After drying in an oven at 50 °C for 10 days, a sample with voucher number ND-JP-VNB1 was preserved at the Laboratory of Plant Physiology and Biochemistry, Hiroshima University.




4.2. Extraction of Jatropha podagrica Stem Bark


The powder (2.3 kg) was immersed in 8 L of methanol (MeOH) for two weeks at room temperature. After filtration, the filtrate was concentrated under vacuum at 45 °C using a rotary evaporator (SB-350-EYELA, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) to produce 50.8 g of crude extract. The crude extract was then suspended in distilled water (300 mL) and successively fractionated with hexane and ethyl acetate (EtOAc). The obtained amount of water, hexane, and EtOAc extracts were 22.6, 15.2, and 13 g, respectively. After screening the biological activities of extracts (Table 1), the EtOAc extract was used for isolation of the bioactive compounds using column chromatography (Figure 1).




4.3. Compounds Isolation from Ethyl Acetate Extract


The ethyl acetate extract was subjected to normal phase column chromatography (CC) over silica gel (200 g) of 70–230 mesh ASTM (Merck, Darmstadt, Germany) and LiChroprep RP-18 (Merck KGaA, Darmstadt, Germany) (40–63 mm). All fractions were examined by thin-layer chromatography (TLC) (Merck, Darmstadt, Germany). In TLC analysis, TLC Silica gel 60 was used as a solid phase and a mixture of the solvents hexane: ethyl acetate 8:2 (v:v) was the mobile phase. Fractions 20–38 (C1) (233 mg), fractions 51–95 (C2) (200 mg), fractions 96–142 (C3) (282 mg), fractions 143–196 (C4) (198 mg), fractions 197–204 and filtered 143–196 (C5) (30 mg), were crystallized after separation by CC (Figure 1). Crystal compound C5 was obtained as a pure compound, the purity levels were confirmed by GC-MS of 97.67%.




4.4. DPPH Radical Scavenging Assay


The free radical scavenging activity was performed following the method by Elzaawely et al. [43]. A volume of 0.5 mL extract was mixed with 0.25 mL of 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution and 0.1 mL of 0.1 M acetate buffer pH (5.5). The mixture was shaken and kept at room temperature for 30 min in the dark. The absorbance was measured at 517 nm using a microplate reader (MultiskanTM Microplate Spectrophotometer, Thermo Fisher Scientific, Osaka, Japan). The BHT standard (5–20 ppm) was used as the positive reference. The inhibition concentration (IC50) was the concentration of the samples which gave 50% DPPH radical scavenging activity. Thus, a lower IC50 value indicated a higher antioxidant activity. The following formula measured the percentage of DPPH radical scavenging activity.


% radical scavenging activity = [(Acontrol − Atest)/Acontrol] × 100








Acontrol corresponds to the absorbance of the control and Atest corresponds to the absorbance of the test extract. The IC50 value was also calculated using percent radical scavenging activity. Lower IC50 values indicate higher antioxidant activity.




4.5. Radical Cation ABTS Decolorization Assay


The ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)) radical cation decolorization assay was carried out as an improved ABTS method of Re et al. [44], with some adjustments. Briefly, the ABTS radical solution was prepared by mixing 7 mM ABTS (2,20-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) and 2.45 mM potassium persulfate in water. The solution was incubated in the dark at room temperature for 16 h, and then diluted with methanol to obtain an absorbance of 0.70 ± 0.05 at 734 nm. An aliquot of 120 μL of the ABTS solution was mixed with 24 μL of a sample and the mixture was incubated in the dark at room temperature for 30 min. The absorbance of the reaction was recorded at 734 nm using a spectrophotometer (MultiskanTM Microplate Spectrophotometer, Thermo Fisher Scientific, Osaka, Japan). BHT standard solutions (0.01–0.25 mg/mL) were prepared and used as a positive control. The percentage inhibition was calculated according to the formula:


ABTS radical scavenging activity (%) = [(Abscontrol − Abssample)/Acontrol] × 100











The Abscontrol is the absorbance of the ABTS radical solution without samples and the Abssample is the absorbance of ABTS radical solution with samples.




4.6. Ferric Reducing Antioxidant Power Test (FRAP)


The reducing power was measured by the method as reported in Tuyen et al. [45]. Briefly, an aliquot of 0.1 mL of the extract was mixed with 2.5 mL potassium ferricyanide (1%) and 2.5 mL of phosphate buffer (0.2 M, pH 6.5). After incubation at 50 °C for 30 min, 2.5 mL of trichloroacetic acid (10%) was added to the mixture. The mixture was centrifuged at 4000 rpm for 10 min, and an aliquot of 2.5 mL of the supernatant was subsequently taken and mixed with 2.5 mL of distilled water and 0.5 mL FeCl3 (0.1%). The absorbance was measured at 700 nm using a microplate reader (MultiskanTM Microplate Spectrophotometer, Thermo Fisher Scientific, Osaka, Japan). The BHT standard (5–20 ppm) was used as the positive control. The IC50 value was calculated.




4.7. Germination and Growth Bioassay


Growth suppressing potential of isolated fractions was assayed for radish (R. sativus), barnyard grass (E. crus-galli), lettuce (L. sativa.) seeds in an incubator (Biotron NC system, Nippon Medical & Chemical Instrument, Co. Ltd., Osaka, Japan). Photoperiodic was set up at day/night 12/12 h with temperature 25/23 °C. Each sample was diluted in methanol (MeOH) to obtain different concentrations (10, 100, 500, 1000, and 2000 µg/mL). The test solution (100 µL) was applied on filter papers lined in 96 well-plates and then ten seeds per well were tested (each well has 22 mm diameter × 18 mm height). After MeOH evaporation at room temperature, healthy seed was placed in a well, followed by the addition of 100 µL of distilled water. Plant germination monitoring was performed every 24 h for seven days. This bioassay was replicated six times (n = 6). The growth parameters of radicle (root) and hypocotyl (shoot) length were measured. Concentration in reducing 50% shoot and root lengths (IC50) was also calculated according to Xuan et al. [46].




4.8. Determination of Minimum Inhibitory Concentration (MIC)


Antibacterial activity of J. podagrica stem bark was measured using the disk diffusion method described by Ribeiro et al. [47] with minor modifications. The microorganisms used for this experiment were K. pneumoniae, S. aureus, L. monocytogenes, B. subtilis, E. coli, and P. mirabilis. Active cultures were prepared by transferring microbial inoculum from stock cultures to a test tube containing Muller–Hinton Broth, followed by incubation at 37 °C for 24 h. The bacterial inoculum was adjusted to achieve a turbidity equivalent to a 0.5 McFarland turbidity standard (106–8 CFU/mL) by using sterile 0.85% saline. A volume of 0.1 mL of bacteria suspension was covered evenly on each Muller–Hinton agar dish. Next, samples were diluted in MeOH to obtain different concentrations ranging from 1.25 to 40 mg/mL (40, 30, 25, 20, 10, 5, 2.5, 1.5, 1.25 mg/mL). After that, filter paper dishes (6 mm diameter) impregnated with 20 µL of each sample were placed on the surface of agar plates. The incubation was maintained at 37 °C for 18–24 h in an ambient air incubator. The lowest concentration that inhibited the visible bacterial growth was determined as the minimum inhibitory concentration (MIC). Streptomycin and ampicillin (1.25, 0.625, 0.313, 0.156, 0.078, 0.039, 0.0195, 0.0097, 0.0048, 0.0024, 0.0012, 0.0006 mg/mL) were used as positive control in this experiment. MeOH was used as a negative control [48,49].




4.9. Chemical Constituents Identification by Gas Chromatography-Mass Spectrometry (GC-MS)


GC-MS analysis was performed to determine the chemical constituents of C1, C2, C3, C4, and C5. The GC-MS system was equipped with a DB-5MS column (30 m × 0.25 mm internal diameter × 0.25 µm in thickness (Agilent Technologies, J & W Scientific Products, Folsom, CA, USA). The carrier gas was helium and the split ratio was 5:1. The GC oven temperatures operated with the initial temperature of 50 °C without hold time, followed by an increase of 10 °C/min up to a final temperature of 300 °C and holding time 20 min. The carrier gas was helium at a flow rate of 1 mL/min. The injector and detector temperature were programmed at 300 °C and 320 °C, respectively. The mass was scanned from 29 to 800 amu. JEOL’s GC-MS Mass Center System Version 2.65a was used to control the GC-MS system and process the data peak [50]. Identification of volatiles was performed comparing their mass spectra with those of NIST/EPA/NIH Mass Spectral Library 2014 coupled with the GC-MS system. Wiley-WHC, Weinheim, Germany [23], which included the Retention Index Library, had 82,868 compounds. In addition, a standard solution of C7–C40-alkanes was used to obtain the retention index of compounds.



Quantification of the pure compound (C5) was done using the method described previously [51]. Fraxetin was dissolved in MeOH to obtain various concentrations of 5, 10, 50 ppm. The operation of GC analysis was the same as the method described above. The retention time and areas of the standards and samples were compared to achieve standard curves (1.0 > r2 > 0.9). The content value of quantified compounds was expressed in milligrams per gram of dry weight (mg/g DW).




4.10. Electrospray Ionization-Mass Spectrometry (ESI-MS) and Liquid Chromatography-Electrospray Ionisation Mass Spectrometry (LC-ESI-MS) Analyses


ESI-MS analysis was conducted on negative/positive ion mode. Mass spectral characterization was performed using a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) connected with an electrospray ionization (ESI) source in negative (between m/z 120 and 2000) and positive (between m/z 100 and 2000) ionization mode recording spectra. The instrumental conditions were as follows: spray voltage, 5.0 kV; sheath gas flow, 50 arb (arbitrary unit); aux gas flow rate, 10 arb; capillary temperature, 330 °C; capillary voltage, 50 V; tube lens, 80V [52].



LC-ESI-MS analysis was also implemented by using a LTQ Orbitrap XL (Thermo Fisher Scientific, San Jose, CA, USA) with a J-Pak Symphonia C18 (5 μm, 250 mm × 4.6 mm i.d.) column (JASCO Engineering Co., LTD, Tokyo, Japan). Mobile phase comprised (A) 0.1% formic acid in water (v/v) and (B) 0.1% formic acid in acetonitrile (v/v). Isocratic elution was accomplished with a mixture of A 30% and B 70%. The flow rate was adjusted to 0.4 mL/min within 30 min. The detector was set at 210 nm. The injection volume was 5 µL. Data acquisition was executed on ChromNAV software (JASCO, Tokyo, Japan). ESI conditions were: ion spray voltage, 4.5 kV; sheath gas flow rate, 60; aux gas flow rate, 20; capillary temperature, 350 °C; capillary voltage, 50 V; tube lens, 80V. MS analyses were run by a positive (m/z 100–1000) Fourier transform mass spectrometer (FTMS) at a resolution of 60000 and negative (m/z 115–1000) Ion trap mobility spectrometry (ITMS).




4.11. Nuclear Magnetic Resonance (NMR) Data of Fraxetin


Fraxetin:1H-NMR (MeOD, 600 MHz) δ: 6.20 (1H, d, J = 9.6 Hz, H-3), 7.83 (1H, d, J = 9.6 Hz, H-4), 6.73 (1H, s, H-5), 3.88 (3H, s, OCH3, H-6). 13C-NMR (MeOD, 150 MHz) δ: 163.71 (C-2), 112.68 (C-3), 146.73 (C-4), 101.07 (C-5), 140.65 (C-6), 147.12 (C-7), 140.73 (C-8), 134.07 (C-9), 112.16 (C-10), 56.79 (C-6-OCH3) (Supplementary Material Figure S22 and S23), and compared with literature [53].




4.12. Statistical Analysis


All obtained data were analyzed by Minitab Software (version 16.0, copyright 2015, Minitab Inc., State College, PA, USA). Two-way analysis of variance (ANOVA) and Tukey’s post hoc test were used to identify the significant difference among mean values with p < 0.05. All trials were designed randomly in triplicate.





5. Conclusions


In this study, the combined dilution of hexane and ethyl acetate at ratios 8:2, 7:3, and 6:4 by column chromatography successfully purified active compounds in stem bark of J. podagrica. This was the first time of successfully isolating and identifying gallic acid, methyl gallate, fraxetin, and tomentin from the medicinal plant. Results of in vitro assays showed that these constituents possessed potential antioxidant, antibacterial, and plant growth inhibitory properties.
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Figures S1–S23 are available online.





Author Contributions


T.N.M., Y.A., and T.D.X. conceived the idea and implemented the experiments. T.N.M. and T.M.V. analyzed the data and wrote the manuscripts. A.A. interpreted the NMR data. T.D.K., H.-D.T., N.V.Q., and T.D.X. gave advice and revised the manuscript. All authors agreed with the final version of the manuscript.




Funding


No funding was provided in support of this study.




Acknowledgments


Nguyen Tat Thanh University, Vietnam is appreciated for partly supporting this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Osbourn, A.E.; Lanzotti, V. Plant-Derived Natural Products: Synthesis, Function, and Application, 1st ed.; Springer: New York, NY, USA, 2009. [Google Scholar]

	



Fukuta, M.; Xuan, T.D.; Deba, F.; Tawata, S.; Khanh, T.D.; Chung, I.M. Comparative efficacies in vitro of antibacterial, fungicidal, antioxidant, and herbicidal activities of momilatones A and B. J. Plant Interact. 2007, 2, 245–251. [Google Scholar] [CrossRef][Green Version]

	



Kruse, M.; Strandberg, M.; Strandberg, B. Ecological Effects of Allelopathic Plants—A Review; Technical Report for Ministry of Environment and Energy National Environmental Research Institute (NERI): Copenhagen, Denmark, March 2000.

	



Dayan, F.E.; Duke, S.O. Biological activity of allelochemicals. In Plant-Derived Natural Products; Springer: New York, NY, USA, 2009; pp. 361–384. [Google Scholar]

	



Mierziak, J.; Kostyn, K.; Kulma, A. Flavonoids as important molecules of plant interactions with the environment. Molecules 2014, 19, 16240–16265. [Google Scholar] [CrossRef] [PubMed]

	



Upadhyay, R.K. Plant natural products: Their pharmaceutical potential against disease and drug resistant microbial pathogens. J. Pharm. Res. 2011, 4, 1179–1185. [Google Scholar]

	



Takshak, S. Bioactive compounds in medicinal plants: A condensed review. SEJ Pharm. Nat. Med. 2018, 1, 1–35. [Google Scholar]

	



Aiyelaagbe, O.O.; Adesogan, K.; Ekundayo, O.; Gloer, J.B. Antibacterial diterpenoids from Jatropha podagrica Hook. Phytochemistry 2007, 68, 2420–2425. [Google Scholar] [CrossRef] [PubMed]

	



Burkill, H.M. The Useful Plants of West Tropical Africa, 2nd ed.; Royal Botanic Gardens: Kew, UK,, 1994.

	



Cowan, M.M. Plant products as antimicrobial agents. Clin. Microbiol. Rev. 1999, 12, 564–582. [Google Scholar] [CrossRef] [PubMed]

	



Sabandar, C.W.; Ahmat, N.; Jaafar, F.M.; Sahidin, I. Medicinal property, phytochemistry and pharmacology of several Jatropha species (Euphorbiaceae): A review. Phytochemistry 2013, 85, 7–29. [Google Scholar] [CrossRef] [PubMed]

	



Ghali, W.; Vaudry, D.; Jouenne, T.; Marzouki, M.N. Assessment of cyto-protective, antiproliferative and antioxidant potential of a medicinal plant Jatropha podagrica. Ind. Crops Prod. 2013, 44, 111–118. [Google Scholar] [CrossRef]

	



Aiyelaagbe, O.O.; Gloer, J.B. Japodic acid, a novel aliphatic acid from Jatropha podagrica Hook. Rec. Nat. Pro. 2008, 2, 100–106. [Google Scholar]

	



Nithiyanantham, S.; Siddhuraju, P.; Francis, G. Potential of Jatropha curcas as a biofuel, animal feed and health products. J. Am. Oil Chem. Soc. 2012, 89, 961–972. [Google Scholar] [CrossRef]

	



Silva, C.R.; Frohlich, J.K.; Oliveira, S.M.; Cabreira, T.N.; Rossato, M.F.; Trevisan, G.; Froeder, A.L.; Bochi, G.V.; Moresco, R.N.; Athayde, M.L.; et al. The antinociceptive and anti-inflammatory effects of the crude extract of Jatropha isabellei in a rat gout model. J. Ethnopharmacol. 2013, 145, 205–213. [Google Scholar] [CrossRef] [PubMed]

	



Abdelgadir, H.A.; Staden, J.V. Ethnobotany, ethnopharmacology and toxicity of Jatropha curcas L. (Euphorbiaceae): A review. S. Afr. J. Bot. 2013, 88, 204–218. [Google Scholar] [CrossRef]

	



Falodun, A.; Imieje, V.; Erharuyi, O.; Ahomafora, J.J.; Akunyuli, C.; Udu-Cosi, A.A.; Theophilus, O.; Ali, I.; Albadry, M.; Fasinu, P.; et al. Isolation of Diterpenoids from Jatropha podagrica against Hepatitis C virus. J. Afr. Assoc. Physiol. Sci. 2014, 2, 21–25. [Google Scholar]

	



Odebiyi, O.O. Steroids and flavonoids from Jatropha podagrica stem bark. Fitoterapia 1985, 56, 302–303. [Google Scholar]

	



Van den Berg, A.J.; Horsten, S.F.; Kettenes-van den Bosch, J.J.; Beukelman, C.J.; Kroes, B.H.; Leeflang, B.R.; Labadie, R.P. Podacycline A and B, two cyclic peptides in the latex of Jatropha podagrica. Phytochemistry 1996, 42, 129–133. [Google Scholar] [CrossRef]

	



Ee, G.C.L.; Lim, C.K.; Taufiq-Yap, Y.H.; Go, R. Ferulicacid ester from Jatropha podagrica (Euphorbi-aceae). M. J. Chem. 2005, 7, 45–48. [Google Scholar]

	



Rumzhum, N.N.; Sohrab, M.H.; Al-Mansur, M.A.; Rahman, M.S.; Hasan, C.M.; Rashid, M.A. Secondary metabolites from Jatropha podagrica Hook. J. Phys. Sci. 2012, 23, 29–37. [Google Scholar]

	



Bhaskarwar, B.; Itankar, P.; Fulke, A. Evaluation of antimicrobial activity of medicinal plant Jatropha podagrica (Hook). Rom. Biotechnol. Lett. 2008, 13, 3873–3877. [Google Scholar]

	



NIST/EPA/NIH Mass Spectral Library. Available online: https://www.nist.gov/sites/default/files/documents/srd/NIST1aVer22Man.pdf (accessed on 20 February 2019).

	



Huang, D.; Ou, B.; Prior, R.L. The chemistry behind antioxidant capacity assays. J. Agric. Food Chem. 2005, 53, 1841–1856. [Google Scholar] [CrossRef] [PubMed]

	



Igbinosa, O.O.; Igbinosa, I.H.; Chigor, V.N.; Uzunuigbe, O.E.; Oyedemi, S.O.; Odjadjare, E.E.; Okoh, AI.; Igbinosa, E.O. Polyphenolic Contents and Antioxidant Potential of Stem Bark Extracts from Jatropha curcas (Linn). Int. J. Mol. Sci. 2011, 12, 2958–2971. [Google Scholar] [CrossRef] [PubMed]

	



Prior, R.L.; Wu, X.; Schaich, K. Standardized methods for the determination of antioxidant capacity and phenolics in foods and dietary supplements. J. Agric. Food Chem. 2005, 53, 4290–4302. [Google Scholar] [CrossRef] [PubMed]

	



Brewer, M.S. Natural antioxidants: Sources, compounds, mechanisms of action, and potential applications. Compr. Rev. Food. Sci. F. 2011, 10, 221–247. [Google Scholar] [CrossRef]

	



Asnaashari, M.; Farhoosh, R.; Sharif, A. Antioxidant activity of gallic acid and methyl gallate in triacylglycerols of Kilka fish oil and its oil-in-water emulsion. Food Chem. 2014, 159, 439–444. [Google Scholar] [CrossRef] [PubMed]

	



Farhoosh, R.; Nyström, L. Antioxidant potency of gallic acid, methyl gallate and their combinations in sunflower oil triacylglycerols at high temperature. Food Chem. 2018, 244, 29–35. [Google Scholar] [CrossRef] [PubMed]

	



Medina, M.E.; Iuga, C.; Álvarez-Idaboy, J.R. Antioxidant activity of fraxetin and its regenerationin aqueous media. A density functional theorystudy. RSC Adv. 2014, 4, 52920–52932. [Google Scholar] [CrossRef]

	



Witaicenis, A.; Seito, L.N.; da Silveira, C.A.; de Almeida, L.D., Jr.; Luchini, A.C.; Rodrigues-Orsi, P.; Cestari, S.H.; Di Stasi, L.C. Antioxidant and intestinal anti-inflammatory effects of plant-derived coumarin derivatives. Phytomedicine 2014, 21, 240–246. [Google Scholar] [CrossRef] [PubMed]

	



Thuong, P.T.; Pokharel, Y.R.; Lee, M.Y.; Kim, S.K.; Bae, K.; Su, N.D.; Oh, W.K.; Kang, K.W. Dual Anti-oxidative Effects of Fraxetin Isolated from Fraxinus rhinchophylla. Biol. Pharm. Bull. 2009, 32, 1527–1532. [Google Scholar] [CrossRef] [PubMed]

	



Kamatham, S.; Kumar, N.; Gudipalli, P. Isolation and characterization of gallic acid and methylgallate from the seed coats of Givotia rottleriformis Griff. and their anti-proliferative effect on human epidermoidcarcinoma A431 cells. Toxicol. Rep. 2015, 2, 520–529. [Google Scholar] [CrossRef] [PubMed]

	



Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. JPA 2016, 6, 71–79. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pretto, J.B.; Cechinel-Filho, V.; Noldin, V.F.; Sartori, M.R.K.; Isaias, D.E.B.; Cruz, A.B. Antimicrobial activity of fractions and compounds from Calophyllum brasiliense (Clusiaceae/Guttiferae). J. Biosci. 2014, 59, 657–662. [Google Scholar] [CrossRef]

	



Murali, R.; Ashokkumar, N. Antidiabetic effect of fraxetin: Protective role on the levels of glycoprotein components in experimental diabetic rats. Int. J. Pharm. Biol. Arch. 2013, 4, 379–384. [Google Scholar]

	



Wang, H.; Zou, D.; Xie, K.; Xie, M. Antibacterial mechanism of fraxetin against Staphylococcus aureus. Mol. Med. Rep. 2014, 10, 2341–2345. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, F.H.A.; Salgado, H.R.N. Gallic acid: Review of the methods of determination and quantification. Cri. Rev. Ana. Chem. 2016, 46, 257–265. [Google Scholar] [CrossRef] [PubMed]

	



Chaubal, R.; Deshpande, V.H.; Deshpande, N.R. Methyl gallate, the medicinally important compound: A review. Electron. J. Environ. Agric. Food Chem. 2005, 4, 956–962. [Google Scholar]

	



Sharma, S.K.; Ali, M.; Singh, H.; Sultana, S.; Mir, S.R. Phytochemical investigation of the roots of Jatropha curcas L. Physiol. Mol. Biol. Plants. 2015, 2, 83–92. [Google Scholar]

	



Pérez-Hernández, J.; González-Cortazar, M.; Marquina, S.; Herrera-Ruiz, M.; Meckes-Fischer, M.; Tortoriello, J.; Cruz-Sosa, F.; Nicasio-Torres, M.P. Sphaeralcic acid and tomentin, anti-inflammatory compounds produced in cell suspension cultures of Sphaeralcea angustifolia. Planta Med. 2014, 80, 209–214. [Google Scholar] [CrossRef] [PubMed]

	



Pham, H.H. An Illustrated Flora of Vietnam, 2nd ed.; Youth Publisher: Ho Chi Minh, Vietnam, 1991. [Google Scholar]

	



Elzaawely, A.A.; Tawata, S. Antioxidant activity of phenolic rich fraction obtained from Convolvulus arvensis L. leaves grown in Egypt. J. Crop Sci. 2012, 4, 32–40. [Google Scholar]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef]

	



Tuyen, P.T.; Xuan, T.D.; Khang, D.T.; Ahmad, A.; Quan, N.V.; Anh, T.T.T.; Anh, L.H.; Minh, T.N. Phenolic compositions and antioxidant properties in bark, flower, inner skin, kernel and leaf extracts of Castanea crenata Sieb. et Zucc. Antioxidants 2017, 6. [Google Scholar] [CrossRef] [PubMed]

	



Xuan, T.D.; Tsuzuki, E.; Terao, H.; Matstuo, M.; Khanh, T.D.; Murayama, S.; Hong, N.H. Alfalfa, rice by-products and their incorporation for weed control in rice. Weed Biol. Manag. 2003, 3, 137–144. [Google Scholar] [CrossRef]

	



Ribeiro, I.C.O.; Mariano, E.G.A.; Careli, R.T.; Morais-Costa, F.; Sant’Anna, F.M.; Pinto, M.S.; Souza, M.R.; Duarte, E.R. Plants of the Cerrado with antimicrobial effects against Staphylococcus spp. and Escherichia coli from cattle. BMC Vet. Res. 2018, 14. [Google Scholar] [CrossRef]

	



George, O.A.; Adenipekun, E.O.; Fasogbon, S.A.; Oparanozie, J.A. Antimicrobial activities of chrysophyllum albidum leaves, fruits and seeds. Am. J. Biomed. Sci. 2018, 10, 28–44. [Google Scholar] [CrossRef]

	



Rondón, M.; Velasco, J.; Rojas, J.; Gámez, L.; León, G.; Entralgo, E.; Morales, A. Antimicrobial activity of four Valeriana (Caprifoliaceae) species endemic to the Venezuelan Andes. Rev. Biol. Trop. 2018, 66, 1282–1289. [Google Scholar] [CrossRef]

	



Andriana, Y.; Xuan, T.D.; Quan, N.V.; Quy, T.N. Allelopathic potential of Tridax procumbens L. on radish and identification of allelochemicals. Allelopathy J. 2018, 43, 223–238. [Google Scholar] [CrossRef]

	



Van, T.M.; Xuan, T.D.; Minh, T.N.; Quan, N.V. Isolation and purification of potent growth inhibitors from Piper methysticum root. Molecules 2018, 23. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, S.; Mazumdar, S. Electrospray ionization mass spectrometry: A technique to access the information beyond the molecular weight of the analyte. Int. J. Analyt. Chem. 2012, 2012. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Sun, Q.; Sun, A.; Cui, J. Isolation and purification of coumarin compounds from Cortex fraxinus by high-speed counter-current chromatography. J. Chromatography A 2005, 1072, 195–199. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of gallic acid, methyl gallate, fraxetin, and tomentin are available from laboratory of the authors affiliated to Hiroshima University.












[image: Molecules 24 00889 g001 550]





Figure 1. Procedure of extraction, fractionation, and isolation of bioactive compounds from Jatropha podagrica stem bark (H: Hexane, E: Ethyl acetate, Frs.: Fractions, Fil.: Filtration). The fractions are labelled C1–C5. 
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Figure 2. Chemical structures of bioactive constituents identified in EtOAc extract of Jatropha podagrica stem bark. 
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Table 1. DPPH, ABTS, and reducing power (FRAP) of solvent extractions from the stem bark of Jatropha podagrica in terms of IC50 values.
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	Name
	DPPH IC50 (µg/mL)
	ABTS IC50 (µg/mL)
	Reducing Power IC50 (µg/mL)





	BHT
	9.3 ± 1.1 c
	45.8 ± 1.5 b
	426.8 ± 0.8 c



	Hexane
	262.1 ± 11.1 a
	68.2 ± 4.9 b
	555.4 ± 2.4 a



	EtOAc
	46.7 ± 2.0 b
	66.0 ± 1.4 b
	492.6 ± 6.2 ab



	Aqueous
	224.9 ± 16.1 a
	144.2 ± 18.0 a
	614.9 ± 0.4 a







Values are means ± SD (standard deviation). Values with similar letters in a column are not significantly different; (p < 0.05) according to Tukey’s post hoc test.
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