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Abstract

Lentil, black soybean and black turtle bean are commonly consumed legumes of different genera, 

containing high phenolic contents, which are effective antioxidants and angiotensin-I converting 

enzyme (ACE) inhibitors. However, these legumes’ phenolic compositions and ACE inhibition 

ability have not been compared. Crude water extract (CE) was semi-purified (SPE) and 

fractionated using column chromatography. Results showed that purification and fractionation 

could substantially increase phenolic contents and antioxidant capacities. Heating and variety had 

great effect on phenolic substances, antioxidant potential and mass yield of extracts and fractions. 

Only crude extracts showed potent ACE inhibitory activity. Black turtle bean’s ACE inhibition 

potential was largely reduced by cooking. The order from low to high in terms of ACE inhibitory 

activity was black turtle bean < lentil < black soybean. Identification and quantification of 

individual phenolic compounds by UV spectroscopy and LC-MSn analysis confirmed 18, 22, and 

14 compounds, respectively, for the three legumes.
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1. Introduction

Clinical trials have demonstrated that legume consumption is inversely related to the 

incidence of cardiovascular diseases (Afshin, Micha, Khatibzadeh, & Mozaffarian, 2014; 

Belski et al., 2011; Hermsdorff, Zulet, Abete, & Martínez, 2010). These health benefits are 

partially attributed to the attenuation of oxidative stress by antioxidant components, which 

exert an array of cellular activities (Wang, Melnyk, Tsao, & Marcone, 2011). Oxidative 

stress has been established as the major factor in the development of a wide range of 

*Corresponding author at: Department of Food Science, Nutrition and Health Promotion, 945 Stone Blvd, Herzer Building, Mississippi 
State, MS 39762, United States. yzhang@fsnhp.msstate.edu (Y. Zhang), pechan@ra.msstate.edu (T. Pechan), sc1690@msstate.edu 
(S.K.C. Chang). 

HHS Public Access
Author manuscript
J Funct Foods. Author manuscript; available in PMC 2018 December 13.

Published in final edited form as:
J Funct Foods. 2018 March ; 42: 289–297. doi:10.1016/j.jff.2017.12.060.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cardiovascular diseases including hypertension (Siti, Kamisah, & Kamsiah, 2015). Dietary 

antioxidants are able to attenuate the oxidative stress and counteract the onset and 

progression of cardiovascular diseases. With human and rat cardiomyocytes, we have proven 

that crude lentil phenolic extract is able to attenuate angiotensin II-induced cardiomyocyte 

hypertrophy and to reduce intracellular reactive oxygen species (ROS) levels (Yao, Sun, & 

Chang, 2010). In animal studies, we have demonstrated that administration of crude lentil 

phenolic extract could substantially reduce aorta ROS level and increase total phenolic 

content (TPC) and oxygen radical absorbance capacity (ORAC) in artery serum. Meanwhile, 

significant alleviation of angiotensin II-induced hypertension, peripheral vascular 

remodeling and perivascular fibrosis have also been observed (Xuan et al., 2013; Yao, Sun, 

& Chang, 2012). Hypertension is a predominant factor in the development of various 

cardiovascular diseases including atherosclerosis, heart attack and coronary disease. With 

spontaneously hypertensive rats (SHRs), other researchers also have proven that phenolic 

extracts from legume could reduce blood pressure and suppress inflammatory responses, 

such as intracellular ROS level, overexpression of proinflammatory enzymes including 

iROS, COX-1, generation of O2
−, as well as NADPH oxidase (Mukai & Sato, 2009, 2011).

Lentil (Lens culinaris), black soybean (Glycine max), and black turtle bean (Phaseolus 
vulgaris) are dry legumes, and belong to three different scientific genera, which are widely 

cultivated in the world, and preferred by different groups of consumers in different parts of 

the world. Numerous studies have proven that lentil, black soybean and black turtle bean 

have high concentration of phenolics and potent antioxidant capacity (Tan, Chang, & Zhang, 

2016; Wang et al., 2016; Xu, Yuan, & Chang, 2007; Zhang, Chang, & Liu, 2015). However, 

a direct comparison of the compositions and relative health-promotion potential of these 

phenolic-rich legume varieties, particularly when they are cooked, is not available in the 

literature. Cooking (thermal treatment) is essential for human consumption since raw 

legumes contain antinutritional factors that will cause illness without heating. In addition, 

dry legumes are not texturally palatable unless they are soaked and cooked to softness.

In addition to the suppression of oxidative stress, one commonly used therapeutic approach 

to treat hypertension is the inhibition of angiotensin-I converting enzyme (ACE), which 

mediates the formation of angiotensin II, a vasoconstrictor and ROS initiator. Various plant 

extracts and pure phenolics possess ACE inhibitory activity and the ACE inhibition varies 

greatly according to their chemical structures (Afonso, Passos, Coimbra, Silva, & Soares-da-

Silva, 2013; Al Shukor et al., 2013; Guerrero et al., 2012; Ojeda et al., 2010). However, the 

ACE inhibition capability of cooked legume extract has received little study (Xuan et al., 

2013). In addition, phenolic composition and antioxidant activity of legumes are largely 

affected by processing conditions (Haileslassie, Henry, & Tyler, 2016; Xu & Chang, 2009; 

Zhang & Chang, 2016). It is logical to assume that the processing-induced change in 

phenolic composition might affect ACE inhibitory activity, but information regarding the 

effect of thermal processing on ACE inhibition is not available. Our previous animal study 

(Xuan et al., 2013) with rats revealed that phenolic extracts of cooked lentil showed lower 

effectiveness than raw extracts in the attenuation of angiotensin II-induced blood pressure 

elevation, peripheral vascular remodeling and perivascular fibrosis.
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High phenolic content and compositions in these three legume varieties have been reported 

in the literature. However, results are inconsistent or even contradictory due to differences in 

extraction methods and equipment employed for analysis. Therefore, the objectives of this 

study were (1) to investigate and compare the effects of thermal treatments, purification, and 

fractionation on phenolic substances, antioxidant activity, and ACE inhibition of the three 

legume varieties, and (2) to identify phenolic compounds using UV spectroscopy and LC-

MSn analysis.

2. Material and methods

2.1. Legumes

Lentil (Lens culinaris var. Meritt) and black turtle bean (Phaseolus vulgaris var. Turtle) of 

2012 harvest were kindly provided by Geogre F. Brocke & Sons, INC (Kendrick, Idaho, 

USA), and by Goya Foods (Jersey City, NJ, USA), respectively. Black soybean (Glycine 
max) with black seed coat and green cotyledon imported from China was obtained from a 

local market (Asian Food Market, Starkville, MS, USA). All samples were stored in −20 °C 

until use.

2.2. Chemicals

Eighteen phenolic acids and aldehydes (gallic acid, protocatechuic acid, 2,3,4-

trihydroxybenzoic acid, protocatechuic aldehyde, p-hydroxybenzoic acid, genistic acid, 

chlorogenic acid, vanillic acid, caffeic acid, vanillin, syringic acid, syringaldehyde, p-
coumaric acid, ferulic acid, m-coumaric acid, sinapic acid, o-coumaric acid, trans-cinnamic 

acid), sixteen flavonoids (catechin, catechin gallate, gallocatechin gallate, epicatechin, 

epigallocatechin, epicatechin gallate, epigallocatechin gallate, kaempferol, kaempferol-3-o-

glucoside, kaempferol-3-o-rutinoside, quercetin, quercetin-3-o-glucoside, myricetin, 

luteolin, rutin, apigenin), four procyanidins (A2, B1, B2, C1), polydatin and resveratrol, were 

purchased from Sigma-Aldrich Chemical Co (St. Louis, MO, USA). HPLC-grade and other 

analytical grade solvents were purchased from VWR International (West Chester, PA, USA).

2.3. Preparation of cooked legumes

For each legume variety, one selected thermal treatment was applied to make a comparison 

with the raw material. The cooking conditions were selected based on our preliminary study 

and reports in the literature (Xu & Chang, 2008a,b; Xu & Chang, 2009). The processing 

conditions, which produced palatable bean texture and gave rise to highest phenolic contents 

and antioxidant activities, were chosen to prepare the cooked samples. Lentil was soaked for 

2 h and steamed for 10 min at 100 °C. Black turtle bean was soaked for 2 h and steamed for 

30 min at 100 °C. Black soybean was soaked for 4 h and steamed for 50 min at 100 °C.

2.4. Preparation of crude phenolic extracts

Phenolics were extracted as described in our previous study (Xu & Chang, 2007). The 

phenolic contents and antioxidant capacities were measured from the aqueous organic 

extract and expressed on the basis of seed. The organic solvent in the extract was removed 

by vacuum rotary evaporator (38 °C) and the concentrate was freeze-dried. The resultant 

extract powder was referred to as crude extract (CE).
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2.5. Semi-purification of crude phenolic extracts with XAD-7 resin packed column

Semi-purification of crude phenolic extracts was conducted according to our previous study 

(Tan, Chang, & Zhang, 2017; Zou, Chang, Gu, & Qian, 2011) with slight modification. 

Crude phenolic extract was suspended in water and mixed vigorously. The suspension was 

centrifuged at 20,000g for 15 min and the supernatant was vacuum-filtered through two 

layers of Whatman No. 3 filter paper. The sediment was washed and filtered two more times 

and the supernatants were combined. The final crude extract to water ratio was 1:10 (w/v). 

Thirty milliliters of clear filtered solution were loaded on an Amberlite® XAD-7 resin 

packed column (40 × 2.6 cm, i.d.; bed volume (BV) = 180 mL). The column was first eluted 

with water at 4 mL/min for 1.5 h (2 BV) to remove sugars, organic acids and proteins. Then 

the column was eluted with 80% methanol at 4 mL/min for 2.25 h (3 BV). The eluate from 

80% methanol was collected. After the organic solvent was removed by vacuum rotary 

evaporator at 38 °C, the concentrate was lyophilized and the resultant powder was 

designated as semi-purified extract (SPE).

2.6. Fractionation of semi-purified phenolic extracts

The semi-purified extracts were further fractionated according to our reported protocol (Zou 

et al., 2011) with some modifications. Two hundred milligrams of semi-purified extract were 

dissolved in 2 mL of distilled water. The solution was centrifuged at 14,000g for 10 min and 

the supernatant was loaded onto a Sephadex LH-20 resin packed column (40 × 2.6 cm, i.d.; 

bed volume (BV) = 180 mL). The column was eluted sequentially by distilled water, 50% 

ethanol, and 50% acetone. The flow rate of eluents was set at 0.4 mL/min and the fractions 

were collected based on the peaks monitored by a UV detector set at 280 nm. For lentil and 

black soybean, four fractions were collected: F1 and F2 (water eluted), F3 (50% ethanol 

eluted), and F4 (50% acetone eluted). For black turtle bean, three fractions were collected: 

F1 (water eluted), F2 (50% ethanol eluted) and F3 (50% acetone eluted). After removing the 

solvent from all fractions by vacuum rotary evaporator at 38 °C, the concentrate was 

lyophilized.

2.7. Determination of total phenolic content (TPC)

Total phenolic content was determined with Folin-Ciocalteu assay (Singleton & Rossi, 1965) 

with slight modification (Xu & Chang, 2007). The absorbance was measured at 765 nm by a 

96-well plate reader (Flex Station 3.0, Molecular Devices, CA, USA). TPC was expressed as 

milligrams of gallic acid equivalents per gram of dry sample (mg of GAE/g).

2.8. Determination of total flavonoid content (TFC)

Total flavonoid content was determined according to Jia, Tang, and Wu (1999). The 

absorbance was measured at 510 nm by a 96-well plate reader (Flex Station 3.0, Molecular 

Devices). TFC was expressed as milligrams of (+)-catechin equivalents per gram of dry 

sample (mg of CAE/g).

2.9. Determination of condensed tannin content (CTC)

Condensed tannin was determined according to Broadhurst and Jones (1978) with slight 

modification by our laboratory (Xu & Chang, 2007). The absorption was measured at 500 
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nm against methanol as the blank by a 96-well plate reader (Flex Station 3.0, Molecular 

Devices). CTC was expressed as milligrams of (+)-catechin equivalents per gram of dry 

sample (mg of CAE/g).

2.10. Determination of DPPH free radical scavenging activity

DPPH free radical scavenging activity assay was conducted according to the method of 

Chen and Ho (1995) with slight modification by our laboratory (Xu & Chang, 2007). The 

absorbance was measured at 517 nm by a 96-well plate reader (Flex Station 3.0, Molecular 

Devices). The DPPH scavenging activity was expressed as micromoles of Trolox equivalents 

per gram of dry sample (μmol of TE/g).

2.11. Determination of oxygen radical absorbing capacity (ORAC)

ORAC assay was conducted according to the method reported by Prior et al. (2003) with 

some modifications. The test was done by a plate reader (Flex Station 3, Molecular 

Devices). Twenty microliters of a series of concentrations of Trolox standard solutions in 75 

mM phosphate buffer (pH 7.0), blank (water), and properly diluted samples were added into 

the wells of a black 96-well Costar plate. After incubation in the chamber at 37 °C for 20 

min, two hundred microliters of 94 μM sodium fluorescein in phosphate buffer and twenty 

microliters of 0.16 M 2,2′-azobis (2-methylpropionamidine) dihydrochloride (AAPH) in 

phosphate buffer were added into the wells. Before addition, the fluorescein solution was 

kept at 37 °C in water bath and AAPH was dissolved in buffer immediately before adding to 

the plate. The plate was immediately put back into the chamber of plate reader and was read. 

The fluorescence filters were set at 485 nm for excitation and 520 nm for emission. Kinetic 

reading was recorded for 121 cycles with 30 s each. The calculation was done by the 

SoftMax Pro Software. The result was expressed as micromoles of Trolox equivalents per 

gram of dry sample (μmol of TE/g).

2.12. ACE inhibitory activity analysis

ACE inhibitory activity was determined according to Wu and Ding (2002) with slight 

modification. A portion of 60 μL of ACE (10 mU/mL) in 100 mM borate buffer (pH 8.3, 300 

mM NaCl) was mixed with 30 μL of sample or water (for control) and the mixture was let to 

stand for 10 min at room temperature. A portion of 60 μL of 2.5 mM hippuryl-histidyl-

leucine (HHL) in the borate buffer was added and the reaction mixture was kept at 37 °C for 

30 min. The reaction was stopped by boiling at 85 °C for 10 min. The reaction mixture was 

filtered through a 0.20 μm nylon syringe filter into HPLC vials for HPLC analysis. Hippuric 

acid (HA) was separated and quantified by Agilent 1260 Infinity HPLC system (Agilent 

Technologies, Santa Clara, CA, USA). Agilent Eclipse XDB-C18 column (4.6 × 150 mm; 

particle size 5 μm; Agilent Technologies, Rising Sun, MD, USA) was used and the 

wavelength of diode array detector (DAD) was set at 228 nm. Mobile phases included 

solvent A (0.1% trifluoroacetic acid in water) and solvent B (0.1% trifluoroacetic acid in 

acetonitrile). The elution gradient was as follow: 0–10 min, 5–60% B; 10–12 min, 60% B; 

12–13 min, 60–5% B. The percentage of ACE inhibition was calculated according to the 

following equation:

Zhang et al. Page 5

J Funct Foods. Author manuscript; available in PMC 2018 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



% inhibition = 100 − [100 × (HAsample/HAcontrol)]

where HAsample denotes the content of HA when inhibitor was present; HAcontrol denotes 

the content of HA when inhibitor was replaced by water. The IC50 value was defined as the 

concentration to inhibit 50% ACE activity and was calculated by GraphPad Prism software 

based on five concentrations.

2.13. HPLC analysis of phenolic acids from fractions

HPLC analysis of phenolic acids was performed according to Robbins and Bean (2004) with 

slight modification by our lab (Xu & Chang, 2009). In current study, an Agilent 1260 

Infinity HPLC system (Agilent Technologies) equipped with a DAD was used. Extracts and 

fractions were dissolved in water and filtered through 0.20 μm nylon syringe filter before 

loading. Wavelengths of 270 and 325 nm, which are representative of absorbance peaks of 

hydroxybenzoic and hydroxycinnamic acids, respectively, were chosen. An Agilent 

ZORBAX SB-C18 column (4.6 × 250 mm; particle size 5 μm; Agilent Technologies, Rising 

Sun, MD, USA) was used. Peak width was set at 0.02 for integrator to distinguish peaks 

from base line noise. Identification was accomplished by comparing retention time and 

spectrum with phenolic acid standards. Contents of individual phenolic acids were expressed 

as micrograms per gram of dry sample (μg/g).

2.14. HPLC analysis of flavonoids and condensed tannins

HPLC analyses of flavonoids and condensed tannins were conducted according to Murphy, 

Song, Buseman, and Barua (1997) with slight modification by our lab (Xu & Chang, 2009). 

In current study, an Agilent 1260 Infinity HPLC system (Agilent Technologies) equipped 

with a DAD was used. Extracts and fractions were dissolved in water and filtered through 

0.20 μm nylon syringe filter before loading. Wavelengths of 279 and 262 nm which are 

representative of absorbance peaks of flavan-3-ol monomers/oligomers and flavonols were 

selected. An Agilent ZORBAX SB-C18 column (4.6 × 250 mm; particle size 5 μm; Agilent 

Technologies) was used. Peak width was set at 0.02 for integrator to distinguish peaks from 

base line noise. Identification was conducted by comparing retention time and spectrum with 

flavonoid and condensed tannin standards. Contents of detected compounds were expressed 

as micrograms per gram of dry sample (μg/g).

2.15. Identification of phenolic compounds with LC-MSn analysis

Small molecules extracts were subjected to nano LC-MSn analysis using Ultimate 3000 

HPLC system and LTQ Orbitrap Velos mass spectrometer (both by ThermoFisher Scientific, 

Waltham, MA, USA). A 45-min linear acetonitrile gradient from 2 to 55% was employed at 

the flow rate of 0.3 μL min−1, using Acclaim C18 column (75 μm × 15 cm, particle size 2 

μm; ThermoFisher Scientific). Mass spectra were measured in positive mode at highest 

Orbitrap resolution of 100,000. The replicate spectral data were analyzed by the peak 

alignment and feature (combination of ions retention time, RT, and mass to charge ratio, 

m/z) detection software SIEVE 2.1 (ThermoFisher Scientific). Derived monoisotopic Mr. 

values were scanned against a custom database comprised of monoisotopic masses of known 
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phenolic compounds using the “small molecule identification” module of the SIEVE 

software. Matches were filtered by delta mass < 10 ppm. These tentative identifications 

(based on accurate mass only) were further followed by LC-MSn analysis (measuring mass 

spectra of fragmented precursors to obtain molecule structural information). Two approaches 

were utilized: (a) the mass trees of commercially available standards were measured via 

direct injection method using LTQ Orbitrap Velos mass spectrometer. The method selected 

the non-fragmented molecule, subjected it to collision induced decay (CID) and measured 

the fragment spectra (MS2). Three most abundant peaks in MS2 spectra were selected for 

another fragmentation and spectra were measured (MS3). In analogy, spectra up to MS5 (in 

some cases) were measured, creating structure information rich mass trees for given 

standard. Mass trees were uploaded to Mass Frontier 7.0 (HighChem, Bratislava, SK) 

software and compiled into the custom database. The LC-MSn raw files of particular 

samples were then manually examined using Mass Frontier software. Mass trees respective 

to monoisotopic masses of tentatively identified compounds were compared to custom mass 

tree database of known standards. “Identity search” option was selected, and the HighChem 

high resolution algorithm (with default parameters) of Mass Frontier was used for high 

confidence matching. Particular MSn spectra were also exported from Mass Frontier and 

manually searched against the mzCloud on-line database (mzcloud.org; 5893 compounds as 

of Nov 03, 2016), using the HighChem high resolution algorithm, and “From Source 

Accuracy” (derived from raw spectral files). (b) The LC-MSn raw files were also analyzed 

using the Compound Discoverer 2.0 (Thermo Scientific) software, which allows for 

automated generation of MSn spectra, their export to, and matching against the mzCloud 

database. The “Unknown detection in single file” workflow was used, comprising six 

processing nodes: Input files, Select spectra, Detect Unknown Compounds, Group Unknown 

Compounds, Predict Compositions, and Search mzCloud. The most critical parameter of 

Mass Tolerance was set to 5 ppm. Only compounds matched by at least one of the (a) or (b) 

approaches were considered as positively identified.

2.16. Statistical analysis

Data were subject to analysis of variance (ANOVA) with SAS 9.4 package. Significant 

differences among variables were determined by Duncan’s multiple range test (α = 0.05). 

Data were expressed as means ± SD (n = 3).

3. Results and discussion

3.1. Effects of processing, purification, and fractionation on phenolic contents, antioxidant 
capacities, and mass yields of three legume varieties

In this study, only water soluble phenolics in extracts and fractions were characterized. 

However, the water soluble phenolics in freeze-dried crude extracts made up the majority of 

the extracted phenolic compounds by aqueous organic solvent. For example, as shown in 

Table 1, in the case of raw lentil, 13.81 g of crude extract was obtained from 100 g of raw 

material. Water soluble TPC from the 13.81 g of crude lentil extract was 534 mg GAE, 

which was about 94% of TPC extracted from 100 g of raw lentil (570 mg GAE). In this 

study, differences in phenolic content from other studies in the literature existed. This is 

reasonable with consideration of different legume materials used. As shown in Table 1, for 
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all legume varieties, either raw or cooked, crude phenolic extracts contained significantly 

higher phenolic contents and antioxidant activities compared with legume seeds. For 

example, with raw lentil, TPC, TFC, CTC, DPPH and ORAC values in crude extract were 

6.8, 4.4, 7.7, 28.5 and 6.7 times those values in seeds; for cooked lentil, these values were 

7.8, 3.9, 2.9, 7.4 and 6.8 times those in seeds. After removal of proteins, sugars and other 

water-soluble components through XAD-7 packed column, the phenolics were further 

concentrated in semi-purified extracts. For raw lentil, TPC, TFC, CTC, DPPH and ORAC 

values were further increased by 11.7, 12.0, 10.5, 8.3 and 9.9 times, respectively; for cooked 

lentil, these parameters were improved by 14.0, 21.9, 19.5, 16.3 and 18.3 times, respectively. 

The uneven increase of the above parameters substantiated the disparity of the reaction 

mechanisms, on which the assays were based. Therefore, different assays were required to 

elucidate phenolic composition and antioxidant potentials from different angles. The highly 

concentrated phenolics make crude extracts and semi-purified extracts a better choice to be 

incorporated into functional and nutraceutical foods. Even though the mechanism is not 

clear, it is known that only about 5% of phenolic intake in the diet can be absorbed and the 

rest will pass to the large intestine for microflora fermentation (Clifford, 2004). Given the 

low phenolic absorption in the human body, it should be health-beneficial to ingest food 

supplements with higher level of phenolics because health effects of phenolics are dependent 

on intake and their bioavailability (Bohn, 2014). After fractionation, water-eluted fractions 

(F1 and F2 for lentil and black soybean; F1 for black bean) showed the lowest phenolic 

content and antioxidant activity for all legume varieties. That should be due to high content 

of sugars and proteins, which were firstly eluted with water. In fact, high level of protein (5–

10%) still remained in the semi-purified extracts (Table 2). However, in most cases, 50% 

acetone-eluted fractions, which were predominantly composed of proanthocyanidins 

exhibited highest antioxidant potential. Except the fraction from cooked black soybean, all 

other 50% ethanol-eluted fractions showed high CTC values ranging from 250.0 to 470.8 mg 

CAE/g. In our current fractionation system with Sephadex-LH 20, condensed tannins should 

be mainly present in the fraction eluted by 50% acetone. These high CTC values must come 

mainly from flavanol monomers which can also react with vanillin due to the lack of 

specificity of vanillin/HCl assay (Schofield, Mbugua, & Pell, 2001). The assumption was 

substantiated by our following assay presented in Table 4, which shows that in the 50% 

ethanol-eluted fraction from raw black soybean, the epicatechin content was extremely high: 

97,343 μg/g.

As shown in Table 1, cooking not only affected phenolic contents and antioxidant capacities, 

but also mass yields (grams of extracts or fractions from 100 g of legume material). The 

heating mediated-changes were variety dependent. Cooking reduced mass yields in crude 

and semi-purified extracts and most fractions for the three legume varieties. On the contrary, 

Siddhuraju and Becker (2007) found the crude extract yields of cowpea after dry heating and 

soaking plus autoclaving were increased. This study is the first in reporting cooking effect 

on the yields of crude extracts. The different mass yield changes induced by thermal 

treatments were likely due to the different legume varieties and the processing (cooking) 

methods employed.

If we order the phenolic contents and antioxidant capacities within the same type of extract 

or fraction but across varieties and processing conditions (raw and cooked) as indicated by 
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the significant labels in Table 1, the orders changed greatly, which suggested the disparity of 

legume composition. In addition, as shown in Table 1, legume variety factor contributed 

substantially to the differences in the mass yields of extracts and fractions. Karamac, 

Kosinska, Rybarczyk, and Amarowicz (2007) also observed the great variation of extract 

yields among legume varieties including red and green lentils. However, the extraction 

yields of these two lentils were only 40% of the lentil yields observed in our current study, 

which suggested the substantial effect of extraction protocols. In comparison with the other 

two legume varieties, cooked black soybean showed extremely lower mass yield and CTC 

(0.01 g/100 g and 22.5 mg CAE/g, respectively) in F4. This might be due to heat-induced 

complexation between condensed tannins and protein (Awika, Dykes, Gu, Rooney, & Prior, 

2003). It is commonly known that soybean contained much higher protein than the other two 

legumes. The low level of condensed tannins makes the extracts from cooked black soybean 

a better choice for consumption in view of the low protein digestibility that may be induced 

by condensed tannins (Gilani, Xiao, & Cockell, 2012).

For both raw and cooked black soybean, F2 possessed lower (p < 0.05) total phenolic 

content than F1. This phenomenon can be explained by the non-specificity of Folin-

Ciocalteu assay. In the Sephadex LH-20 elution, sugars and proteins were eluted first and 

these compounds could react with Folin-Ciocalteu reagent to increase TPC values 

(Singleton, Orthofer, & Lamuela-Raventos, 1999). Our results showed that the semi-purified 

black soybean fractions still contained about 5% nitrogen materials, which presumably are 

protein/peptides as determined by Kjeldhal (Table 2).

In order to investigate the stepwise phenolic loss during semi-purification and fractionation, 

total phenolic content (TPC) of crude extracts, semi-purified extracts and fractions derived 

from 100 g of legume materials were presented in Table 1. In addition, the total phenolic 

content from crude extracts was expressed as 100% and the percentage recoveries of 

following semi-purified extracts and fractions were also calculated (Table 1). The phenolic 

loss, on the one hand, was due to the freeze-drying step, which made some extract insoluble 

as evidenced by the residue observed after centrifugation. On the other hand, the degradation 

of phenolics during the lengthy extraction and fractionation process could occur. As shown 

in Table 1, percentages of TPC recovery was not only affected by thermal treatment, but was 

also by variety. After fractionation, for raw lentil, cooked lentil and raw black turtle bean, F4 

predominantly represented 33.56, 24.10 and 20.19% TPC recovery, respectively. This high 

recovery is consistent with the strong correlation (r = 0.997, p < 0.05) between CTC and 

TPC in seed, crude extract and semi-purified extracts, because F4 was mainly composed of 

condensed tannins.

3.2. ACE inhibitory activity of crude extracts from three legumes varieties

High ACE inhibition was only found in crude extracts. This observed phenomenon was 

contrary to our initial hypothesis that the more concentrated or purified extracts might be 

more potent in the ACE inhibition. Afonso et al. (2013) found that oligomeric procyanidin-

rich extracts from grape seeds showed much higher ACE inhibitory activity than pure 

flavanols. Ojeda et al. (2010) demonstrated that water extract from Hibiscus sabdariffa had 

only less than a half of the IC50 of the anthocyanin-rich fraction indicating the crude water 
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extract was more potent against ACE. Our recent study (Tan et al., 2017) demonstrated that 

phenolic extracts and fractions from black soybean and black turtle bean had higher 

inhibitory activity against α-amylase and lipase than most of pure phenolic compounds 

tested. Based on our previous and current findings, it could be postulated that there must be 

some synergism among phenolic compounds in the inhibition against ACE. In order to 

verify this speculation, protocatechuic acid, which was reported to possess high ACE 

inhibitory activity by Al Shukor et al. (2013) was tested with the same protocol as used for 

extracts and fractions. The IC50 of protocatechuic acid was over 1000 μg/g, which was much 

higher than crude extracts. Another explanation was the presence of peptides in the crude 

extracts. In order to confirm this, the protein contents of the crude and semi-purified 

phenolic extracts were measured by the Kjeldahl method. All extracts were confirmed to 

contain certain level of proteins (Table 2). Actually, these nitrogen-containing substances 

were most likely peptides or other reactive compounds that were soluble in the organic 

solvent, because large proteins were not likely soluble in organic solvent. ACE inhibition by 

peptides present in various legumes, including lentil and soybean have been found (Garcia-

Mora et al., 2015; Mamilla & Mishra, 2017). The possible peptides involved in the ACE 

inhibition will be further explored in our future research. Our current study is the first to 

report the decreased ACE inhibition after purification and fractionation from crude phenolic 

extracts and further investigation is needed to elucidate the underlying mechanism.

As shown in Fig. 1, the crude extracts from black soybean had the highest ACE inhibitory 

activity (lowest IC50 values), followed by lentil, and then by black turtle bean. For lentil, 

cooking had no effect on the ACE inhibitory activity, which might partly explain our 

previous animal study that cooked and raw lentil crude extracts had no significant 

differences in the attenuation of angiotensin II-induced blood pressure elevation, peripheral 

vascular remodeling and perivascular fibrosis (Xuan et al., 2013). For black soybean and 

black turtle bean, cooking significantly (p < 0.05) decreased ACE inhibitory activities of 

crude extracts. In particular, for black turtle bean, the IC50 value was almost doubled after 

cooking, indicating a 50% reduction in potency. IC50 values of protein hydrolysates after 

simulated in vitro gastrointestinal digestion from lentil, soybean and black bean have been 

reported as 430, 380 and 150 μg/mL, respectively (Jakubczyk & Baraniak, 2013; Lo, 

Farnworth, & Li-Chan, 2006; Rui, Boye, Barbana, Simpson, & Prasher, 2012). However, if 

the enzyme activity and enzyme/sample ratios are considered, crude phenolic extracts from 

our study exhibited more potent ACE inhibition in comparison with their respective protein 

hydrolysate counterparts. When we correlated the IC50 values presented in Fig. 1 with the 

corresponding TPC values in Table 1, we found that these two parameters were not 

significantly correlated, suggesting ACE inhibitory activity might be more related to the 

composition of the extract than the sum (total content) of the phenolics.

3.3. Identification and quantification of phenolic acids through purification and 
fractionation

After purification and fractionation, some phenolic acids, which could not be identified due 

to co-elution or low levels, were identified and accurately quantified with improved purity. 

These phenolic acids were found in 50% ethanol-eluted fractions (F3 for lentil and black 

soybean; F2 for black turtle bean). As shown in Table 3, for lentil, five phenolic acids were 
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identified and quantified and their contents were all significantly (p < 0.05) increased by 

cooking. Gallic acid and protocatechuic aldehyde were only detected after cooking, 

suggesting these two phenolic acids only existed in conjugated or bound forms and can be 

released from complexation with other compounds during thermal treatment. Our conclusion 

was consistent with the observations of Duenas, Hernandez, and Estrella (2007), who found 

gallic acid only when lentil was subjected to exogenous enzymes. This study, with another 

approach, demonstrated that gallic acid did not exist in free form in lentil. Three phenolic 

acids were identified and quantified in black soybean. The fraction from raw black soybean 

contained significantly (p < 0.05) higher protocatechuic acid than that from cooked black 

soybean, but when the protocatechuic acid contents were expressed on the basis of seed 

weight, opposite trends appeared due to the mass yield differences. p-Coumaric acid and 

syringic acid were detected only after cooking, implying the heat-induced liberation. For 

black turtle bean, raw seed and cooked seed showed equal contents of gallic acid. However, 

raw seed had higher contents of ferulic acid and sinapic acid than cooked seed, indicating 

heat-induced degradation.

3.4. Identification and quantification of flavonoids through purification and fractionation

In the three legume varieties, flavonoids were detected in the fractions eluted by 50% 

ethanol (F3 for lentil and black soybean; F2 for black turtle bean). As shown in Table 4, in 

lentil, only epicatechin was detected. The epicatechin content from the cooked lentil fraction 

was 2.8 times that from the raw lentil fraction. However, when expressed on the basis of 

lentil seed with consideration of mass yield, the epicatechin content of cooked lentil was 

lower than that of raw lentil. Two flavonoids were identified and quantified from black 

soybean. Epicatechin was only detected in raw black soybean and the content was up to 

97,343 μg/g. The absence of epicatechin in cooked black soybean might be due to the 

heating-induced oxidative condensation or decomposition (Asami, Hong, Barrett, & 

Mitchell, 2003). As with epicatechin, quercetin-3-glucoside also showed thermal 

susceptibility. Correa et al. (2010) identified quercetin-o-hexoside in black soybean with 

LC/ESI/MS, but the sugar moiety attached was not specified. In black turtle bean, six 

flavonoids were identified and quantified. Catechin was only found in cooked sample, 

suggesting the heating-induced depolymerization of condensed tannins. For all flavonoids, 

thermal processing had significant (p < 0.05) effect on their contents, both in fractions and 

seeds. The different change patterns of these compounds upon thermal process reflected 

their different thermal stability and forms of existence. Among the three legumes, myricetin 

only existed in black turtle bean. Our previous study (Tan et al., 2017) had shown myricetin 

was the most potent phenolic compound against α-amylase, α-glucosidase and lipase. 

Therefore, the fractions, either from raw or from cooked black turtle bean, might be a 

promising therapeutic approach to diabetes through the inhibition against the above 

enzymes.

3.5. Identification and quantification of condensed tannins through purification and 
fractionation

In this study, four procyanidin standards were used. Because procyanidin A2 was not found 

in all varieties, it was not included in Table 5. Condensed tannin predominantly existed in 

50% acetone-eluted fractions (F4 for lentil and black soybean and F3 for black turtle bean). 
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The spectrum analysis showed that most of the peaks in these fractions exhibited similar 

pattern: absorbance peaks at about 232 and 279 nm, which are representative of condensed 

tannins. However, the three legume varieties showed different chromatographic profiles not 

only in the number of peaks, but also in the retention time of peaks. This chromatographic 

disparity implied the compositional differences of condensed tannins. For the same legume 

variety, the fractions from raw and cooked materials also exhibited great discrepancy, 

suggesting the effect of thermal process. For lentil, only procyanidin C1 was identified and 

quantified. As shown in Table 5, procyanidin C1 content from cooked lentil fraction was 

more than two times that from raw lentil fraction. However, after correction for mass yield, 

the procyanidin content from cooked lentil seed was significantly (p < 0.05) lower than that 

from raw lentil seed. Bartolome, Estrella and Hernandez (1997) also found procyanidin C1 

in lentil, but the content reported was only about one tenth of the content of our current 

study. In black soybean, procyanidin B2 and procyanidin C1 were detected and quantified. 

However, they existed only in raw black soybean. The disappearance of these two condensed 

tannins after thermal process might be due to the interaction of condensed tannins with 

macronutrients, especially protein during the long processing duration (50 min 100 °C 

steaming) (Awika et al., 2003; Le Bourvellec & Renard, 2012). For the same type of 

condensed tannin C1, as described above, in lentil, even though cooking significantly 

reduced its content, it did not vanish. The differences might be partly attributed to the 

differences of composition and heating conditions of the two varieties. The contents of 

protein, which had the high affinity for tannins, of lentil and black soybean were 22.63 and 

37.59%, respectively (data not shown). The much longer exposure to heating (50 min 

steaming) of black soybean could enhance the interaction between tannins and 

macronutrients either non-covalently or covalently (Le Bourvellec & Renard, 2012). In 

black turtle bean, only procyanidin B1 was identified after cooking, suggesting this 

compound existed only in bound form, which was released by heating or was formed from 

higher MW condensed tannins by depolymerization.

3.6. Identification of individual phenolic compounds

Some phenolic compounds have been identified from these three legume varieties by other 

researchers (Bartolome et al., 1997; Correa et al., 2010; Duenas et al., 2007; Hart, Tako, 

Kochian, & Glahn, 2015; Zhang et al., 2015). However, these reports were inconsistent or 

even contradictory due to the limitation of methods or equipment employed. In this study, 

we compared LC retention time and UV spectrum with available external standards after 

purification and fractionation; and we also used mass spectrometry analysis measuring both 

accurate monoisotopic masses of intact compounds (MS), and spectra of fragmented 

compounds (MSn or MS trees) for confident identification. In lentil, black soybean and 

black turtle bean, 18, 22, and 14 compounds were identified, respectively (Table 6). Even 

though the overall antioxidant and ACE inhibitory capacities of phenolic extracts result from 

the collective actions of numerous phenolics related to their specific chemical structure and 

content, the identified phenolic compounds in Table 6 can still give some insight. For 

example, the much weaker ACE inhibition of black turtle bean might be partially due to the 

lack of p-coumaric acid, caffeic acid and procyanidin C1, which are reported to be potent 

ACE inhibitors (Actis-Goretta, Ottaviani, Keen, & Fraga, 2003; Al Shukor et al., 2013). 

Some of these compounds have not been reported in the literature and can be used as 
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reference database for later studies. It should be noted that in our current study, only three 

isoflavone forms were identified, which was different from our previous study (Zhang et al., 

2015). This was likely due to different extraction procedures employed for this study, since 

our current study aimed to extract flavonoids (not isoflavonoids) in legumes for comparison.

4. Conclusion

Purification and fractionation of phenolic extracts could significantly increase phenolic 

contents and antioxidant capacity. High ACE inhibitory activity was only observed in the 

crude extracts. Three legume varieties exhibited great variations in phenolic composition 

during purification and fractionation. Black soybean showed highest ACE inhibition, 

followed by lentil, and black turtle bean. Except lentil, the ACE inhibitory activity of crude 

extracts from the other two legumes decreased upon heating. With our novel analytical 

methods, different groups of compounds were identified and accurately quantified in these 

three legumes. The findings on antioxidant and ACE inhibitory properties of phenolic 

extracts and fractions contributed to the scientific basis for future development of legume 

nutritional supplements for controlling hypertension.
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Fig. 1. 
IC50 values of ACE inhibitory activity of crude extracts. Different letters above bars mean 

significant difference (p < 0.05).
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Table 2

Protein contents of crude extracts and semi-purified extracts (%).

Crude extracts Semi-purified extracts

Raw lentil 8.07 ± 0.05 8.55 ± 0.21

Cooked lentil 8.13 ± 0.11 8.76 ± 0.33

Raw black soybean 4.81 ± 0.10 4.76 ± 0.06

Cooked black soybean 5.11 ± 0.16 4.98 ± 0.13

Raw black turtle 9.78 ± 0.22 9.59 ± 0.20

Cooked black turtle 9.89 ± 0.19 9.59 ± 0.30

Values are expressed as means ± SD (n = 2).
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Table 5

Condensed tannin contents in fractions legume seeds (μg/g).

Procyanidin B1 Procyanidin B2 Procyanidin C1

Lentil FRLS ND ND 731 ± 38bC

RLS ND ND 2.17 ± 0.11aB

FCLS ND ND 1792 ± 129aB

CLS ND ND 1.39 ± 0.10bC

Black soybean FRLS ND 1186 ± 48 8287 ± 376A

RLS ND 0.86 ± 0.03 5.99 ± 0.27A

FCLS ND ND ND

CLS ND ND ND

Black turtle bean FRLS ND ND ND

RLS ND ND ND

FCLS 2454 ± 139 ND ND

CLS 1.72 ± 0.10 ND ND

Values are expressed as mean ± SD (n = 3); values followed by lowercase letters are significantly (p < 0.05) different between processing 
conditions (raw and cooked) within the same legume variety and sample type (legume seed or fraction). Values followed by different capital letters 
are significantly (p < 0.05) different across variety and processing condition within the same sample type. Condensed tannin content of each type of 
legume seed (raw and cooked) was estimated based on the condensed tannin content and the mass yield of the fraction derived from the legume 
seed. ND: not detected; FRLS: fraction from raw legume seed; RLS: raw legume seed; FCLS: fraction from cooked legume seed; CLS: cooked 
legume seed.
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