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Abstract 12 

Protein digestibility of soybean (soaked "S", boiled "B", and fermented "F" soybeans) was 13 

changed as 20.58 ± 0.25%, 48.71 ± 0.04%, and 50.21 ± 0.45%, respectively in the 14 

preparation of soybean fermentation. After simulated digestion, the increment rate of protein 15 

digestibility of both B and F was comparable and higher than that of S accompanying by the 16 

accumulations of small protein sub-fractions and essential amino acids. Interestingly, 17 

bioactivity parameters of all digested fractions increased by around 2 to 4-fold when 18 

digestion stages were progressed with overall F showed the maximum values. Processing 19 

not only improves the palatability but also increases protein utilization, the bioavailability of 20 

nutrients, and healthy support. The study verified the effect of processing and the benefits of 21 

soybean and fermented soybean beyond their basic nutrients which could be claimed as 22 

functional foods with higher protein digestibility and indispensable amino acids as well as 23 

potential bioactivities.  24 
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Introduction 25 

A fermented soybean using pure cultured Bacillus subtilis subsp. natto, is called “natto”, one 26 

of the Japanese traditional plant-based fermented foods. Natto is comprised of fundamental 27 

nutrients, i.e. dietary fiber, isoflavones, linoleic acid, vitamins, and some minerals as well as 28 

some bioactive substances namely nattokinase (a fibrinolytic agent), gamma-polyglutamic 29 

acid (γ-PGA), and bioactive peptides.1 The beneficial attributes of natto might be concerned 30 

with enzymatically degraded polymeric substances from soluble solids, in particular, soluble 31 

nitrogenous compounds from fermentation by B. subtilis proteases which hydrolyze soy 32 

protein into oligopeptides and short-chain peptides during fermentation.2 This can promote 33 

an improvement in protein digestibility, a reduction in anti-nutritional factors as well as 34 

hydrolysis of oligosaccharides (stachyose and raffinose).3 Natto quality mainly depends on 35 

the conditions of soaking, cooking, fermentation bacteria strain and soybean cultivars. The 36 

degree and speed of the reactions, and substances, enzymes, amino acids and peptides 37 

released during fermentation process also affect natto characteristics and flavor.4 38 

Apart from aforementioned factors, digestive system significantly alters the release of new 39 

active fragments that present higher or lower bioactivity than raw materials after 40 

consumption. González Montoya et al.5 demonstrated estimating protein availability for 41 

intestinal absorption after digestion can be evaluated from protein digestibility which 42 

reflecting the efficiency of utilization of dietary protein. The more peptide bonds are broken, 43 

the more proteins are hydrolyzed and so the lower molecular weight (MW) of oligopeptides 44 

and the more free amino acids produced.6 Amino acid profile is another vital factor in 45 

evaluating the protein nutritive quality. The digestion of that protein into small peptides and 46 

free amino acids is the principal parameter of the absorption of its amino acids by the human 47 

body.7 As a result of hydrolysis of soybean proteins (Glycinin and β‐conglycinin) during 48 

fermentation or digestion, bioactive peptides are produced. They may exhibit bioactive 49 

properties and act like regulatory compounds for instance antioxidant, anti‐diabetic, anti‐50 

hypertensive, antimicrobial, anti-inflammatory and prevention of cancer and gastrointestinal 51 
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disorders.4 Besides, natto consumption contributes to improvement of the intestinal flora on 52 

both the composition and the metabolites aspect. Additionally, the odor of the faces was 53 

slightly reduced when consumed regularly which related to protein digestion and metabolic 54 

activity of the human fecal flora.8 55 

Nowadays, information on benefits of natto products is extensive. However, the information 56 

on changes in biochemical characteristics (i.e. soluble peptides, protein digestibility, amino 57 

acids and total phenolic content) and potential health benefits (i.e. antioxidant activity and 58 

anti-inflammatory activity) for soybeans at different conditions for fermentation processing, 59 

i.e. soaking, boiling and fermentation is limited. It is also essential to verify whether protein 60 

become easier digestible at which fermentation processing steps as well as biochemical 61 

properties. The purpose of this study is to investigate the effect of fermentation processing, 62 

i.e. soaking (as uncooked), boiling (as cooked) and fermentation steps, on the protein 63 

digestibility of soybeans using a simulated in vitro gastrointestinal digestion technique. 64 

Digested fractions from three soybean conditions during simulated digestion were also 65 

investigated for the evaluation of potential health benefits such as antioxidant activity and in 66 

vitro anti-inflammatory activity. 67 

 68 

Results and discussion 69 

Simulated in vitro digestion parameters 70 

Figure 1 displays the variability in TSN (%), yield of TCA-soluble peptides (mg/mL), SDS-71 

PAGE profile and free amino acid composition determined as well as the protein digestibility 72 

(%) compared to total protein content in soaked soybeans (S). The digested fraction (freeze-73 

dried powder) of B showed the most TSN content followed by that in F and S as shown in 74 

Figure 1. TSN content stability during simulated digestion was slightly increased in F (5.14–75 

7.82%) and B (7.20–8.53%) and quite stable in S (6.43–6.32%). Nitrogen content rose 76 

approximately 1.20-fold between before and after simulated digestion in F and B. The 77 

increase of nitrogen content proved that more nitrogen was released during stimulated 78 
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digestion. The higher nitrogen content in F than that in S may have been generated from 79 

hydrolysis by bacterial fermentation. Previous studies have shown that an increase in 80 

soluble and dialyzable material is caused by biochemical changes in the substrate from 81 

fermentation of soybeans using several Bacillus spp.6 Investigations of the level of protein 82 

and carbohydrate breakdown in fermented soybean by Lee et al.14 revealed the major 83 

breakdown of polymers into water-soluble low-MW peptides, oligosaccharides and 84 

monosaccharides. It was shown that soybean macromolecules are hydrolyzed to a large 85 

extent by fermentation with Bacillus spp., resulting in water-soluble low-MW compounds 86 

corresponding to the increase in TCA-soluble peptides and protein digestibility shown in 87 

Figure 1B and 1C. In addition, an increase in the amount of dialyzable matter of simulated 88 

digestion of F using gastrointestinal enzymes also clearly demonstrates the beneficial effect 89 

of Bacillus fermentation on food nutrient bioavailability in the stimulated digestion. Not only 90 

nitrogen content but also digestible material should be determined to confirm digestibility 91 

because TSN cannot represent amino acids and very short peptides. Thus, quantitative 92 

measurement of the short-chain peptides produced during simulated digestion performed 93 

using TCA-soluble peptides can be used to assess protein digestibility. 94 

The progress of hydrolysis was also confirmed by the determination of the TCA-soluble 95 

peptide content and is depicted in Figure 1B. Besides that, peptides have been reported 96 

more rapidly utilized than amino acids and proteins.15 It was shown that the progress of the 97 

digestion stage increased TCA-soluble peptides. The digested fraction of F showed the 98 

highest concentration of TCA-soluble peptides (7.51–22.13 mg/mL) followed by that in B 99 

(2.09–21.47 mg/mL) and S (0.64–9.07 mg/mL). The higher TCA-soluble peptide 100 

concentration (7 mg/mL) in F before simulated digestion (stage 0) is because of the large 101 

amount of soluble peptides initially present in F generated by B. subtilis fermentation.16 102 

Then, during digestion, more TCA-soluble peptides were generated because of the reaction 103 

of digestive enzymes. Obviously, the TCA-soluble protein content for all kinds of soybean 104 

after simulated digestion (stage 4) was significantly higher than that before digestion (stage 105 
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0) (P < 0.05). After the simulated gastric digestion stage, the increment of TCA in F, B and S 106 

was 2.06-, 5.81- and 13.06-fold whereas the total increment after simulated digestion was 107 

2.95-, 10.27- and 14.17-fold, respectively. From these numbers, it can be seen that a huge 108 

change was observed in the digested fraction of B. Those results corresponded with the 109 

release of soluble nitrogen and free amino acid content and the increment of free amino 110 

acids by group, as reported in Figure 1A and Tables 1 and 2, respectively. Increment of 111 

TCA-soluble peptides from the reaction of gastric enzymes in F was 2.06-fold and in B was 112 

5.82-fold whilst it was 1.43-fold (F) and 1.77-fold (B) from the reaction of digestive enzymes 113 

in the simulated intestinal stage. From this, it can be inferred that protein digestion happens 114 

in the stomach stage more than the intestinal stage. The slight change of TCA-soluble 115 

peptides between before and after digestion in S can be understood by the presence of 116 

protease inhibitors especially trypsin inhibitor (TI) which inhibits pancreatic protease, 117 

proteolysis and the absorption of dietary proteins.17 Chi and Cho17 reported that the trypsin 118 

and α-chymotrypsin inhibitor content in raw soybean is 46 ± 6 IU/10 g whereas that in natto 119 

is 2.7 ± 1.6 IU/10 g. Soybean meal contains 4.77 mg/g TI which decreases to 1.3 mg/g after 120 

heat treatment (by steaming at 100 °C for 30 min in an autoclave) Chi and Cho.17 121 

Furthermore, some phenolic compounds present in soybeans are also known to inhibit 122 

protein absorption. This has been mainly explained by proteins being nonspecifically bound 123 

and precipitated by high concentrations of tannins which are therefore considered as anti-124 

nutritional compounds.18 The change in TCA-soluble peptides between before and after 125 

simulated digestion showed that the protein in B and F was digested and protein utilization 126 

significantly improved. Chen et al.7 also reported augmentation of TCA-soluble peptides in 127 

fermented soybean compared to raw material or soybean flour. The increase in digestibility 128 

improves the nutritional quality of soybean proteins by favoring hydrolysis and the absorption 129 

of amino acids and short-chain peptides which are essential to human metabolism as can be 130 

seen from the amino acid compositions in Table 1. 131 

Protein digestibility calculated from TCA-soluble peptides is shown in Figure 1C. Protein 132 
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digestibility increased as the digestion stage progressed. F showed the highest protein 133 

digestibility (17.05-50.21%) followed by B (4.75-48.71%) and S (1.46-20.58%) after the 134 

digestion. The rate of increment of protein digestibility, B showed a better increment (2.64-135 

fold) followed by F (1.86-fold) and S (1.13-fold) compared to that of stage 1. Even though B 136 

showed the highest protein digestibility increment rate, the protein digestibility of F had a 137 

similar rate to that of B (around 1.2-fold) at the final digestion stage. The stable protein 138 

digestibility was observed in S from stage 1 until the end of the digestion. During simulated 139 

digestion, the protein in F and B was digested better than in S. The increased in protein 140 

digestibility shows the ability of digestive enzymes in the simulated gastric digestion stage to 141 

digest the protein in F and B. It could be assumed that both boiling and fermentation 142 

contributes to the improvement of protein digestibility. Digested F could improve oligopeptide 143 

fractions from bacterial fermentation, likewise as aid by heating thus improve protein 144 

digestibility. Moreover, the fermentation process results in a higher protein digestibility and 145 

available lysine content, especially when it is combined with microbial enzymes to 146 

significantly improve protein utilization. However, the slight difference between F and B could 147 

be explained by the effect of natto texture that has a slime-coated appearance which could 148 

hamper or delay the penetration of digestive enzymes.19 Besides, the presence of slime or 149 

mucilage could form sticky solutions or gels, and impact passage rate, stickiness as well as 150 

interactions with digestive enzymes and buffer solution in the stomach and small intestine.20, 
151 

21. 152 

Soluble protein fractions and distribution by SDS-PAGE 153 

The soluble protein distribution profile at each stage of simulated digestion for S, B and F is 154 

shown in Figure 2. Comparing S0, the protein-based anti-nutrient factors, for example TI and 155 

allergens, were almost completely broken down and hydrolyzed into low-MW peptides in B0 156 

and F0 due to the proteolysis that occurred during fermentation with Bacillus spp. var. natto. 157 

Besides that, the proteins > 28 kDa were mostly eliminated, resulting in an accumulation of 158 

low-MW compounds as shown in Figure 2, F0, lane 13. Apart from the action of microbial 159 
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enzymes by fermentation, Figure 2 shows a change in the distribution of proteins during 160 

simulated digestion. In B0–4 and F0–4, the high-MW proteins were obviously decreased, 161 

and the accumulation of small proteins was increased by the progress of the digestion stage. 162 

Our results showed that the ratio of the small protein fraction in stage 4 is the highest. During 163 

pepsin digestion stages (1–2), the intensity of the protein bands corresponding to 7S and 164 

11S fractions was decreased and many peptide bands appeared at < 36 kDa, indicating 165 

protein hydrolysis (B1–B4). Simulated digestion of F caused complete degradation of 166 

polypeptides > 20 kDa and increased the abundance of oligopeptides with MW < 10 kDa 167 

(F4, lane 17, Figure 2). Already after simulated digestion for 3 h (F3, lane 16), all protein 168 

subunits were degraded to a large extent, and after 4 h of simulated digestion virtually all big 169 

molecular-size proteins had disappeared (F4, lane 17). From the results, peptides with low 170 

MW were formed according to the degradation of some high MW peptides during simulated 171 

digestion. This result suggests that digestive enzymes containing active proteases 172 

decompose the larger proteins. In the case of pepsin hydrolysis, the subunits of fermented 173 

soybean protein were partially digested within 1–2 h, whilst in intestinal digestion, most 174 

disappearance of larger molecules was found after 2 h. Besides that, fermentation improves 175 

digestibility due to the reduction of the presence of anti-nutritional factors such as protease 176 

inhibitors (trypsin/chymotrypsin inhibitors), tannins and lectins and the degradation of 177 

soybean allergens by microbial proteolytic enzymes.3, 22, 23 This study verified that protein 178 

was mainly digested to smaller MW size fragments that could be a prime contributing factor 179 

to superior bioavailability and benefit to human health. 180 

Total phenolic content (TPC) 181 

Changes in TPC at each digestion stage of F, B and S are shown in Figure 3A. Overall, TPC 182 

escalated with the digestion stage progressed. Except in S, a remarkable increment was 183 

observed through the digested fractions of F and B at each digestion stage. The release of 184 

TPC into digested solution of B (15.85–25.17 mg GAE/g protein) was better than in F 185 

(10.41–25.65 mg GAE/g protein) whereas it was quite stable in S (10.58–14.00 mg GAE/g 186 
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protein). This may be due to disruption of the cell matrix by heat, so soluble phenolics are 187 

released outside. In addition, digestive enzymes play a crucial role in exposing water-soluble 188 

polyphenols from the structure. Increments of 1.68- and 1.39-fold were found in F and B 189 

gastric fractions, respectively. Besides that, 1.47- and 1.13-fold increments were found 190 

between gastric and intestinal digestion for F and B, respectively. Even though the amount 191 

of TPC in digested B was high, a bigger increment of TPC was observed in F. TPC in B and 192 

F was comparable in digestion stages 3 and 4. This may correspond with the easier release 193 

of TPC in F than B. The structure between proteins and polyphenolics was broken by 194 

hydrolysis. During the gastric stage, more TPC leaching occurred than during intestinal 195 

stages. Pepsin could play a role in freeing TPC bound in the soybean structure. In addition, 196 

the increment in free phenolic acids in F is probably due to the production of β-glucosidase 197 

during fermentation.24 An escalation in free phenolics is related to their antioxidant potential 198 

and expected to improve their bioavailability in the intestine. 199 

Antioxidant activity. From Figure 3, it could be stated that there was more correlation 200 

between peptide content and antioxidant activity than between phenolic compound and 201 

antioxidant content, which means that the antioxidant activity of peptides is higher than that 202 

of phenolic compounds. All antioxidant properties improved between before and after 203 

digestion. F showed better DPPH, FRAP and MIC activity but not ABTS activity than B. The 204 

digested fraction of S showed higher DPPH activity than B; however, it was stable even 205 

when the digestion stage progressed. Besides that, the antioxidant activity of S was stable 206 

as the progress of the digestion. The digested fraction of F showed the highest DPPH 207 

activity (24.12–68.00 µmol TE/g protein) followed by S (40.03–51.52 µmol TE/g protein) and 208 

B (4.19–22.12 µmol TE/g protein) (Figure 3B). According to Yadav et al.,25 a reduction in 209 

DPPH activity was observed in two of the studied cultivars (EC4216 and BL2) of cowpea 210 

seeds after thermal treatment as a result of leaching out of phenolic compounds from seeds 211 

due to heat application. Besides, phenolic compounds, especially tannins, are also likely to 212 

form insoluble complexes with protein of cowpea seed under some thermal conditions.25 213 
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This could explain the reduction of DPPH activity of B. However, F showed higher DPPH 214 

activity than S and B, it may be because the activity of S comes only from phenolic 215 

compound reactions not of both phenolic compounds and oligopeptides as in F. An increase 216 

in DPPH activity in F may corresponding to higher TPC content because microbial enzymes.  217 

Higher molecular weight phenolic compounds were depolymerized to simple phenolic 218 

monomers like catechins by metabolic activity of microbes. Additionally, fermentation can 219 

also change the level of bioactive compounds and can further breakdown cell walls of seed 220 

leading to liberation or synthesis of various bioactive compounds.26, 27 221 

The DPPH activity increased with the digestion stage progressed except that it was stable in 222 

S. The increment of DPPH activity during gastric digestion was 2.42- and 1.96-fold whereas 223 

that after the intestinal stage was 1.17- and 2.69-fold in F and B, respectively. Even though 224 

the DPPH activity in digested fractions of F was higher than that of B, the big change in 225 

increment was found in B. The same trend as DPPH was observed for ABTS: the activity 226 

increased in the digestion stage progressed. ABTS ranged from 0.84 to 3.62, 2.07 to 2.99 227 

and 0.97 to 1.08 mg AA/g protein in F, B and S, respectively, as shown in Figure 3C. The 228 

biggest change was found in F for the gastric stage (2 h): ABTS increased (P < 0.05) 229 

approximately twice in the gastric stage (1.72 mg AA/g protein), followed by an increase of 230 

around 4.31-fold (3.62 mg AA/g protein) for the intestinal stage compared to the undigested 231 

stage (0 h) (0.84 mg AA/g protein). No big differences in ABTS were observed during 232 

digestion for B and S. 233 

In the digested fractions of F, the biggest increment antioxidant activity was found in ABTS 234 

(4.32-fold) followed by DPPH (2.85-fold), MIC (2.21-fold) and FRAP (1.93-fold) compared to 235 

those in F0. Furthermore, FRAP of the digested fraction of F unceasingly accrued from 236 

10.92 up to 18.80 and 21.10 µmol FeSO4/g protein for gastrointestinal and intestinal stage 237 

which calculated to almost 2-fold of increment (P < 0.05) whereas it increased slightly for B 238 

(9.96 to 18.95 µmol FeSO4/g protein) and was stable for S (7.13 to 9.22 µmol FeSO4/g 239 

protein) (Figure 3D). The augmentation in FRAP of digests shows that F proteins can be 240 
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more effective in donating electron after simulated digestion. The chelation of transition 241 

metals such as Fe2+ and Cu2+ helps to delay peroxidation and subsequently prevent food 242 

rancidity. The change of MIC activity during simulated digestion of F, B and S was also 243 

investigated (Figure 3E). For the digested fractions of F, the MIC value was drastically 244 

increased from 2.76 to 5.47 and 6.10 µmol EDTA/g protein for F0, F3 and F4, respectively 245 

(P < 0.05), which totally 2.2-fold of increment. Surprisingly, the same increment in MIC was 246 

also found in S (0.92 to 4.28 µmol EDTA/g protein). A 2.13-fold increase was observed in 247 

the gastric stage, and a 2.00-fold increment in the intestinal stage in S. In contrast, MIC was 248 

stable in B (1.73 to 2.18 µmol EDTA/g protein) even though the phenolic compound content 249 

was higher. Soybeans can present significant values of phenolic compounds such as 250 

chlorogenic, gallic and protocatechuic acid.28 The metal-binding potency of phenolic 251 

compounds is dependent upon the number and location of hydroxyl groups, properly 252 

oriented functional groups and their unique phenolic structure as well as the presence of 253 

ortho-dihydroxy polyphenols.29 Even if a sample containing high polyphenols content, it 254 

might not show metal ion chelation activity because phenolic compounds can no longer bind 255 

metals once conjugated with a carbohydrate moiety, as in naturally occurring phenolic 256 

glycosides.26 257 

Apart from phenolic compounds, antioxidant activity changes during simulated digestion, 258 

suggesting that generated bioactive peptides might play a main role. In the digestion, pepsin 259 

possibly disrupted the spatial structure of soybean peptides conducive to binding and 260 

trapping of metal ions and free radicals, resulting in reduced chelation and free-radical 261 

scavenging activity. In combination with, pancreatic digestion fully exposed or newly formed 262 

the high-affinity metal-binding groups including imidazole and carboxylic groups, thus ionic 263 

and electrostatic interactions with metal ions were likely imposed. 264 

This study showed that antioxidant activity increased (in F) or was stable (in B) as the 265 

digestion stage progressed. The results distinctly stipulate that F in the last stage of 266 

simulated digestion showed the highest activity. This may be due to short chain peptides 267 

http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=phenolic+compounds
http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=phenolic+compounds
http://www.scialert.net/asci/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=phenolic+compounds
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convert free radicals into more stable products by donating electron atom to cease the 268 

radical chain reaction.30 From the results of higher antioxidant activity, F peptides were 269 

assumed to resist to the digestion condition and stay in the form with activity. Furthermore, 270 

another significant effecting factor in the overall antioxidant activity of hydrolyzed proteins is 271 

known to be the size of peptides. Moreover, factors including enzyme specificity, MW 272 

distribution, amino acid compositions and the specific sequences of the peptides released 273 

are shown to be largely effect antioxidant properties of peptides.30 Previous studies have 274 

reported that peptides with a lower MW (5–16 amino acids) have a higher probability of 275 

crossing the intestinal epithelium and exert better biological activity.31 Figure 2 shows the 276 

smaller peptides found in SDS-PAGE which may boost up antioxidant activity. In the study, 277 

in the final digest of F (F4) shows disappearance of larger MW peptides, however, exhibited 278 

the highest overall antioxidant capacity. This study proved that fermented soybeans show an 279 

improvement of antioxidant activity with the progress of the digestion stage and that 280 

generating antioxidant peptides tolerate digestive enzymes. This means it is possible for 281 

active peptides to reach the target site and show impressive reaction. 282 

Free amino acid composition 283 

The change of free amino acid profile was presented in terms of increment between before 284 

(stage 0) and after simulated digestion (stage 4) and is shown in Tables 1 and 2. When 285 

compared to S before digestion (stage 0, BD), the total increment of free amino acids in S, B 286 

and F after digestion (stage 4 or G2I2) was 2.15-, 6.78- and 21.10-fold, respectively. The 287 

distinctive amino acids found in the soybeans were Ile, Glu, Val, Leu, Tyr, Phe, Lys and Asg 288 

(> 20 nmol/mL). All other amino acid contents also increased; in particular, B4 and F4 289 

showed the biggest increment (Table 1). When comparing between F0 and F4, most 290 

represented amino acids were increased significantly, around 1.5- to 3.5-fold. For F, the 291 

smallest change and the maximum changes were found in Pro (0.95-fold) and Arg (49.43-292 

fold), respectively, in F4. For B, there was a big difference in some amino acids between 293 

before and after digestion. There was drastic increase in Leu, Tyr, Phe, Lys and Arg, around 294 
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5- to 28-fold, found in B4. 295 

Table 2 shows the change in content of free amino acids by different groups. The maximum 296 

change of 9.52-fold in B4 and 4.19-fold was observed in F4 in the essential amino acid 297 

(EAA) group. It can be assumed that the simulated digestion improves the generation of 298 

EAA as observed from the increment number (Table 2). We also found a remarkable 299 

increment in other groups of amino acids, for example, hydrophobic amino acids (HAA), 300 

aromatic amino acids (AAA) and antioxidant amino acids (AXA) of around 5.29- to 13.04-fold 301 

in cooked soybeans and 2.99- to 4.13-fold in F (Table 2). Peptide bonds between HAA and 302 

AAA such as Phe, Trp and Try are most effectively cleaved by pepsin. Pancreatin including 303 

trypsin (cleaved peptide bonds at Arg and Lys sites), chymotrypsin (cleaved peptide bonds 304 

at Phe, Trp, Tyr and Leu sites) and elastase (cleaved peptide bonds at Ala and other 305 

aliphatic amino acids).30 Figure 3 displayed that the notable increase in antioxidant 306 

properties is related the escalation in free amino acid content. The results for amino acid 307 

content in this study show the same trend with the increment of Glu, Val, Tyr, Leu and Phe in 308 

soybean meal fermented with B. subtilis.32 The free amino acid composition formed upon 309 

simulated digestion is widely referred to the antioxidant activity of a peptide.33, 34 Thus, we 310 

inferred that the digested fractions of F and B which showed an increase of amino acids by 311 

simulated digestion could increase the nutritional value and physiological functions for 312 

humans. 313 

In vitro anti-inflammatory activity 314 

The digested soybeans fractions showed different trends in anti-inflammatory activity 315 

tested by NO production and egg albumin denaturation inhibition as shown in Figure 4A 316 

and 4B. For NO production inhibition, the inhibition activity increased with the progress of 317 

the digestion stage for all soybean conditions with the highest activity in B4 (31.68%). Before 318 

digestion, inhibition of NO production activity progressively increased from 9.01% (F0) up to 319 

28.54% (F4). The same trends were found in B (B0–4) and S (S0–3) but a sharp decrease 320 

was found in S4 (10.32%). From the results, the potential bioactivity of peptides released 321 



14 

 

 

during stimulated digestion of fermented soybean proteins against inflammation is assumed. 322 

The inhibition of egg albumin denaturation was highest, at 95–98%, in digested fractions of S 323 

(the protein concentration used of 1.25 mg/mL). In F, the values were quite stable (from 324 

85.08% to 80.81%) before and after gastric digestion (F1-F2), then decreased slightly (from 325 

80.81% to 69.08%) at the intestinal digestion stage (F3-4). For B, the inhibition reaction was 326 

increased in gastric stage fractions (from 73.0%, B1 to 84.57%, B2) then decreased slightly 327 

in the intestinal stage (from 84.57%, B3 to 57.14%, B4). This result proved that the resulting 328 

soybean peptides from simulated digestion were quite tolerant and could stabilize the 329 

inhibition of egg albumin denaturation. However, it is not only proteins that can play a role in 330 

anti-inflammatory action. Apart from proteins, saponins (0.17–6.16%), phytic acid (1.0–331 

2.2%), sterols (0.23–0.46%), isoflavones (0.1–0.3%) and lignans (0.02%) sequentially 332 

present in soybean; they show a strong anti-inflammatory effect and display a wide range of 333 

other bioactivities, including antioxidative, anti-cancer, anti-viral, cardiovascular protective 334 

effects, and hepatoprotective actions.27 These interactive and complex effects should be 335 

considered in the further study. 336 

 337 

Conclusions 338 

Processing is important for both nutritional quality and the sensory of the product. Soaking 339 

and boiling are of important steps in the preparation for fermentation. However, how 340 

processing methods affect the health promoting phenolics and antioxidant activities have not 341 

been systematically studied especially when observed also under the in vitro digestion. 342 

Thus, this study found that uncooked soybean (Soaked, S) showed the lowest TPC, protein 343 

digestibility with stability in antioxidant activity but higher egg albumin degeneration inhibition 344 

activity with the digestion stage progressed. Boiling significantly affected TPC and 345 

antioxidant activity could be benefit to fermentation step. Fermented soybean (F) showed the 346 

maximum TPC and antioxidant activity rather than S and cooked soybean (Boiled, B) could 347 

be attributed to the synergistic combinations of several types of factors including processing, 348 
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metabolic activity of microbes and digestion. Cooked soybean (Boiled, B) and F had 349 

improved overall protein digestibility which means improved protein utilization as well as 350 

improved antioxidant properties after the digestion due to leaching out of bioactive 351 

compounds. Besides, the intense bioactivity in F generated from the accumulation of TPC 352 

and the concentration of peptides/free amino acids, low MW peptides as well as the high 353 

percentages of antioxidative amino acid residues. Processing not only improves flavor and 354 

palatability of but also increases protein utilization, bioavailability of nutrients and health 355 

benefits. 356 

 357 

Methods 358 

Materials and reagents 359 

Soybeans (Glycine max cv. Enrei) were purchased from the market in Ibaraki prefecture, 360 

Japan and kept in a refrigerator (4 °C) before the experiment. Digestive enzymes for gastric 361 

digestion used porcine gastric mucosa pepsin (800–2500 U/mg protein; EC 3.4.23.1) and for 362 

intestinal digestion used porcine pancreas pancreatin (8 × USP specifications; EC 232-468-363 

9,), invertase from baker’s yeast (grade VII, ≥ 300/mg solid) and amyloglucosidase (3260 364 

U/mL), They were procured from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) and 365 

Megazyme International Ireland Ltd (Wicklow, Ireland). All other chemicals of analytical 366 

grade were purchased from Wako Pure Chemical Corporation (Tokyo, Japan). 367 

Sample preparation 368 

Soybean samples during fermentation process were collected after soaking (soaked 369 

soybeans "S"), boiling (boiled soybeans "B") and fermentation (fermented soybeans "F") 370 

following the method of Ketnawa and Ogawa.9 In summary, dehulled yellow-seeded 371 

soybean samples (900 g) were washed using tap water and soaked in distilled water 372 

(soybeans/water ratio of 1 : 3, w/v) for 18 h at 20 °C. Then, the soaked samples were 373 

separated from the soaking water. At this stage, part of the soaked samples was collected 374 

as soaked soybeans (S). Subsequently, soaked samples were washed again with tap water, 375 
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boiled with the same ratio of fresh distilled water using a household pressure cooker (H-376 

5040, Pearl Metal Co., Ltd., Niigata, Japan) under approximately 100 kPa gauge pressure 377 

(approx. 120 °C) for 90 min, and then cooled down at room temperature. At this stage, a part 378 

of the boiled samples was collected as boiled soybeans (B). Fermented soybeans were 379 

prepared according to Ketnawa and Ogawa.9 In summary, boiled soybeans (150 g) were 380 

transferred into a glass beaker and inoculated with 50 mL of the diluted culture of Bacillus 381 

spp. natto from a commercial natto product S-903 (Takanofoods Co., Ltd, Tokyo, Japan). 382 

After inoculation, the soybeans (37.5 g) were packed into a paper cup (205 mL), the top 383 

surface covered with polyvinylidene chloride wrap film, and incubated at 40 °C for 18 h. The 384 

products were collected and considered as fermented soybeans (F). 385 

Simulated in vitro gastrointestinal digestion 386 

The simulated static in vitro gastrointestinal digestion model described by Ketnawa and 387 

Ogawa9 was used with minor adjustment and carried out in duplicate. Sampling of 5 sample 388 

sets was performed separately from each reactor. The sample was named as follows: 1) 0 or 389 

BD for samples before digestion, 2) 1 or G1 for samples from gastric digestion for 1 h, 3) 2 390 

or G2 for samples from gastric digestion for 2 h, 4) 3 or G2I1 for samples after gastric 391 

digestion for 2 h and intestinal digestion for 1 h, and 5) 4 or G2I2 for samples after gastric 392 

digestion for 2 h and intestinal digestion for 2 h (after digestion). The following analyses were 393 

carried out in triplicate. 394 

Determination of total soluble nitrogen and protein content 395 

A CN coder (MT-700 Mark 2; Yanako, Tokyo, Japan) was employed to determine the total 396 

soluble nitrogen (TSN) content using method according to Ketnawa and Ogawa.9 397 

TCA-soluble peptide content 398 

TCA-soluble peptide content was analyzed following the method described by Chen et al.10 399 

with minor modifications and described by Ketnawa and Ogawa.9 Digestibility was 400 

expressed as the percentage of TCA-soluble peptide content in the supernatant of the 401 

sample during digestion and after digestion compared to the total protein content of soaked 402 
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soybeans. The protein digestibility was calculated using the following formula: 403 

Protein digestibility (%) = B/A × 100%      (1) 404 

where A is the total protein content of soaked soybeans, and B is the TCA-soluble 405 

peptide content at each digestion stage. 406 

Soluble protein fractions and distribution by electrophoretic analysis 407 

Before studying protein patterns, Biuret method according to Gornall et al.11 using a standard 408 

bovine serum albumin (BSA) was employed for determination of the protein content of 409 

supernatants collected at different stages of simulated digestion in section 2.3. A sodium 410 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) technique was applied to 411 

determine the protein patterns. The protein solution was diluted with deionized water to be 412 

the same concentration. The samples (all containing 20 μg of protein per well) and the 413 

protein standard markers (Thermo Scientific, Rockford, IL, USA) were loaded onto 414 

NuPAGE® Bis-Tris gradient precast gel (4~12% gradient, 10 × 10 cm2) in a Novex XCell 415 

Mini-Cell (Invitrogen, Thermo Scientific, Rockford, IL, USA) according to Ketnawa and 416 

Ogawa.9 417 

Free amino acid analysis 418 

An automatic amino acid analyzer (JLC-500/V2 equipped with an ion exchange column; 419 

Jeol, Tokyo, Japan) was used for determination of free amino acid content according to 420 

Ketnawa and Ogawa.9 421 

Biochemical properties 422 

Total phenolic content (TPC) and antioxidant activity determination such as scavenging 423 

activity on 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2, 2′-azinobis-(3-ethylbenzothiazoline-6-424 

sulfonic acid) (ABTS) radical scavenging activities, reducing power activity on ferric (FRAP) 425 

and chelating metal ion activity (MIC) were determined using the method according to 426 

Ketnawa and Ogawa.9 In vitro anti-inflammatory activity such as nitric oxide (NO) inhibition 427 

activity and egg albumin protein denaturation were determined by method modified by 428 

Harsha et al.12 and Osman et al.13 respectively as previously described in Ketnawa and 429 
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Ogawa.9 430 

Statistical analysis 431 

All determinations were carried out in triplicate. Statistical Package for the Social Sciences 432 

(SPSS for Windows, SPSS, Inc., Chicago, IL) was employed using Duncan’s multiple range 433 

test for mean comparisons and analysis of variance. Differences were considered significant 434 

at P < 0.05. 435 
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Table 1. Changes in free amino acid content in soaked, boiled and fermented soybeans 571 

during simulated in vitro gastrointestinal digestion. 572 

Amino 
acids* 

‘S’, Soaked bean ‘B’, Boiled bean ‘F’, Fermented bean 

BD 
(Stage 0) 

G2I2 
(Stage 4) 

BD 
(Stage 0) 

G2I2 
(Stage 4) 

BD 
(Stage 0) 

G2I2 
(Stage 4) 

Thr 0.58 ± 0.05 0.73 ± 0.05 0.00 ± 0.00 2.49 ± 0.04 1.93 ± 0.02 4.65 ± 0.06 

Ser 0.87 ± 0.05 1.10 ± 0.05 0.00 ± 0.00 2.94 ± 0.04 3.13 ± 0.03 6.65 ± 0.06 

Asp 1.12 ± 0.09 0.89 ± 0.00 0.00 ± 0.00 3.90 ± 0.01 3.45 ± 0.03 8.01 ± 0.73 

Glu 4.37 ± 0.07 3.16 ± 0.01 0.00 ± 0.00 4.33 ± 0.03 26.66 ± 0.26 44.38 ± 0.24 

Gly 0.58 ± 0.08 1.18 ± 0.07 0.00 ± 0.00 2.41 ± 0.06 5.17 ± 0.46 8.83 ± 0.95 

Ala 3.35 ± 0.03 2.29 ± 0.13 11.91 ± 0.95 11.00 ± 0.85 6.77 ± 0.68 12.35 ± 0.34 

Val 5.58 ± 0.02 5.69 ± 0.09 5.09 ± 0.36 9.65 ± 0.55 14.57 ± 0.67 26.70 ± 0.27 

Met 0.62 ± 0.02 1.05 ± 0.02 0.00 ± 0.00 2.79 ± 0.06 6.46 ± 0.74 15.05 ± 0.61 

Cysta** 1.96 ± 0.03 3.01 ± 0.06 1.98 ± 0.14 3.36 ± 0.09 4.78 ± 0.08 8.92 ± 0.54 

Ile 0.57 ± 0.01 1.74 ± 0.02 0.00 ± 0.00 3.91 ± 0.07 9.18 ± 0.90 20.93 ± 0.31 

Leu 0.63 ± 0.06 14.22 ± 0.26 0.00 ± 0.00 28.21 ± 0.45 24.98 ± 0.79 91.09 ± 0.82 

Tyr 1.03 ± 0.07 8.01 ± 0.09 1.51 ± 0.14 25.68 ± 0.43 22.22 ± 0.23 86.40 ± 0.67 

Phe 0.99 ± 0.05 15.58 ± 0.01 2.49 ± 0.20 41.73 ± 0.27 37.45 ± 0.53 123.78 ± 0.36 

His 1.75 ± 0.12 1.65 ± 0.01 1.91 ± 0.03 4.07 ± 0.80 11.87 ± 0.36 18.87 ± 0.99 

Lys 1.84 ± 0.13 3.81 ± 0.03 1.93 ± 0.05 18.48 ± 0.40 34.04 ± 0.35 133.58 ± 0.57 

Trp n/a n/a n/a n/a n/a n/a 

Arg 10.80 ± 0.01 14.61 ± 0.08 14.90 ± 1.10 83.16 ± 0.14 3.23 ± 0.20 160.19 ± 0.99 

Pro 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 2.56 ± 0.00 2.46 ± 0.00 

Total 36.62 ± 0.89 78.73 ± 1.96 41.72 ± 2.97 248.11 ± 4.29 218.45 ± 6.33 772.86 ± 8.47 

*Free amino acids are expressed by the quantity (nmol/mL) of each individual amino acid. 573 

Each value represents the mean of three replications ± standard deviation. Means in a 574 

column with a different letter are significantly different (P < 0.05). Different capital letters in 575 

the same column indicate a significant difference (P < 0.05) among the same conditions of 576 

digestion. 577 

**Cysteine (Cys) is determined in the form of cystathionine (Cysta). Cysta is a dipeptide 578 

formed by serine and homocysteine; the trans-sulfuration of methionine yields homocysteine 579 

which combines with serine to form cystathionine. Tryptophan (Trp) cannot be reported 580 

because it is unstable and produces ammonia, so it was not obtained in the amino acid 581 

standard solution (values are means of duplicate measurements).  582 
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Table 2. Increment of specific amino acid groups of boiled and fermented beans compared 583 

to soaked bean and changes between before and after simulated digestion. 584 

Amino acid 
group* 

Increment (fold)** 
compared to soaked bean 

Increment (fold)** 
between digestion 

 ‘B’, Boiled bean ‘F’, Fermented bean ‘B’, Boiled bean ‘F’, Fermented bean 

EAA 112.29 ± 13.23 269.61 ± 27.83 9.52 ± 1.34 4.13 ± 0.47a 

HAA 97.40 ± 11.15 218.76 ± 25.04 5.29 ± 0.78 3.01 ± 0.33b 

AAA 45.22 ± 2.79 35.72 ± 5.27 13.04 ± 1.43 3.20 ± 0.35b 

AXA 32.29 ± 1.41 8.91 ± 1.51 6.93 ± 0.99 2.99 ± 0.32b 

*EAA = essential amino acids: Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Try and Val; 585 

HAA = hydrophobic amino acids: Ala, Val, Ile, Leu, Tyr, Phe, Trp, Pro, Met and Cys; 586 

AAA = aromatic amino acids: Phe, Trp, Tyr and His; AXA = antioxidant amino acids: Trp, Tyr, 587 

Met, Cys, His, Phe and Pro. 588 

**The increment of amino acids was calculated by dividing the quantity (nmol/mL) of each 589 

individual amino acid by that of raw soybeans before digestion (S0) and itself before and 590 

after digestion. The values are expressed as fold-changes of increment (values are means 591 

of duplicate measurements). Different capital letters in the same column indicate a 592 

significant difference (P < 0.05) among different amino acid groups.  593 
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Figure Legends 594 

Figure 1. Change in total soluble nitrogen content (A), trichloroacetic acid (TCA)-soluble 595 

peptides (B), and protein digestibility (C) of soaked, boiled, and fermented soybeans at each 596 

digestion stage. Bars represent the standard deviation from triplicate determinations. 597 

Different lowercase and uppercase letters indicate significant differences (P < 0.05) among 598 

mean values among digestion stages and those among samples, respectively. 599 

Figure 2. Changes in SDS-PAGE electrophoretogram for soaked, boiled and fermented 600 

soybean protein at each digestion stage. Lanes 1 and 12 represent a standard molecular 601 

marker (MK); lanes 2–6 present soaked bean before digestion (S0), gastric digestion 1 h 602 

(S1), gastric digestion 2 h (S2), intestinal digestion 1 h after gastric digestion (S3) and 603 

intestinal digestion 2 h after gastric digestion (S4), respectively; lanes 7–11 are for boiled 604 

bean in the same simulated digestion (B0–B4); lanes 13-17 are for fermented bean in the 605 

same simulated digestion (F0–F4). 606 

Figure 3. Total phenolic content (TPC) expressed as mg of gallic acid equivalents / g protein 607 

(A), DPPH radical scavenging capacity (DPPH) expressed as μmol Trolox equivalents / g 608 

protein (B), ABTS radical scavenging capacity (ABTS) expressed as mg of ascorbic acid 609 

equivalents / g protein (C), ferric reducing ability (FRAP) expressed as mmol FeSO4·7H2O 610 

equivalents / g protein (D) and metal ion chelating activity (MIC) expressed as μmol EDTA 611 

equivalents / g protein (E) of soaked, boiled, and fermented soybeans at each digestion 612 

stage. Bars represent the standard deviation from triplicate determinations. Non-significant 613 

differences are highlighted with an asterisk (P > 0.05). Different lowercase and uppercase 614 

letters indicate significant differences (P < 0.05) among mean values among digestion 615 

phases and those among samples, respectively. 616 

Figure 4. Anti-inflammatory activity by inhibiting nitric oxide production and egg albumin 617 

protein denaturation of each condition of soaked, boiled, and fermented soybeans at each 618 

digestion stage, reported as percentages. Different lowercase and uppercase letters indicate 619 

significant differences (P < 0.05) among mean values among digestion phases and those 620 
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among samples, respectively.  621 
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Figures

Figure 1

Change in total soluble nitrogen content (A), trichloroacetic acid (TCA)-soluble peptides (B), and protein
digestibility (C) of soaked, boiled, and fermented soybeans at each digestion stage. Bars represent the
standard deviation from triplicate determinations. Different lowercase and uppercase letters indicate



signi�cant differences (P < 0.05) among mean values among digestion stages and those among
samples, respectively.

Figure 2

Changes in SDS-PAGE electrophoretogram for soaked, boiled and fermented soybean protein at each
digestion stage. Lanes 1 and 12 represent a standard molecular marker (MK); lanes 2–6 present soaked
bean before digestion (S0), gastric digestion 1 h (S1), gastric digestion 2 h (S2), intestinal digestion 1 h
after gastric digestion (S3) and intestinal digestion 2 h after gastric digestion (S4), respectively; lanes 7–
11 are for boiled bean in the same simulated digestion (B0–B4); lanes 13-17 are for fermented bean in
the same simulated digestion (F0–F4).



Figure 3

Total phenolic content (TPC) expressed as mg of gallic acid equivalents / g protein (A), DPPH radical
scavenging capacity (DPPH) expressed as μmol Trolox equivalents / g protein (B), ABTS radical
scavenging capacity (ABTS) expressed as mg of ascorbic acid equivalents / g protein (C), ferric reducing
ability (FRAP) expressed as mmol FeSO4·7H2O equivalents / g protein (D) and metal ion chelating
activity (MIC) expressed as μmol EDTA equivalents / g protein (E) of soaked, boiled, and fermented



soybeans at each digestion stage. Bars represent the standard deviation from triplicate determinations.
Non-signi�cant differences are highlighted with an asterisk (P > 0.05). Different lowercase and uppercase
letters indicate signi�cant differences (P < 0.05) among mean values among digestion phases and those
among samples, respectively.

Figure 4



Anti-in�ammatory activity by inhibiting nitric oxide production and egg albumin protein denaturation of
each condition of soaked, boiled, and fermented soybeans at each digestion stage, reported as
percentages. Different lowercase and uppercase letters indicate signi�cant differences (P < 0.05) among
mean values among digestion phases and those among samples, respectively.


