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Abstract

:

It has been estimated and demonstrated that the antioxidant capacity of proteins is increased as a result of digestion in the gastrointestinal tract, which can be contributed by denaturation and digestion. This study aimed to evaluate the effect of denaturation and proteolytic digestion on the antioxidant activity of bovine serum albumin (BSA) and chicken egg white proteins in model systems. Denaturation with an anionic detergent (sodium dodecyl sulfate) and digestion with papain and trypsin increased the antioxidant activity/capacity of the proteins, apparently due to the increased exposure of amino acid residues responsible for the antioxidant activity of proteins (tyrosine, tryptophan, cysteine, histidine, arginine, and cystine in the ABTS● decolorization assay; cysteine, tryptophan, tyrosine, and cystine in the FRAP assay). As the increase in the protein antioxidant activity/capacity was limited in extent, it does not invalidate the use of the antioxidant capacity of proteins to be consumed as a rough measure of their antioxidant capacity after modifications in the gastrointestinal tract.
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1. Introduction


There is a permanent interest in the antioxidant properties of food as the source of antioxidant vitamins and other exogenous antioxidants. Databases of the antioxidant capacities of various meals have been constructed to estimate the antioxidant intake [1,2,3,4,5]. One such database was made publicly available on the website of the United States Department of Agriculture but withdrawn since the reported values were misused by manufacturing companies when promoting their products, as well as by consumers misinterpreting them when choosing food and dietary supplements [6,7].



It is obvious, however, that the conditions of the assay of food antioxidant capacity may not fully correspond to the conditions in which antioxidant capacity is manifested in vivo. This statement refers especially to proteins, which are often subjected to denaturation during food preparation and denaturation as well as digestion in the gastrointestinal tract. Most studies have reported an increase in the antioxidant capacity of proteins as a result of simulated gastrointestinal digestion; however, the results are not always concordant. Various models of in vitro digestion are used to evaluate the effect of this process on the total antioxidant capacity (TAC) of food [8]. Release of antioxidant compounds from the food matrix may increase the TAC of plant food [9]. Simulated digestion was found to increase the availability and antioxidant capacity of Maillard reaction products of breakfast cereals [10]. In vitro digestion was found to increase the TAC of cooked mushrooms [11]. However, polyphenols are highly sensitive to mildly alkaline conditions in the small intestine, where most dietary polyphenols are degraded or transformed into other compounds, and, generally, the polyphenol-dependent total antioxidant capacity (TAC) of plant-derived food may decrease after simulated digestion [12,13]. In vitro digestion of the 36 most popular Brazilian foods increased the antioxidant capacity of cereals, legumes, vegetables, tuberous vegetables, chocolates, and fruits but reduced the TAC of beverages (red wine, coffee, and yerba mate), in which the phenolic components were not protected by the matrix against enzymatic action and alteration in pH during digestion [14]. The content of bioavailable phenolics was decreased by simulated gastrointestinal digestion when compared with fresh leaves of Centella asiatica [15]. The cellular antioxidant activity of feijoada, a traditional Brazilian plant-rich meal, was decreased after simulated digestion [16]. On the contrary, simulated gastrointestinal digestion augmented the antioxidant capacity of bovine whey proteins [17]. The antioxidant capacity of amaranth peptides was increased by 20–25% after simulated gastrointestinal digestion [18]. Simulated gastrointestinal digestion augmented the antioxidant capacity of the loach peptide by 5–77% (depending on the assay) [19]. Protease action on salmon byproduct protein from the pectoral fin increased the antioxidant capacity and generated peptides of high antioxidant activity [20]. Simulated digestion was reported to significantly increase the TAC of dairy products, which contributed up to 60% of the daily antioxidant capacity intake. Nevertheless, it was reported that most of the TAC (90–98%) was released from dairy products by microbial fermentation, simulating that taking place in the intestine [21]. For plant-derived food, the fraction of TAC released by fermentation was estimated to range from 80 to 98% [22]. In other words, TAC measured in the food to be consumed contributed only several percent to the TAC, which would be exhibited in the colon. However, this result is difficult to interpret because of the contribution of microbes and products of their metabolism to the TAC measured after food fermentation.



To avoid the ambiguity of results, this study aimed to examine the effect of processes simulating those occurring in the digestive system (denaturation and proteolytic digestion) of bovine serum albumin as a model protein and egg white as a protein-rich food on their antioxidant capacity in model systems to avoid complications arising from the interference of other factors in physiologically relevant situations.




2. Materials and Methods


2.1. Materials


L-Arginine (CAS no. 74-79-3; cat. no. 11009, purity ≥ 99.5%), ferric chloride hexahydrate (CAS no. 10025-77-1; cat. no. 236489, purity ≥ 97%), 6-hydroxy-2,5,7,8-tetramethylochromane-2-carboxylic acid (Trolox) (CAS no. 53188-07-1; cat. no. 238813, purity ≥ 97), L-lysine monohydrochloride (CAS no. 657-27-2; cat. no. L5626, purity ≥ 98%), neocuproine (CAS no. 484-11-7; cat. no. N1501, purity ≥ 98%), papain from papaya latex (CAS no. 9001-73-4; cat. no. P3125, highly purified by chromatography), sodium dodecyl sulfate (SDS) (CAS no.151-21-3; cat. no. L4509, purity ≥ 98.5%), 2,4,6-tri-(2-pyridyl)-s-triazine (TPTZ) (CAS no. 3682-35-7; cat. no. 93285, purity ≥ 99%), cysteine (CAS no. 52-90-4; cat. no. 168149, purity ≥ 97%), as well as trypsin (CAS no. 9002-07-7; cat. no. T1326, purity 99%) were purchased from Merck (Poznań), and L-Cystine (CAS no. 56-89-3; cat. no. 2/03/75, purity 99.9%) was obtained from Biomed (Lublin, Poland).



DL-Dithiothreitol (DTT) (CAS- no. 3483-12-3; cat. no. DTT001.5, purity ≥ 99.5%), L-histidine (CAS no. 71-00-1; cat. no. HIS100.25, purity ≥ 98.5%), phosphate-buffered saline (PBS; cat. no. PBS404.200), sodium phosphate monobasic (CAS no. 10049-21-5; cat. no. SPM306.500, purity 98–103%), and sodium phosphate dibasic (CAS no. 7782-85-6; cat. no. SPD579.1, purity 98–102%) were from LAB EMPIRE (Rzeszów, Poland).



Tryptophan (CAS no. 73-22-3; cat. no. 4858, purity ≥ 98.5%) and tyrosine (CAS no. 60-18-4; cat. no. T207, purity ≥ 99%) were purchased from Roth (Zielona Góra, Poland), and 2,2’-azino-bis(3-ethylobenzthiazoline-6-sulfonic acid) (ABTS) (CAS no. 504-14-6; cat. no. 10102946001, purity > 98%) were from Roche (Warsaw, Poland).



Ethanol (CAS no. 64-17-5; cat. no. 396480111, purity ≥ 99.8%), copper (II) sulfate pentahydrate (CAS no. 7758-99-8; cat. no. 658310422, purity ≥ 98%), and sodium acetate anhydrous (CAS no. 127-09-3; cat. no. BN60/6191, purity ≥ 99%) were from Avantor Performance Materials Poland (Gliwice, Poland). Acetic acid (CAS no. 64-19-7; cat. No. 425687339, purity 80%), hydrochloric acid (CAS no. 7647-01-0; cat. no. 115752837, 35–38%), hydrogen peroxide (CAS no. 7722-84-1; cat. no. 118851934, 30%), sodium nitrite (CAS no. 7632-00-0; cat. no. 792690115, purity ≥ 97.5%), and Tris-HCl (CAS no. 77-86-1; cat. no. 118534707, purity ≥ 99%) were provided by Chempur (Piekary Śląskie, Poland).



Albumin Fraction V (BSA) (CAS no. 9038-46-8; cat. no. A1391,0025, purity ≥ 97%) was bought from AppliChem (Darmstadt, Germany). β-Mercaptoethanol (BME) (CAS no. 60-24-2; cat. no. Z523A, 48.7%) was provided by Promega (Madison, WI, USA), and NaOH (CAS no. 1310-73-2; cat. no. 056992, purity ≥ 98%) was from Warchem (Warsaw, Poland). All other reagents, if not mentioned otherwise, were purchased from Merck (Poznan, Poland) and were of analytical grade. Distilled water was purified using a Milli-Q system (Millipore, Bedford, MA).



Stock solutions of BSA were made in PBS. The chicken egg white was diluted 10 times with PBS.



Transparent flat-bottom 96-well plates (Greiner, Kremsmünster, Austria) were used for the assays. Absorptiometric measurements were conducted in a Spark multimode microplate reader (Tecan Group Ltd., Mannedorf, Switzerland).




2.2. ABTS● Decolorization Assay


The assay was conducted as described previously [23]. Briefly, aliquots of the amino acids or protein solutions containing increasing amounts of the reactants were added to wells of a 96-well plate containing 200 μL of ABTS● solution diluted with PBS so as to provide absorbance of 1.0 at 734 nm in a plate reader. The decrease in absorbance was read after 30 min of incubation at ambient temperature. Antioxidant activity/capacity was calculated using the formula:


Antioxidant activity = (slope of dependence of absorbance change on the amount of tested compound)/(slope of dependence of absorbance change on the amount of Trolox)



(1)




and expressed in moles of Trolox equivalents (TEs) per mole of amino acid or gram of BSA or mL of non-diluted egg white [23]. The term “antioxidant activity” is used consequently in this paper with respect to a defined compound and “antioxidant capacity” with respect to a complex material containing antioxidants [24], such as egg white.




2.3. FRAP Assay


The assay was performed according to a modified procedure of Benzie and Strain [25]. In brief, aliquots of the amino acids or protein solutions containing increasing amounts of the reactant were added to wells of a 96-well plate containing 200 μL of the working solution, freshly prepared by mixing ten volumes of 0.3 M acetate buffer, pH 3.6, one volume of 10 mM TPTZ in 40 mM HCl, and one volume of 20 mM FeCl3. After 30 min incubation at ambient temperature, absorbance was measured at 593 nm against a reagent blank. Antioxidant activity was calculated and expressed in TEs as above [23]. Protein-containing samples became slightly turbid after their addition to the working solution, so they were centrifuged before the measurements.




2.4. CUPRAC Assay


A modification of the procedure of Özyürek et al. [26] was used. Briefly, 50 μL of 50 mM Tris-HCl buffer, pH 7.0, were mixed with 50 μL of 10 mM CuSO4, 50 μL of 7.5 mM neocuproin solution in ethanol and 50 μL of PBS containing increasing amounts of amino acids. After 60 min incubation at ambient temperature, absorbance was measured at 450 nm against a reagent blank. Antioxidant activity was calculated and expressed in TEs as above. It was not possible to use the CUPRAC assay to determine the protein antioxidant activity/capacity since significant protein precipitation was observed, apparently due to the high ethanol concentration in the samples.




2.5. Protein Denaturation


BSA (500 μg/mL) in PBS (9 volumes) was added with 1 volume of 5% SDS and compared with BSA solution added with deionized water in the same proportion. Egg white diluted 10× with PBS was treated in the same manner.




2.6. Protein Digestion


BSA solution in PBS (10 mg/mL) and egg white diluted 10× with PBS were added with papain (2 mg/mL) and incubated at 37 °C for 24 h. In parallel, control samples containing no papain and papain alone (2 mg/mL PBS) were incubated. Alternatively, 9 volumes of BSA solution in PBS (5 mg/mL) were added with 1 volume of 0.05% trypsin (or PBS for control preparations) and incubated at 37 °C for 3 h. Then, the protein antioxidant activity/capacity was measured. The antioxidant activity of papain or trypsin was subtracted from that of protein digested with papain or trypsin, respectively.




2.7. Statistics


All measurements were performed at least in triplicate and repeated at least three times on different preparations. As the dependencies of absorbance changes on the concentration of amino acids were linear, the slopes were calculated with the REGLINP function (Excel). For proteins, the linear portions of these dependencies were used for the calculation of antioxidant activity/capacity. The error of antioxidant activity/capacity was calculated from errors of the slopes of dependences of absorbance changes on the amount for amino acids/proteins and for Trolox using the total differential method: error of antioxidant activity = [(error of slopeamino acid or protein)2 + (error of slopeTrolox)2]1/2. Statistical significance of differences was evaluated using the two-tailed Student’s t-test (Excel).





3. Results


3.1. Amino Acids Contributing to the Antioxidant Activity/Capacity of Proteins


The antioxidant activity of a protein molecule and the antioxidant capacity of protein mixtures are conditioned by the reactivity of only some amino acid residues. Six amino acids showed reactivity in the ABTS● decolorization assay: Tyr > Trp > Cys > His > Arg > cystine. Other amino acids, including Met, did not exhibit any detectable reactivity. In the FRAP assay, three amino acids were reactive: Cys > Trp > Tyr; cystine showed very weak antioxidant activity. In the CUPRAC assay, these three amino acids were also reactive, but the sequence of reactivity was different: Cys > Tyr > Trp (Table 1).



Therefore, the antioxidant activity/capacity of proteins depends on the accessibility of these amino acid residues to ABTS● or Fe3+ and Cu2+, respectively. In order to check whether this accessibility can be altered by protein digestion and denaturation, we compared the antioxidant activity of BSA and the antioxidant capacity of egg white subjected to denaturation with SDS and digestion by trypsin and papain.




3.2. Effect of Denaturation on Protein Antioxidant Activity/Capacity


Protein denaturation by SDS caused an increase in the total antioxidant activity of BSA and the total antioxidant capacity of egg white in the ABTS● decolorization assay. The dependence of the extent of ABTS● reduction was not linear, showing saturation for the higher amounts of BSA/egg white, approaching the limit of ABTS● available for reduction. For both BSA and egg white, the increase in antioxidant activity was apparent, especially in the non-linear part of the plot (Figure 1). SDS alone did not react with ABTS● or with the FRAP reagent.



The SDS-induced increase in the antioxidant activity of BSA and the antioxidant capacity of egg white was smaller in magnitude but still detectable for BSA and well visible for egg white in the FRAP assay (Figure 2).




3.3. Effect of Digestion on the Protein Antioxidant Activity/Capacity


Papain digestion brought about a significant increase in the antioxidant activity of BSA and, especially, in the antioxidant capacity of egg white (Figure 3).



The increases in the antioxidant activity of BSA and the antioxidant capacity of egg white treated with papain were also detectable in the FRAP assay. This effect was not visible only for the lowest concentration of BSA when subtraction of the antioxidant activity of papain brought the antioxidant activity of papain-treated BSA below the level of the control BSA (Figure 4). This result may be artefactual since self-digestion of papain may be more exhaustive and increase its own antioxidant activity more than in the presence of substrate excess.



Digestion with trypsin brought a similar effect, significantly increasing the antioxidant activity of BSA assayed by ABTS● decolorization. The augmentation of the antioxidant capacity of egg white proteins treated with trypsin was lower and detectable only for some amounts of egg white (Figure 5).



The effect of detergent denaturation and proteolytic digestion on the antioxidant activity of BSA and the antioxidant capacity of chicken egg white is summarized in Table 2. The percent increase in the antioxidant activity/capacity was the highest in the case of SDS-induced denaturation, somewhat smaller for papain digestion, and the smallest for the case of trypsin digestion for both BSA and egg white. In the case of egg white, the increase induced by trypsin digestion did not reach the level of statistical significance.





4. Discussion


One asset of this study is the indication of the contribution of individual amino acid residues to the antioxidant activity of proteins by analysis of the antioxidant activities of individual amino acids. These activities were different when estimated with different assays. The highest number of amino acids (tyrosine, tryptophan, cysteine, histidine, arginine, and cystine) showed reactivity in the ABTS● decolorization assay. Cysteine, tyrosine, and tryptophan were also reactive in two other assays; their activities were the highest in the ABTS decolorization assay and higher in the CUPRAC assay than in the FRAP assay. These differences in reactivity are apparently due to differences in the reaction mechanisms with various reagents and to pH differences (pH 3.6 in the FRAP assay, 7.0 in the CUPRAC assay, and 7.4 in the ABTS● assay). Interestingly, cystine showed some reactivity in the ABTS● decolorization assay and a trace reactivity in the FRAP assay, apparently due to ABTS●- and Fe3+-induced fission of the S-S bond and sulfur oxidation to sulfinic or sulfonic acids [27,28].



The antioxidant activities of reactive amino acids in the ABTS● decolorization and CUPRAC assays were higher than 1 with respect to Trolox. Trolox reacts with ABTS● in two one-electron steps, each Trolox molecule eventually consuming two ABTS● radicals [29,30]. Two consecutive one-electron reactions with ABTS● transform a reducing group in an antioxidant molecule into a stable oxidized form. If one such group in the antioxidant molecule reacts with ABTS● or Fe3+, the stoichiometry with respect to Trolox will be 1. Stoichiometry higher than 1 (with respect to Trolox) indicates more complex reactions and/or further reactivity of amino acid oxidation products with ABTS● or Cu2+. In the case of ABTS●, other reactions of the ABTS● radical, apart from reduction (addition, degradation, etc.), can also contribute to the increased stoichiometry of amino acids in the decolorization assay [30].



Results shown in Table 1 demonstrate that only some amino acid residues have antioxidant activity. Thus, only these amino acid residues determine the antioxidant activity of protein molecules. These residues may be not accessible for the reactions with ABTS● or Fe3+ if buried inside a native protein molecule. It is usually assumed that the thiol groups of cysteine are the main groups responsible for the antioxidant activity of proteins [31,32,33]. However, our results indicate that tyrosine and tryptophan residues (and, to a smaller extent, histidine, arginine, and cystine in the ABTS● decolorization assay) also contribute to the antioxidant activity of proteins. We employed 30 min incubation times in our assays (which are more relevant than shorter assay times for protein interactions in vivo). The relative contribution of various amino acid residues to protein antioxidant activity/capacity can be different for shorter assay times.



This study demonstrates the effects of defined treatments relevant to phenomena occurring during food digestion on the antioxidant activity of a model protein (BSA) and the antioxidant capacity of a protein-rich food (egg white).



The antioxidant activity of BSA estimated by our ABTS assay was about 170–180 μmol/g (Table 2). Taking into account the amount of reactive amino acids in BSA (172 μmol Arg, 193 μmol His, 29 μmol Trp, 127 μmol Tyr [34], 15 μmol Cys, and 250 μmol cystine [35] per g BSA) and considering that only about 60% of the Cys residues are in the reduced state in BSA [36], and assuming antioxidant activities of amino acids shown in Table 1, the total antioxidant activity of BSA should be about 847 μmol/g. Thus, only a fraction of amino acid residues is available for ABTS●, and there is great room for an increase in the reactivity of BSA with ABTS●, as observed after denaturation with SDS and papain digestion. The total antioxidant activity of BSA calculated in the same way for the FRAP assay (about 66 μmol/g) is also higher than that determined experimentally. In this assay, the difference between the maximal and determined antioxidant activity is smaller; it may be due to the low pH of the assay, which causes BSA denaturation. A transition from the normal (N) form of the protein to the partly open, fast migrating (F) form occurs at a pH lower than 4.5 [37]. This transition can be expected to increase the accessibility of more reactive amino acid residues in the protein to Fe3+. The denaturation of many proteins in the FRAP assay may account for lower effects of the procedures applied in this assay in comparison with the ABTS● decolorization assay.



Protein denaturation can occur in the stomach due to low pH but also in the intestine due to the detergent action of bile acids [38]. SDS is a model anionic detergent binding not specifically to proteins and is used for the denaturation of proteins prior to polyacrylamide gel electrophoresis to enable their separation according to apparent molecular weight. Generally, proteins bind up to 1.4 g SDS/g; the binding is independent of ionic strength and primarily hydrophobic in nature [39]. The amounts of SDS used in this study corresponded to 1.0 g/g BSA and 0.51 g/g egg white protein, assuming the egg white protein content of 10.5% and density of 0.93 g/mL [40,41]. The onset of protein denaturation coincides with the critical micelle concentration (cmc) of SDS, which is in the range of several mM, depending on the concentration of SDS-binding proteins [42]. Below cmc, the detergent does not significantly modify the native protein conformation of BSA [43].



The binding of SDS in amounts close to saturating ones unfolds protein molecules due to electrostatic repulsion between negatively charged SDS molecules, eventually to rod-like structures exposing residues that may be not accessible in the native protein structure. Tyr and Trp residues, which contribute significantly to the antioxidant activity of proteins, are often buried inside the hydrophobic interior of protein globules, and unfolding of the molecules may make them accessible for ABTS● or Fe3+. Detergent-induced dissociation of protein complexes may expose reactive amino acid residues. However, extensive detergent binding can also limit the access of the reagents, decreasing the yield of the reaction, so the net effect of detergents on the antioxidant capacity of proteins is not easy to predict. Under the experimental conditions applied, SDS increased the antioxidant activity of BSA and the antioxidant capacity of egg white, apparently due to the unfolding of BSA and egg white proteins.



Similarly, the digestion of proteins may increase the accessibility of reactive amino acid residues if a protein molecule is fragmented. The increase in the antioxidant activity/capacity was more pronounced after the papain treatment than after the trypsin treatment. This is apparently due to the higher substrate specificity of trypsin than papain, enabling papain to hydrolyze more peptide bonds in protein molecules [43]. However, the fragments produced by proteolysis also adopt a conformation most favorable energetically, burying hydrophobic residues inside; therefore, the digestion-induced increase in antioxidant activity of proteins may be limited, as observed in the present study. Denaturation by low pH in the stomach or by heating may also decrease protein antioxidant capacity by the aggregate formation and decrease the protein solubility [44] and availability of redox-active amino acid residues. In agreement with this expectation, an increase in the egg white antioxidant capacity after digestion with papain and papain+pancreatin, but not by boiling, was found by other authors [45].




5. Conclusions


This study points out that several amino acids are reactive in antioxidant activity assays: Tyr > Trp > Cys > His > Arg > cystine in the ABTS● decolorization assay and Cys > Trp > Tyr >> cystine in the FRAP assay; reactions of these amino acids determine the antioxidant activities of proteins. The results of this study demonstrate that both detergent-induced denaturation and proteolytic digestion increased the antioxidant activity of BSA and the antioxidant capacity of egg white, but the effects were limited in extent, being contained in the range of 5–67%.
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Figure 1. Effect of denaturation with SDS (0.5% final) on the antioxidant activity of bovine serum albumin (BSA) and antioxidant capacity of egg white assayed by ABTS● decolorization. In some cases, standard deviations were lower than the symbol size (also in other Figures). 
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Figure 2. Effect of denaturation with SDS (0.5% final) on the antioxidant activity of BSA and antioxidant capacity of egg white assayed by the FRAP method. 
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Figure 3. Effect of digestion with papain on the antioxidant activity of BSA and antioxidant capacity of egg white assayed by ABTS● decolorization. 
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Figure 4. Effect of papain digestion on the antioxidant activity of BSA and antioxidant capacity of egg white assayed by the FRAP method. 
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Figure 5. Effect of digestion with trypsin on the antioxidant activity of BSA and antioxidant capacity of egg white assayed by ABTS● decolorization. 






Figure 5. Effect of digestion with trypsin on the antioxidant activity of BSA and antioxidant capacity of egg white assayed by ABTS● decolorization.



[image: Processes 11 01362 g005]







[image: Table] 





Table 1. Reactivity of amino acids in three assays of antioxidant activity.






Table 1. Reactivity of amino acids in three assays of antioxidant activity.





	Amino Acid/Assay
	ABTS•

Decolorization

[mol TE/mol]
	FRAP

[mol TE/mol]
	CUPRAC

[mol TE/mol]





	Cysteine
	2.07 ± 0.24
	0.725 ± 0.065
	1.775 ± 0.110



	Tyrosine
	4.07 ± 0.86
	0.260 ± 0.022
	1.656 ± 0.215



	Tryptophan
	3.32 ± 0.52
	0.385 ± 0.007
	0.401 ± 0.042



	Cystine
	0.15 ± 0.02
	0.045 ± 0.003
	No reaction



	Histidine
	0.50 ± 0.10
	No reaction
	No reaction



	Arginine
	0.40 ± 0.04
	No reaction
	No reaction







Other amino acids were not reactive.
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Table 2. Effect of detergent denaturation and protease digestion on the antioxidant activity of BSA and antioxidant capacity of egg white.
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Method of Assay

	
BSA Antioxidant Activity

[μmol/g]

	
Egg White Antioxidant

Capacity [μmol/mL]




	

	
Control

	
Treated

	
Control

	
Treated






	
SDS denaturation




	
ABTS● decolorization

	
174 ± 12

	
250 ± 23 **

(144%)

	
6.82 ± 0.09

	
11.39 ± 1.89 ***

(167%)




	
FRAP

	
35.2 ± 2.6

	
40.8 ± 3.0 *

(116%)

	
48.6 ± 4.5

	
63.1 ± 7.2 *

(130%)




	
Papain digestion




	
ABTS● decolorization

	
173 ± 14

	
216 ± 10 *

(125%)

	
6.91 ± 0.55

	
8.71 ± 0.86 *

(126%)




	
FRAP

	
36.7 ± 2.1

	
41.2 ± 1.8 *

(112%)

	
46.3 ± 2.1

	
53.2 ± 1.5 *

(115%)




	
Trypsin digestion




	
ABTS● decolorization

	
176 ± 11

	
199 ± 10 *

(113%)

	
6.79 ± 0.51

	
7.10 ± 0.38 NS

(105%)








* p < 0.05; ** p < 0.01; *** p < 0.001; NS, not significant
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