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Novelty statement

- The newly discovered compound in bambara groundnut seeds was flavone glycoside 

   (C20H18O9).
- The flavone glycoside found in bambara groundnut seeds has a structure that has not been 

   previously found in plants.
- The discovered compound displayed the scavenging activity on DPPH radical similar to 

   Trolox.
- The discovered compound displayed a more significant inhibitory effect on superoxide 

   anion radical than gallic acid and Trolox.
Abstract
One newly discovered compound (C20H18O9) in bambara groundnut seeds (Vigna subterranea (L.) Verdc.) was isolated from the ethyl acetate fraction and purified by column chromatography. The chemical structure of the new compound was identified based on 1H, 13C and 2D nuclear magnetic resonance spectroscopy data and previously reported data as a flavone glycoside. It displayed the scavenging activity on DPPH radical similar to Trolox (positive control) and displayed a more significant inhibitory effect on superoxide anion radical than gallic acid and Trolox (positive controls). It exhibited an inhibitory effect on DPPH and superoxide anion radicals, with EC50 values of 2.25 ± 0.14 µg/mL and 9.8 ± 0.3 µg/mL, respectively, determined for its scavenging activity. Moreover, it displayed FRAP activity with a value of 253 ± 33 µmol Fe(II)/g extract and had an inhibitory effect on metal chelating activity, with an EC50 value of 367 ± 13 µg/mL. The results indicate that bambara groundnut seeds can be natural sources of antioxidants to protect the human from free radicals.
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Introduction

For many years, legumes have been essential sources of dietary protein. Phytochemicals isolated from legumes are considered to have potential antioxidant, anti-inflammatory, and antihyperglycemic activities. Several phytochemicals purified from legumes have already been studied. For example, daidzein, abscisic acid, and quercetin isolated from Vigna vexillata inhibited superoxide anion and elastase release (Leu et al. 2012). Three new compounds isolated from the methanol extract of Vigna luteola exhibited superoxide anion inhibition and anti-inflammatory activity (Lam et al. 2019).
The Vigna subterranea (L.) Verdc. (bambara groundnut) is a legume that is widely cultivated in many countries, such as Africa, Philippines, India, and Thailand. This legume can be food for both humans and animals. It has high nutrient levels, a good balance of essential amino acids, high carbohydrate content, and sufficient quantities of fat such as linoleic acid and linolenic acid (Minka and Bruneters 2000). Studies on the nutritional value of this legume have resulted in its increased consumption. Moreover, the extracts of bambara groundnut seeds have been reported to display antioxidant activities. They contain a variety of components associated with antioxidant activities, such as flavonoids, tannins, and phenolics (Chinnapun 2018). However, studies focused on the chemical constituents of bambara groundnut seeds are rare.
Therefore, the chemical constituents associated with the antioxidant activities of bambara groundnut seed extracts were studied in this research. 

Materials and methods
Plant material

Bambara groundnut seeds (Songkhla 1 variety) were studied in this research. They were obtained from the market in Trang Province, Thailand and washed with water. The peel of the bambara groundnut seeds was removed before the experiment.
Crude extraction

Bambara groundnut seeds were ground using a grinder. A sample of the powder (8 kg) was continuously extracted by reflux extraction with 100% ethanol (1:1 w/v). The sample was re-extracted 3 times for 1 hour each time. After filtration, the filtrated solution was concentrated under reduced pressure by a rotary evaporator at a boiling point of 40°C and 175 mbar. The remaining filtrated solution was freeze-dried to obtain the powdered crude extract.
Partition extraction
The crude extract was partitioned by the liquid-liquid extraction method. The crude extract (300 g) was suspended in 1 L of 80% methanol (MeOH), partitioned with hexane, and successively partitioned with dichloromethane (CH2Cl2), ethyl acetate (EtOAc) and water. Each partition was evaporated to dryness by a rotary evaporator to produce residues of the hexane, CH2Cl2, EtOAc, and aqueous fractions. Each fraction was held at 4°C for the further isolation of the constituents by column chromatography.
Bioassay-guided fractionation

Throughout this study, thin-layer chromatography (TLC) profiles (TLC plates viewed at 254 nm and 365 nm with a UV lamp) were used, and an anisaldehyde-sulfuric acid reagent was used as the primary indicator of the pooled fraction.

Isolation of compounds from the ethyl acetate fraction
The EtOAc fraction (5.0 g) with the highest 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity was column chromatographed on silica gel. The column was eluted in ascending polarity with CH2Cl2: EtOAc; 1: 1, CH2Cl2: EtOAc; 2: 8, EtOAc 100%, EtOAc: MeOH; 9.8: 0.2, CH2Cl2: MeOH; and 8: 2, MeOH 100% to obtain 106 fractions. A volume of 75 mL was collected of each fraction. All 106 fractions were guided with TLC to identify six fractions (C1F1–C1F6) (Fig. 1).


Based on the results obtained from DPPH free radical scavenging activity experiments, the C1F4 fraction, which had the highest DPPH free radical scavenging activity, was further column chromatographed on silica gel. The column was eluted in ascending polarity with CH2Cl2 100%, CH2Cl2: EtOAc; 9: 1, CH2Cl2: EtOAc; 8: 2, CH2Cl2: EtOAc; 1: 1, EtOAc 100%, EtOAc: MeOH; and 8: 2 to obtain 6 fractions (C2F4S1- C2F4S6) (Figure 1).

Compound 1 was obtained from the precipitation of C2F4S2 and preparative thin layer chromatography using CH2Cl2: EtOAc: MeOH; 5: 4: 1 x 2, respectively. Compound 1 was a yellow crystalline solid. Compound 2 was obtained from the precipitation of C2F4S3 and recrystallization. Compound 2 was a white crystalline solid. Compound 3 was obtained from the precipitation of C2F4S4 and recrystallization (Figure 1). Compound 3 was a yellow crystalline solid.
Identification of extracted compounds

The structures of isolated compounds 1–3 were determined and identified by comparing the 1H, 13C and 2D nuclear magnetic resonance spectroscopy (NMR) spectral data with previously reported data.
Ferric reducing antioxidant power (FRAP) assay
Ten microliters of samples dissolved in DMSO were mixed with 190 µL of fresh FRAP reagent in 96-well microplates. The mixture was incubated at 37°C for 30 min in the dark. The reaction was measured the absorbance at wavelength of 593 nm with a microplate reader. The positive controls for this assay were gallic acid and rutin. The ferrous sulfate standard curve was used for calculation amount of Fe2+. 
Determination of 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity
One hundred microliters of the samples dissolved in DMSO at various concentrations were mixed with 100 µL of 0.1 mM DPPH in methanol. The reaction was incubated in the dark for 20 min at 27°C. The reaction was measured the absorbance at wavelength of 517 nm with a microplate reader. The positive controls for this assay were gallic acid, rutin, and Trolox. One hundred microliters of DPPH solution mixed with 100 µL of methanol was used as a control. The sample was calculated scavenging activity against DPPH free radical using the formula:
DPPH free radical scavenging activity (%) = [(A517 control – A517 sample)/ A517 control] x 100

Determination of metal chelating activity
Twenty microliters of 0.2 mM FeCl2 was mixed with 140 µL of samples dissolved in DMSO at various concentrations in 96-well microplates. The mixture was incubated at room temperature for 30 s. Forty microliters of 1 mM ferrozine was added to the mixture. The mixture was incubated at room temperature for 10 min. The absorbance of the reaction was measured at 562 nm with a microplate reader. The positive control for this assay was Ethylenediamine tetraacetic acid (EDTA). Twenty microliters of 0.2 mM FeCl2 mixed with 40 µL of 1 mM ferrozine and 140 µL of distilled water was used as a control. The formula for calculation of metal chelating activity was
Metal chelating activity (%) = [(A562 control – A562 sample)/ A562 control] x 100

Determination of superoxide anion radical scavenging activity (SOSA)
Fifty microliters of 150 µM nitroblue tetrazolium (NBT) was mixed with 50 µL of 60 µM phenazine methosulphate and 50 µL of 468 µM nicotinamide adenine dinucleotide (NADH). After that, 50 µL of samples dissolved in DMSO at various concentrations were added to the mixture. The mixture was incubated at room temperature for 5 min in the dark. The absorbance of the reaction was measured at 560 nm with a microplate reader. The positive controls for this assay were gallic acid, rutin, and Trolox. Fifty microliters of 150 µM NBT mixed with 50 µL of 60 µM phenazine methosulphate, 50 µL of 468 µM NADH, and 50 µL of 0.1 M phosphate buffer (pH 7.4) was used as a control. The formula for calculation of SOSA was 
Superoxide anion scavenging ability (%) = [(A560 control – A560 sample)/ A560 control] x 100

Statistics

SPSS version 17.0 was used for statistical analysis. The statistical significance of differences between the groups (P < 0.05) was determined by one-way ANOVA.
Results 
Extraction yield of bambara groundnut seeds
The crude ethanol extract yield percentage was 4.06%, which was calculated based on the weight of bambara groundnut seeds without their peels (Table 1). An amount of 300 g of the crude ethanol extract was further partitioned into its hexane, CH2Cl2, EtOAc, and aqueous fractions. The percentage yields of the partitioned extracts were based on the weight of the crude ethanol extract, as shown in Table 1. The yield of the aqueous fraction (65.80%) was the highest among the four fractions, whereas the yield of the CH2Cl2 fraction (0.70%) was the lowest. The yields of the four fractions of the partitioned extract were different and decreased in the following order: aqueous fraction˃ hexane fraction˃ EtOAc fraction˃ CH2Cl2 fraction. Based on the results obtained from the DPPH free radical scavenging activity experiment, the EtOAc fraction with the highest DPPH free radical scavenging activity was further column chromatographed on silica gel (Table 2). The EtOAc fraction (5.0 g) was further fractionated by column chromatography to obtain compounds 1-3. The percentage yields of the compounds were based on the weight of the EtOAc fraction, as shown in Table 1.
Identification and structural elucidation
The identification and structural elucidation of the isolated compound were performed based on spectroscopic data analyses. The 1H and 13C NMR results showed that compounds 1 and 2 were not purified. Therefore, structural elucidation was performed for only compound 3. The chemical structure of compound 3 is shown in Fig 2. Compound 3 was isolated as a yellow crystalline solid. The molecular formula C20H18O9 was assigned to compound 3 on the basis of its NMR spectral analytical data. On the 1H-NMR spectrum, H-1 to H-5 were aromatic protons present on aromatic rings A and C at δ 7.76 (1H, d, 2 Hz), 7.67 (1H, dd, 8, 2 Hz), 6.89 (1H, d, 8 Hz), 6.76 (1H, d, 2 Hz), and 6.44 (1H, d, 2 Hz), respectively. H-6 was methine present on aromatic ring B at δ 5.56 (1H, d, 1 Hz). H-7 to H-10 were methine present on pentose at δ 4.02 (1H, m), 3.84 (1H, q, 5 Hz), 3.61 (1H, m), and 3.48 (1H, t, 10 Hz), respectively. H-11 was a methyl doublet present on pentose at δ 1.26 (3H, d, 8 Hz). The 13C-NMR and distortionless enhancement by polarization transfer (DEPT) spectra showed ten quaternary carbons at δ 176.10 (C-1), 161.91 (C-2), 160.90 (C-3), 156.34 (C-4), 147.68 (C-5), 144.90 (C-6), 122.49(C-7), 114.62 (C-10), 107.18 (C-11), and 104.76 (C-12); nine methine carbons at δ 120.47 (C-8), 114.88 (C-9), 98.51 (C-13), 98.48 (C-14), 93.85 (C-15), 72.22 (C-16), 70.69 (C-17), 70.34 (C-18), and 69.83 (C-19); and one methyl carbon at δ 16.68 (C-20). All proton and carbon signal assignments were achieved by the combination of 2D NMR experiment (the spectral data are provided in the supplemental material).  Compound 3 was identified as flavone glycoside based on the experimental results.
FRAP activity
The FRAP activity of the samples is presented in Table 2. The test of the ferric reducing ability of the extracts showed that the EtOAc fraction had significantly higher (p < 0.05) FRAP values than the partition extract samples, followed by the CH2Cl2, aqueous, and hexane fractions. The EtOAc and CH2Cl2 fractions had significantly higher (p < 0.05) FRAP values than the crude extract. Among the column chromatography fractions, the highest FRAP activity was noted for the C1F3 fraction, followed by the C1F4, C1F2, C1F5, C1F6, and C1F1 fractions. The FRAP activity value for compound 3 was 253 ± 33 µmol Fe(II)/g extract. The FRAP activity of the isolated compound was lower than those of the positive controls.
DPPH free radical scavenging activity

Among the partition extract fractions, the EtOAc fraction exhibited the most inhibition effect, with an EC50 value of 1.93 ± 0.23 µg/mL, followed by the CH2Cl2, aqueous, and hexane fractions (Table 2). Therefore, the EtOAc fraction was column chromatographed on silica gel to obtain the C1F1-C1F6 fractions. Among the column chromatography fractions, the C1F4 fraction had the highest DPPH free radical scavenging activity, with an EC50 value of 2.55 ± 0.58 µg/mL. The tested column chromatography fractions could be arranged according to their EC50 value in the following order: C1F4<C1F3<C1F6<C1F2<C1F5<C1F1 (Table 2). Compound 3, isolated from the C1F4 fraction, had an EC50 value for DPPH free radical scavenging activity of 2.25 ± 0.14 µg/mL. The scavenging activity of compound 3 was similar to that of Trolox but lower those of gallic acid and rutin (Table 2). The present study shows that compound 3 strongly decreased the levels of DPPH radical.
Metal chelating activity

The CH2Cl2 and aqueous fractions had significantly highest (p < 0.05) metal chelating activity compared to partition extract samples, followed by the hexane and EtOAc fractions, respectively (Table 2). Compared to the crude extract, CH2Cl2, aqueous, and hexane fractions had significantly higher (p < 0.05) metal chelating activity than the crude extract, but the EtOAc fraction had significantly lower (p < 0.05) metal chelating activity (Table 2). These results indicate that the EtOAc fraction had low metal chelating activity. Therefore, the column chromatography fractions from the EtOAc fraction were not tested. For isolated compounds, compound 3 had the metal chelating activity, with an EC50 value of 367 ± 13 µg/mL. The metal chelating activity of the isolated compound was lower than that of EDTA.
Superoxide anion radical scavenging activity
The results of SOSA are presented in Table 2. Among the partition extract fractions, the EtOAc fraction exhibited significantly higher (p < 0.05) SOSA than the other partition extracts, with an EC50 value of 11 ± 2 µg/mL. The EC50 values for scavenging of superoxide anion radical were 20 ± 2 µg/mL and 74 ± 6 µg/mL for the CH2Cl2 and aqueous fractions, respectively. The EtOAc and CH2Cl2 fractions had significantly higher (p < 0.05) SOSA than the crude extract. Among the column chromatography fractions, the highest SOSA was noted for the C1F3 and C1CF4 fractions. The scavenging capacity of the column chromatography fractions decreased in the order C1F3 and C1CF4 ˃ C1F5˃ C1F6˃ C1F2˃ C1F1, as shown in Table 2. The results displayed that compound 3 exhibited SOSA, with an EC50 value of 9.8 ± 0.3 µg/mL. The SOSAof compound 3 was similar to that of rutin and higher than those of gallic acid and Trolox, which means that compound 3 is an excellent scavenger of superoxide anion radical.

Discussion

Previous studies found that plants of the Vigna genus include many flavonoids, such as the three flavonoids aglycons kaempferol, quercetin, and isorhamnetin found in Vigna unguiculata L. Walp (Lattanzio et al. 2000). Flavonoids are present mainly as glycosides and accumulate in plants in response to many factors. However, the chemical structures of the compounds isolated from bambara groundnut seeds in this study had not been reported previously. This study is the first to isolate compound 3 from bambara groundnut seeds, and this is the first report of this structure of flavone glycoside compound found in plants.

The high FRAP activity in the EtOAc fraction may be due to polar fraction of bambara groundnut seed extracts; previous studies found that the more polarity of plant extracts is the more antioxidant activity (Brahmi et al. 2012). Gallic acid and rutin, the positive controls, showed better FRAP activity compared with all active fractions and isolated compounds are due to the presence of more chemical groups that play a role in its ability as an antioxidant activity, such as aromatic rings with hydroxyl groups, hydroxyl groups, carbonyl groups, and double bonds (Ozgen et al. 2016). 

The gallic acid and rutin were more active for DPPH free radical scavenging activity than the compound 3 due to the presence of more number of the included active group (OH). Bendary et al. (2013) found that the more active group of compound structure is the more antioxidant activity. Moreover, the role of the structure–antioxidant relationship activity depends on the position of the active groups. The ortho position, para position, and meta position were found to be the more active, respectively due to its ability to form intramolecular hydrogen bonding (Bendary et al. 2013).
Previous studies found that carbonyl and hydroxyl functional groups exhibit Fe2+ chelating activity; for example, ferrous ions could be chelated via the carbonyl and hydroxyl functional groups of curcumin (Ak and Gulcin 2008). Another study found that L-adrenaline binds iron ions through its amine and hydroxyl groups (Gulcin 2009). Therefore, high carbonyl and hydroxyl functional groups of compounds more effect to metal chelating activity.

The high SOSA of rutin and compound 3 may have been due to the presence of glycosides. A previous study found that the presence of acteoside in Plantago lanceolata L. extract was responsible for its high SOSA (Al-Mamun et al. 2007). The SOSA also related to the number of phenolic hydroxyl groups in the structures of the phenylpropanoid glycosides (Wang et al. 1996). Moreover, the hydroxyl groups at C-5 and C-7 are important for radical scavenging activity (Fazilatun et al. 2004).
Conclusions
The results revealed that bambara groundnut seeds had composition of flavone glycoside. The flavone glycoside found in bambara groundnut seeds has a structure that has not been previously found in plants and is reported for the first time in this study. It showed strong activities of DPPH free radical scavenging and SOSA but low FRAP activity and metal chelating activity.
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Table 1: The percentage yields of crude extract, partition extracts, and isolated compounds from bambara groundnut seeds
	Samples
	Percentage yield (%)

	Crude and partition extracts

Crude
Hexane 
CH2Cl2 
EtOAc 

Aqueous

Isolated compounds

Compound 1

Compound 2

Compound 3
	4.06

19.71

0.70

1.85

65.80

0.02

0.02

0.08



                       CH2Cl2, dichloromethane; EtOAc, ethyl acetate
Table 2: FRAP, DPPH, metal chelating, and superoxide anion radical scavenging activity of crude extract, partition extracts, column chromatography fractions, and isolated compound from bambara groundnut seeds   

	Samples
	FRAP

(µmol Fe(II)/ 

g extract)
	DPPH 

(EC50 µg/ml)
	Metal chelating 

(EC50 µg/ml)
	Superoxide anion 

radical scavenging

(EC50 µg/ml)

	Positive controls

Gallic acid

Rutin

Trolox

EDTA

Crude and partition extracts

Crude
Hexane 
CH2Cl2 
EtOAc 

Aqueous

Column chromatography

 fractions 
C1F1

C1F2

C1F3

C1F4

C1F5

C1F6

Isolated compound

Compound 3
	15655 ± 107

2570 ± 129

ND

ND

201 ± 12
31 ± 7
290 ± 26
2915 ± 19

120 ± 17

64 ± 16

719 ± 20

1299 ± 65

756 ± 19

635 ± 64

420 ± 53

253 ± 33
	0.54 ± 0.07

1.52 ± 0.25

2.28 ± 0.42

ND

50 ± 9

423 ± 65

38 ± 7

1.93 ± 0.23

77 ± 2

328 ± 6

4.60 ± 0.48

3.74 ± 0.26

2.55 ± 0.58

5.54 ± 0.27

4.44 ± 0.19

2.25 ± 0.14
	ND

ND

ND

0.89 ± 0.16

474 ± 24

354 ± 19

214 ± 18

665 ± 75

212 ± 21

ND

ND

ND

ND

ND

ND

367 ± 13
	12 ± 1

7.29 ± 0.43

203 ± 19

ND

35 ± 6

NF

20 ± 2

11 ± 2

74 ± 6

85 ± 6

64 ± 4

9.78 ± 1.41

9.38 ± 0.85

11 ± 1

17 ± 2

9.8 ± 0.3


Values are means of three independent samples analyzed in triplicate (n=3) ± standard deviation. EDTA, ethylenediamine tetra acetic acid; CH2Cl2, dichloromethane; EtOAc, ethyl acetate; ND, not determined; NF, not found.
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Fig. 1: Schematic representation of column fractionation of ethyl acetate fraction from bambara groundnut seed extract
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Fig. 2: Structure of compound 3 isolated from bambara groundnut seeds and identified by the 1H,   

                    13C and 2D nuclear magnetic resonance spectroscopy data
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