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The orange seed is an important by-product obtained from the juice production industry. The juice industry considers seed

as a by-product that contains between 17.9% to 26.5% of protein [18]. In fact, the protein obtained from defatted flour can

be used as a low-cost source for the generation of peptides through hydrolysis that could have an important role as

antioxidant, anticancer, antidiabetic, or antihypertensive peptides.
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1. Introduction

In recent years, the importance of using bioactive compounds in diet and their role in reducing diseases and disorders due

to improper nutrition has increased. Proteins and peptides are the most important bioactive compounds among natural

sources . When proteins and peptides have been hydrolyzed, they can exert an important biological role via antioxidant

, antihypertensive , antidiabetic , or anticancer  activities. Therefore, numerous studies have been

focused on the production of bioactive peptides. These studies include the production of peptides from royal jelly ,

orange seed flour , pumpkin seed , mung bean , rainbow trout skin , whey , or tomato seed . Protein

hydrolysates obtained from food industry by-products can be used as a rich source of bioactive peptides in nutritional

supplements.

The orange seed is an important by-product obtained from the juice production industry. The juice industry considers

seeds as a by-product that contains between 17.9% to 26.5% of protein . In fact, the protein obtained from defatted

flour can be used as a low-cost source for the generation of peptides through hydrolysis that could have an important role

as antioxidant, anticancer, antidiabetic, or antihypertensive peptides.

The main objective of the present study was to hydrolyze orange seed proteins using the pepsin enzyme, a protease from

porcine gastric mucosa, to obtain bioactive peptides showing the highest antioxidant, antihypertensive, and hypoglycemic

capacity as well as to study the stability of such activity after simulated conditions of gastrointestinal digestion. After the

separation of peptides using size-exclusion chromatography and RP-HPLC, the most active fractions were analyzed to

identify the peptides using mass spectrometry in tandem before and after simulated gastrointestinal digestion.

2. Evaluation of Biological Activity of the Hydrolyzed Proteins
2.1. Antioxidant Activity

The results of the DPPH scavenging activity of hydrolyzed orange seed proteins prepared using pepsin is shown in Figure

1A, whereas the results of ferric reducing activity are illustrated in Figure 1B. Our results revealed that the enzyme to

substrate ratio and hydrolysis time had significant effects on DPPH scavenging activity and ferric reducing activity in

orange seed protein hydrolysates (p < 0.05). The highest antioxidant activity was observed in the 0.03 E/S ratio and

hydrolysis time of 3.5 h (T6), which showed radical DPPH inhibitory activity and ferric reducing capacity of 85.53% and

1.282, respectively. BHT (1 μg/μL) was used as a positive control and showed a radical DPPH inhibitory activity and ferric

reducing capacity of 89.6% and 2.13, respectively.
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Figure 1. (A) 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity of orange seed proteins hydrolyzed using pepsin

enzyme. (B) Fe  reducing activity of orange seed proteins hydrolyzed using pepsin enzyme. Differences in letters

indicate significant differences (p < 0.05) in the observed activity. Treatments: T1: 0.01 E/S, 2 h; T2: 0.02 E/S, 2 h; T3:

0.03 E/S, 2 h; T4: 0.01 E/S, 3.5 h;, T5: 0.02 E/S, 3.5 h; T6; 0.03 E/S, 3.5 h; T7: 0.01 E/S, 5 h;, T8: 0.02 E/S, 5 h; T9: 0.03

E/S, 5 h (temperature of 33 °C and protein concentration of 0.05% w/v).

2.2. ACE-Inhibitory Activity

The ACE-inhibitory activity of orange seed protein hydrolysates prepared using the pepsin enzyme at different conditions

is presented in Figure 2. Increasing hydrolysis time and ratio of enzyme/substrate led to an increase in the inhibitory

activity of ACE enzyme in hydrolyzed protein samples. The highest ACE-inhibitory activity (83.70%) was obtained at an

enzyme to substrate ratio of 0.03 E/S and hydrolysis time of 5 h (T9) (p < 0.05). Captopril (10 µM) was also used as a

positive control and showed ACE-inhibitory activity of 100%.

Figure 2. Angiotensin -Converting Enzyme (ACE)-inhibitory activity of hydrolyzed orange seed proteins hydrolyzed using

pepsin enzyme. Differences in letters indicate significant differences (p < 0.05) in the observed activity. Treatments: T1:

0.01 E/S, 2 h; T2: 0.02 E/S, 2 h; T3: 0.03 E/S, 2 h; T4: 0.01 E/S, 3.5 h; T5: 0.02 E/S, 3.5 h; T6; 0.03 E/S, 3.5 h; T7: 0.01

E/S, 5 h; T8: 0.02 E/S, 5 h; T9: 0.03 E/S, 5 h (temperature of 33 °C and protein concentration of 0.05% w/v).

2.3. α-Amylase and α-Glucosidase Inhibitory Activity

The antidiabetic potential of orange seed proteins hydrolyzed using the pepsin enzyme was evaluated based on the

inhibitory activity of α-amylase and α-glucosidase enzymes, and their outcomes are reported in Figure 3A,B, respectively.

Our results showed that α-amylase and α-glucosidase inhibitory activities of hydrolyzed orange seed proteins were

affected by the ratio of enzyme to substrate and hydrolysis time (p < 0.05). According to the results, the highest

antidiabetic potential (42.35% for α-amylase inhibitory activity and 45.39% for α-glucosidase inhibitory activity) was
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observed in the enzyme to substrate ratio of 0.03 E/S ratio and hydrolysis time of 3.5 h (T6) (p < 0.05). Acarbose (2

mg/mL) was also used as a positive control and showed α-amylase and α-glucosidase inhibitory activities of 80.12% and

86.42%, respectively.

Figure 3. (A) α-amylase inhibitory activity of orange seed proteins hydrolyzed using pepsin enzyme, (B) α-glucosidase

inhibitory activity of orange seed proteins hydrolyzed using pepsin enzyme. Differences in letters indicate significant

differences (p < 0.05) in the observed activity. Treatments: T1: 0.01 E/S, 2 h; T2: 0.02 E/S, 2 h; T3: 0.03 E/S, 2 h; T4: 0.01

E/S, 3.5 h; T5: 0.02 E/S, 3.5 h; T6; 0.03 E/S, 3.5 h; T7: 0.01 E/S, 5 h; T8: 0.02 E/S, 5 h; T9: 0.03 E/S, 5 h (temperature of

33 °C and protein concentration of 0.05% w/v).

3. Fractionation of Hydrolyzed Orange Seed Proteins Using SEC

In order to obtain a more precise understanding about the effective factors affecting the antioxidant, antihypertensive, and

antidiabetic activities of hydrolyzed orange seed proteins, the samples (T6) were fractionated using SEC. The absorbance

of the fractions was measured at 254 and 280 nm. The results are shown in Figure 4, where the hydrolysis products are

divided into three main absorbance peaks.

Figure 4. Size-exclusion chromatography (SEC) profile of orange seed proteins (T6; 0.03 E/S, 3.5 h) hydrolyzed using

pepsin enzyme.

These peaks were ranged from 200 to 70,000 Da according to the results obtained after the analysis of standard proteins.

The first peak corresponds to molecular weight from 13,000 to 70,000 Da, the second peak from 1400 to 13,000 Da. The



last peak was related to low-molecular-weight components, as they eluted later than bacitracin standard (1400 Da).

4. Evaluation of Biological Activity in Peptides Isolated from SEC

The results of DPPH scavenging, ferric reducing, ACE-inhibitory, α-amylase inhibitory, and α-glucosidase inhibitory

activities of peptide fractions isolated from SEC are presented in Figure 5.

Figure 5. DPPH scavenging activity (A), ferric reducing capacity (B), ACE-inhibitory activity (C), α-amylase inhibitory

activity (D), and α-glucosidase inhibitory activity (E) of hydrolyzed orange seed peptides fractions 49–45 and 54–50

isolated from SEC. Differences in letters indicate significant differences (p < 0.05) in the observed activity. The last bar

corresponds to the positive control used in each assay.

Our observations indicate that the maximum levels of DPPH scavenging activity and the ferric reducing power of pepsin

were detected in 45–49 and 50–54 peptide fractions. The DPPH scavenging activity values were 63.58% and 68.10%,

and the ferric reducing power capacity was 1.301 and 1.236, respectively. Moreover, the highest ACEI-inhibitory activity of

87.22% was observed in peptide fractions 50–54 with molecular weight less than 13,000 Da. Additionally, fractions 60–64

showed good ACEI-inhibitory activity. On the other hand, the maximum inhibitory activity of α-amylase (77.8%) was found

in peptide fractions 55–59 with molecular weights less than 13,000 Da although high inhibitory values were also described

from fraction 35 to fraction 64. Regarding α-glucosidase inhibitory activity, the highest value was observed for fractions

50–54, 55–59, and 60–64; although very good values of inhibitory activity were observed from fraction 35 to fraction 64

(Figure 5E).

Finally, the fractions 44–49 and 50–54 were selected for further separation analysis as both of them showed good results

in the assayed biological activities, so potential multifunctional peptides could be present in those fractions. Thus, they

were pulled together and further analyzed using RP-HPLC.



5. Discussion

Results showed that by increasing the hydrolysis time and the enzyme to substrate ratio, the inhibitory activity of ACE in

the hydrolyzed samples increased. Furthermore, using an enzyme concentration of 0.03 and hydrolysis time of 3.5 h, the

antioxidant activity and the inhibitory activity of α-amylase and α-glucosidase enzymes increased. These results are in

agreement with previous studies of the antioxidant activity of hydrolyzed peanut proteins and tuna liver proteins, where

similarly, by increasing hydrolysis time and concentration, an increase in the antioxidant activity was observed .

In another study, the highest ACE-inhibitory activity of 83.70% was obtained using an enzyme to substrate ratio of 0.03

and hydrolysis time of 5 h. In general, increasing hydrolysis time leads to the production of peptides smaller than 3 kDa,

which could show higher ACE-inhibitory activity . Je et al.  reported an ACEI-inhibitory activity in fish liver protein of

36% after hydrolysis using various enzymes such as Flavourzyme, Neutrase, Alcalase, and Protamex, which is lower than

the activity observed in the present study (83.70%), probably due to the differences in matrices and types of protein.

Possible mechanisms of action of peptides showing ACEI-inhibitory activity are (i) the peptides bind to the active site of

the ACE enzyme, or (ii) they may bind to the inhibitory sites located on the ACEI enzyme. These binding alter the protein’s

structure and prevent the binding of substrate (angiotensin) to the active site of the enzyme . Moreover, the highest

ACEI inhibition was associated with peptides with high hydrophobicity, because hydrophobic peptides show affinity to the

active site of the ACEI enzyme . Furthermore, differences in the ACEI-inhibitory activity between treatments were

described as differences in the molecular weight and the sequence of amino acids in the peptides .

In this study, the highest antidiabetic potential was observed using an enzyme to substrate ratio of 0.03 with a hydrolysis

time of 3.5 h. The results indicated that the highest inhibitory activity of α-amylase and α-glucosidase were 42.3% and

45.4%, respectively. Previous studies showed that the content in aromatic amino acids including phenylalanine,

tryptophan, and tyrosine in the peptide chain are key factors in the ability to inhibit α-glucosidase or α-amylase enzymes

. Therefore, the high anti-diabetic capacity of hydrolyzed orange seed proteins could be due to the presence of

aromatic amino acids in their structure.

In order to identify the main peptides responsible for the antioxidant, antihypertensive, and antidiabetic activities, sample

T6 (0.03 E/S, 3.5 h) was analyzed using SEC. Regarding the observed results, Khantaphant et al. reported that

differences in the molecular weight of the peptides’ profile may be related to differences in enzymes’ specific breakdown

sites . Thus, the active site of the pepsin enzyme contains thiol groups and breaks the bonds adjacent to the

tryptophan, tyrosine, and phenylalanine amino acids .

SEC has been used as a common procedure for the peptides’ isolation before RP-HPLC . The highest antioxidant

activity in the peptide fractions isolated from SEC was in fractions with molecular weights lower than 13,000 Da, and the

maximum inhibitory activity of ACEI enzyme was related to peptide fractions with molecular weight less than 13,000 Da.

Other studies also implied that low-molecular-weight peptides show higher ACE-inhibitory activity . In addition, it

has been reported that peptides with high antidiabetic properties contain high amounts of hydrophobic amino acids ,

and they may inhibit α-amylase and α-glucosidase enzymes by binding to the active site of the enzyme through

hydrophobic bonds . The affinity of binding to the enzyme active site was enhanced by increasing the peptide bond

breakdown points in a protein chain and producing shorter peptide chains . The results showed that by increasing

hydrophobicity, the amount of antioxidant activity also increased. Andersen et al.  suggested that the most powerful

antioxidant compounds usually are strong reducing agents. This is probably due to the high amount of aromatic and

hydrophobic amino acids in these peptide fractions. Several researchers documented that the antioxidant properties,

ACEI-inhibitory activity, and antidiabetic potential have been closely associated with the ratio of hydrophilic to hydrophobic

peptides .

During the separation of peptides using RP-HPLC, peptide fractions that were more retained in the C18 column showed

the highest DPPH activity . The identification of the peptides in this fractions confirmed the presence in the sequence of

hydrophobic amino acids such as leucine, phenylalanine, valine, and tryptophan . Power et al.  revealed that active

antioxidant peptides mainly contain hydrophobic amino acids in their structure. Tryptophan also plays an important role in

the inhibitory activity of DPPH through its hydrogenating role . These results are similar to the results obtained

after the hydrolysis of royal jelly  and tomato seeds . In relation to the inhibitory activity of the ACE enzyme, fraction

32 showed the highest inhibitory activity in the obtained peptides. It has been suggested that polar groups present in

hydrophilic peptides and non-polar or aromatic groups in hydrophobic peptides may bind to the active site or to the

inhibitory site in ACE enzyme. These bindings would alter the spatial structure of the enzyme, preventing angiotensin from

binding to the active site of ACE . On the other hand, peptides with high hydrophilicity have less access to the

ACE active site . Meanwhile, the peptides of the primary chromatogram fractions appeared to be multifunctional

peptides, and the reason for this can be related to the balanced content of polar groups of hydrophilic amino acids in the
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primary fractions . The fractions 28 and 30 showed the maximum α-amylase and α-glucosidase enzyme inhibitory

activities, respectively. Our outcomes indicated that there was a direct relationship between the hydrophobic content of

bioactive peptides and their biological activity. The results of this study were consistent with the results obtained from the

biological activity of bioactive peptides from hydrolysis of royal jelly  and tomato seeds .

In the current study, the bioavailability of peptide fractions was evaluated by simulated gastrointestinal digestion. The

stability of the biological activity of peptides depends not only on the maintenance of their structure but also on other

factors . Peptide behavior in simulated gastrointestinal digestion may provide important information about their possible

behavior in the digestive system. The changes in the peptides profile observed after HPLC separation indicated the

important effect of gastrointestinal enzymes on the sequences. Moreover, acidic conditions with pH 2 and increasing to pH

7 could cause changes in peptide sequences. Marambe et al. (2011) demonstrated that acidic treatment reduced some

peaks of high-molecular-weight peptides in the chromatogram and increased other peptides of 1 kDa and less .

Moreover, Meshginfar et al. reported that the neutral polar charge of ionizable amino acid group in the sequence of

peptides was very effective on the stability of peptides in digestive conditions . They also indicated that digestion in

antioxidant peptides causes minimal changes in their biological activity . Thus, it seems that the hydrolyzed orange

seed protein peptide fractions may retain their biological activity after the gastrointestinal digestion stage.

The fraction 31–32 obtained from the last purification step (RP-HPLC) was applied for the identification of the peptides

using nano-LC-MS/MS. A total of 952 sequences were identified in samples before gastrointestinal digestion in

comparison with 26 peptide fractions that were identified after gastrointestinal digestion. This decrease in the amount of

peptide sequences identified could be due to the intense hydrolysis occurring during gastrointestinal digestion that results

in the generation of very small peptides that are out of the analysis range in the mass spectrometer. Selma et al. (2018)

suggested that the highest antidiabetic and antihypertensive activity of peptides detected from protein hydrolysates

from Octopus vulgaris by nano-LC-MS/MS after isolation with RP-HPLC were related to fractions with a molecular mass of

about 400–2500 Da and mainly contain the hydrophobic amino acids . Another study on the antioxidant activity of

bioactive peptides from the porcine plasma protein hydrolysis concluded that the DPPH scavenging activity and Fe  ion

reduction power were the highest in molecules that weigh less than 3 kDa . Torkova et al. (2016)  studied the

hydrolyzed peptides of poultry protein and the effect of in vitro gastrointestinal digestion conditions on the bioactive activity

of these peptides and showed that all peptides inhibiting the ACEI enzyme had 5 to 9 amino acids in their peptide chain

. Our outcomes were consistent with the results of previous studies including Maqsoudlou et al., Meshginfar et al., and

Mazloomi et al. , and it was revealed that histidine, proline, serine, aspartic acid, and glutamic acid were the

important amino acids in peptides with antioxidant properties. Histidine, proline, serine, glutamic acid, and tyrosine were

also the important amino acids in peptides with ACEI-inhibitory properties. Ultimately, proline, serine, aspartic acid, and

glutamic acid were also important amino acids in peptides with antidiabetic potential. Generally, the restriction on the

number of detected peptides in the hydrolyzed pepsin and the presence of specific amino acids at the end of these

peptide chains has been due to the presence of specific amino acids in the active site of the pepsin enzyme . This

was evident in the amino acid sequence of the detected pepsin-hydrolyzed peptides. Depending on their specific

structure, some bioactive peptides can resist the protease enzymes’ action. For example, peptides containing proline at

the end of the carboxyl group are more resistant to gastrointestinal digestion and are, therefore, not hydrolyzed by

digestive enzymes . On the other hand, due to their molecular weight, and hydrophobicity, some antihypertensive

peptides are structurally resistant when passing through intestinal epithelial cells as well as digestive digestion .

Mazloomi et al. (2020)  showed that orange seeds can be used to produce beneficial bioactive peptides that are

resistant to digestive enzymes, and Alcalase-hydrolyzed orange seed proteins can be also suggested as a health-

beneficial product to reduce blood pressure and for diabetes management. The study on the peptide sequences after

gastrointestinal digestion shows that these peptides may retain their biological activity in many cases and in some cases

become new peptides with new health-beneficial characteristics.
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