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Preface 
 

In recent years, nutrition and food sciences have been focused on biologically active 
peptides present in the sequences of food proteins. Such peptides are inactive within 
the sequence of the precursor proteins and can be released by enzymatic proteolysis 
during gastrointestinal digestion or during food processing. Liberated peptides may 
act as regulatory compounds with hormone-like activity in the human body. To date, 
food-derived peptides with antihypertensive, antimicrobial, antioxidant, anti-
carcinogenic, anti-inflammatory, opioid agonist or antagonist, antiviral, among others, 
have been characterized. These peptides possess properties that help to prevent and/or 
treat different disorders, maintaining the well-health status of humans.  

Bioactive Food Peptides in Health and Disease provides a general overview of food-
derived peptides for the promotion of human health and the prevention/management 
of chronic diseases. The book provides updated and interesting information on 
bioactive peptides obtained from both animal and plant food sources, emphasizing on 
important aspects related to their bioactivity, mechanism of action, and bioavailability. 
Also, the chapters describe the impact of bioactive peptides on the physiological 
absorption, regulation and disease prevention. The book also covers the recent 
technological advances for the production of food peptides. 

The editors want to thank the authors for their important contribution to the success of 
this book. They are eminent researchers all over the world that have accepted to share 
and turn their ideas and work into a book that we hope to be an essential resource and 
reference for nutritional and food scientists, biochemists, industry producers and 
consumers. 

 
Dr. Blanca Hernández-Ledesma 

Institute of Food Science Research (CIAL, CSIC-UAM), Madrid,  
Spain 

Dr. Chia-Chien Hsieh 
Department of Nutritional Science and Toxicology.  

University of California, Berkeley, California,  
USA 
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1. Introduction 

1.1. Chemopreventive role of food peptides 

Cancer is a major killer in today's world accounting for around 13% of all deaths according 
to the World Health Organisation. It has been estimated that by 2020, approximately 17 
million new cancer cases will be diagnosed, and 10 million cancer patients will die [1]. 
Epidemiological evidence has demonstrated that as many as 35% of these cancer cases may 
be related to dietary factors, and thus modifications of nutritional and lifestyle habits can 
prevent this disease [2]. Cell experiments, animal models and human trials have revealed 
that a large number of natural compounds present in the diet could lower cancer risk and 
even, sensitize tumor cells against anti-cancer therapies [3]. Therefore, knowledge on the 
effect of diet components on health will bring new opportunities for chemoprevention 
through intense alterations in diet regimens. 

In the last few years, food proteins and peptides have become one group of nutraceuticals 
with demonstrated effects preventing the different stages of cancer, including initiation, 
promotion, and progression [4]. Certain advantages over alternative chemotherapy 
molecules, such as their high affinity, strong specificity for targets, low toxicity and good 
penetration of tissues, have made food proteins and peptides a new and promising 
anticancer strategy [5]. 

Protease inhibitors are found in plant tissues, particularly from legumes. One of the most 
extensively studied inhibitors in the field of carcinogenesis is the soybean derived Bowman-
Birk protease inhibitor (BBI). It is a 71-amino acids polypeptides which chemopreventive 
properties have been demonstrated in both in vitro and in vivo systems [6]. As a result of this 
evidence, BBI acquired the status of "investigational new drug" from the Food and Drug 
Administration in 1992, and since then, large-scale human trials are being carried out to 

© 2013 Hsieh et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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evaluate its use as an anticarcinogenic agent in the form of BBI concentrate (BBIC) [7-9]. 
These studies have shown that BBIC is well-tolerated by the patients and led to promising 
results for prostate and oral carcinomas. 

Milk contains a number of proteins and peptides exhibiting chemopreventive properties. As 
an example, lactoferrin is a well-known whey protein for its inhibitory action on cancer cells 
proliferation, as well as for its antimicrobial, anti-inflammatory and antioxidant abilities 
[10]. The protective effects of orally administered lactoferrin against chemically induced 
carcinogenesis, tumor growth, and/or metastasis have been demonstrated in an increasing 
number of animal model studies, thereby suggesting its great potential therapeutic use in 
cancer disease prevention and/or treatment. Lactoferricin is a cationic peptide produced by 
acid-pepsin hydrolysis of lactoferrin. Similarly to its source protein, lactoferricin has been 
demonstrated, by cell culture and animal models, to exert anticarcinogenic properties 
against different types of cancer, such as leukemia, colon, breast, and lung cancer, among 
others [11]. This peptide acts through cell proliferation inhibition, apoptosis induction, 
angiogenesis suppression, and modulation of protein expression involved in different 
carcinogenesis pathways. 

Recent studies have identified and characterized, peptides derived from animal and vegetal 
sources as promising chemopreventive agents [12-14]. One of these peptides, called lunasin, 
was identified in soybean and other plants and legumes. Studies performed in the last five 
years have revealed lunasin’s properties in both cell culture and animal models, making it a 
potential strategy for cancer prevention and/or therapy. The purpose of this chapter is to 
summarize the evidence reported since lunasin’s discovery in 1997 on its possible benefits as 
a chemopreventive agent as well as its demonstrated mechanisms of action.  

2. Lunasin: Discovery and beyond 

Lunasin has been described as a 43-amino acid peptide encoded within the soybean 2S 
albumin. Its sequence is SKWQHQQDSCRKQLQGVNLTPCEKHIMEKIQGRGDDDDD 
DDDD, containing 9 Asp residues, and an Arg-Gly-Asp cell adhesion motif [15]. Lunasin 
was first identified in the soybean seed, with variable concentrations ranged from 0.5 to 8.1 
mg lunasin/g seed [16,17]. This variation has been found to mainly depend on the soybean 
genotype, suggesting the possibility of selecting and breeding varieties of soybean with 
higher lunasin contents [16]. The stages of seed development have also been found to affect 
lunasin’s concentration, and a notable increase occurs during seed maturation [18]. 
However, sprouting leads to a continuing decrease of lunasin with soaking time. Recent 
studies have revealed the influence on lunasin content of environmental factors, such as 
temperature, soil moisture and germination time, as well as of processing conditions [19-21].  

Presence of lunasin has been demonstrated in commercial and pilot plant produced soybean 
products, including soy milk, infant formula, high protein soy shake, tofu, bean curd, 
soybean cake, tempeh, and su-jae (Table 1) [22,23]. Results from these studies establish the 
influence on lunasin concentration in the food products of different parameters, such as the 
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soy genotype, the environmental factors, the manufacturing process and the storage 
conditions. Thus, these parameters might be used to control the content of this bioactive 
peptide. 

 

Type of sample Composition-main ingredients Lunasin 
(mg/100 g product) 

Reference 

Regular soymilk Soybeans 15.7  1.3 [22] 
 Soybeans 12.3  0.8 [22] 
 Soybeans 11.8  1.3 [22] 
 Whole soybeans 9.3  0.3 [23] 
 Soybeans, soybean oil, soy lecithin 9.2  1.7 [23] 
 Soy flour, Stevia sweetened 7.0  0.1 [23] 
 Soy flour, Stevia sweetened 6.3  0.2 [23] 
 Whole soybeans, filtered water 7.9  0.0 [23] 
 Whole soybeans, filtered water 6.3  0.1 [23] 
 Whole soybeans, filtered water 6.1  0.1 [23] 
 Whole soybeans 6.0  0.6 [23] 
 Whole soybeans 2.2  0.1 [23] 
 Soybeans, soy lecithin 5.2  0.7 [23] 
 Soybeans, calcium fortified 1.8  0.3 [23] 
 Aqueous extract of soybeans 2.3  0.4 [23] 

Organic soymilk 
Organic soybeans, malted wheat and 
barley extract 18.9  2.6 [22] 

 Organic soybeans, malted wheat and 
barley extract 

14.2  1.1 [22] 

 Organic soybeans 13.8  2.6 [22] 
 Organic soybeans 14.4  2.4 [22] 
 Organic soybeans 14.7  0.8 [22] 
 Organic soybeans, rice syrup 13.7  0.9 [22] 
 Organic soybeans, soy protein isolate 13.9  1.0 [22] 
 Organic soybeans, malt syrup 18.3  2.4 [22] 
 Organic soybeans, barley extract 10.7  0.8 [22] 
 Whole organic soybeans, isoflavones 9.1  0.1 [23] 
 Organic soybeans 8.8  0.0 [23] 
 Organic soybeans, calcium fortified 8.2  0.0 [23] 

 
Whole organic soybeans, calcium 
enriched 5.6  0.7 [23] 

 
Whole organic soybeans, calcium 
enriched 5.4  0.6 [23] 

 Organic soybeans 3.8  0.6 [23] 
 Organic soybeans 2.9  0.8 [23] 
Soy formula Corn syrup, soy protein isolate 4.1  0.4 [22] 
 Corn syrup, soy protein  2.8  0.2 [22] 
 Rice syrup, soy protein concentrate 1.5  0.1 [22] 
 Soy protein isolate, soy oil, iron fortified 8.9  0.4 [23] 
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Type of sample Composition-main ingredients 
Lunasin 

(mg/100 g product) Reference 

 Soy protein isolate, soy oil, iron fortified 8.1  0.4 [23] 
 Soy protein isolate, iron fortified 7.3  0.4 [23] 
Soft Tofu Soybeans 9.6  0.9 [22] 
Soft Tofu Soybeans 7.3  1.0 [22] 
Silken Tofu 
Kinugoshi 

Soybeans 9.6  0.7 [22] 

Silken Tofu Soybeans 4.4  0.5 [22] 
Silken Tofu Soybeans 3.7  0.5 [22] 
Medium firm Tofu  Soybeans 14.3  1.8 [22] 
Organic Medium 
firm Tofu  Soybeans 6.7  1.3 [22] 

Firm Tofu  Soybeans 3.5  0.2 [22] 
Extra firm tofu 
Chinese style 

Soybeans 3.7  0.1 [22] 

Baked tofu Soybeans, soy sauce (wheat) 5.5  0.3 [22] 
Fried tofu Soybean, soybean oil, soy sauce 0.4  0.1 [22] 
Dry tofu Soybeans 2.5  0.3 [22] 
Soy shake Soy and milk, chocolate flavored 1.3  0.01 [23] 
 Soy, milk, vanilla flavored 1.3  0.01 [23] 

 Soy protein isolate, milk, dark chocolate 
flavored 

2.0  0.04 [23] 

 Soy, sor protein isolate, chocolate 
flavored 

3.6  0.02 [23] 

Organic tempeh Soybeans, Rhizopus oligosporus n.d. [22] 
 Soybeans, brown rice, R. oligosporus 8.2  0.4 [22] 

 Soybeans, flaxseed, brown rice, R. 
oligosporus 

6.1  0.4 [22] 

 Soybeans, brown rice, R. oligosporus n.d. [22] 
Marinated bean curd Soybeans, soy sauce 9.5  1.0 [22] 
Soybean curd noodle Soybeans n.d. [22] 
Deep fried soybean 
cake Soybeans, soybean oil 1.9  0.3 [22] 

Baked soybean cake Soybeans, soy sauce, sesame oil 1.1  0.2 [22] 

Table 1. Type, composition, and lunasin content of soybean-derived foods 

In search of natural sources of lunasin besides soybean, a first screening has been carried out 
using different beans, grains and herbal plants. Lunasin has been found in cereal grains 
known for its health effects, such as barley, wheat, and rye [24-27]. Several seeds of oriental 
herbal and medicinal plants have been analyzed, finding that lunasin is present in all of the 
Solanaceae family, except L. Chinensis, but not in any of the Phaseolus beans [28]. These 
findings suggested the presence of lunasin or lunasin-like peptides in other grains and 
plants. This peptide has been identified in Amaranth, a plant well-known and used by the 
Aztecs for its high nutritional value and its biological properties [29]. A recent study has 
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revealed the presence of lunasin in different Lupinus cultivated and wild species [30]. A 
more rigorous and systematic search of lunasin and lunasin homologues in different seeds 
should be need to carry out in order to establish a relation between the presence of this 
peptide and the taxonomic properties of the plants.  

2.1. Bioavailability of lunasin 

One of the properties of an ideal cancer preventive agent is that it can be taken orally. This 
means being able to survive degradation by gastrointestinal and serum proteinases and 
peptidases, and to reach the target organ or tissue in an active form. Simulation of 
gastrointestinal digestion of lunasin has demonstrated that, while synthetic pure lunasin is 
easily hydrolyzed by pepsin and pancreatin, lunasin in soy protein is resistant to the action 
of these enzymes. Bioavailability studies carried out with animals have confirmed the 
preliminary results obtained by in vitro analysis. First studies carried out in mice and rats 
fed lunasin-enriched soy protein found that 35% of ingested lunasin reaches the target 
tissues and organs in an intact and active form [17,28]. Lunasin from rye and barley have 
also shown stability towards pepsin and pancreatin in vitro digestion and the liver, kidney, 
and blood of rats fed with lunasin-enriched rye or barley, respectively, contained this 
peptide as detected by Western blot [26,27]. Naturally protease inhibitors, such as Bowman-
Birk protease inhibitor and Kunitz trypsin inhibitor have been demonstrated to exert a 
protective effect on lunasin against digestion by gastrointestinal enzymes, playing this 
protection a key role in making lunasin bioavailable [31]. These authors reported that 
lunasin is bioavailable after its oral administration to mice, reaching different tissues, 
including lung, mammary gland, prostate, and brain, where this peptide might exert is 
chemopreventive effects. These authors also found that lunasin extracted from the blood 
and liver of lunasin-enriched soy flour-fed rats was bioactive and able to suppress foci 
formation in the same concentration as synthetic lunasin.  

A clinical trial focused on evaluating lunasin’s bioavailability has demonstrated that in 
healthy volunteer men, 4.5% of lunasin ingested in the form of soy protein reaches plasma 
[32]. Results from this study are relevant in supporting future clinical trials to demonstrate 
cancer preventive properties of lunasin.  

3. Lunasin’s role as chemopreventive peptide  
Peptide lunasin has demonstrated to exert promising chemopreventive properties against 
different types of cancers by both cell culture and animal experiments (Table 2). First studies 
performed with mammalian cells revealed that lunasin did not affect their morphology and 
proliferation. However, this peptide acted preventing their transformation induced by 
chemical carcinogens-7,12-dimethylbenz[a]anthracene (DMBA) and 3-methylcholanthrene 
(MCA) [33,34], viral and ras-oncogenes [33,35,36]. These experiments made lunasin be 
considered a “watchdog” agent in the cell nucleus that once the transformation event 
occurs, it acts as a surrogate tumor suppressor that tightly binds to deacetylated core 
histones disrupting the balance between acetylation-deacetylation, which is perceived by the 
cell as abnormal and leads to cell death [37]. This first mechanism of action involving 
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Type of sample Composition-main ingredients 
Lunasin 

(mg/100 g product) Reference 

 Soy protein isolate, soy oil, iron fortified 8.1  0.4 [23] 
 Soy protein isolate, iron fortified 7.3  0.4 [23] 
Soft Tofu Soybeans 9.6  0.9 [22] 
Soft Tofu Soybeans 7.3  1.0 [22] 
Silken Tofu 
Kinugoshi 

Soybeans 9.6  0.7 [22] 

Silken Tofu Soybeans 4.4  0.5 [22] 
Silken Tofu Soybeans 3.7  0.5 [22] 
Medium firm Tofu  Soybeans 14.3  1.8 [22] 
Organic Medium 
firm Tofu  Soybeans 6.7  1.3 [22] 

Firm Tofu  Soybeans 3.5  0.2 [22] 
Extra firm tofu 
Chinese style 

Soybeans 3.7  0.1 [22] 

Baked tofu Soybeans, soy sauce (wheat) 5.5  0.3 [22] 
Fried tofu Soybean, soybean oil, soy sauce 0.4  0.1 [22] 
Dry tofu Soybeans 2.5  0.3 [22] 
Soy shake Soy and milk, chocolate flavored 1.3  0.01 [23] 
 Soy, milk, vanilla flavored 1.3  0.01 [23] 

 Soy protein isolate, milk, dark chocolate 
flavored 

2.0  0.04 [23] 

 Soy, sor protein isolate, chocolate 
flavored 

3.6  0.02 [23] 

Organic tempeh Soybeans, Rhizopus oligosporus n.d. [22] 
 Soybeans, brown rice, R. oligosporus 8.2  0.4 [22] 

 Soybeans, flaxseed, brown rice, R. 
oligosporus 

6.1  0.4 [22] 
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Marinated bean curd Soybeans, soy sauce 9.5  1.0 [22] 
Soybean curd noodle Soybeans n.d. [22] 
Deep fried soybean 
cake Soybeans, soybean oil 1.9  0.3 [22] 

Baked soybean cake Soybeans, soy sauce, sesame oil 1.1  0.2 [22] 

Table 1. Type, composition, and lunasin content of soybean-derived foods 

In search of natural sources of lunasin besides soybean, a first screening has been carried out 
using different beans, grains and herbal plants. Lunasin has been found in cereal grains 
known for its health effects, such as barley, wheat, and rye [24-27]. Several seeds of oriental 
herbal and medicinal plants have been analyzed, finding that lunasin is present in all of the 
Solanaceae family, except L. Chinensis, but not in any of the Phaseolus beans [28]. These 
findings suggested the presence of lunasin or lunasin-like peptides in other grains and 
plants. This peptide has been identified in Amaranth, a plant well-known and used by the 
Aztecs for its high nutritional value and its biological properties [29]. A recent study has 
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revealed the presence of lunasin in different Lupinus cultivated and wild species [30]. A 
more rigorous and systematic search of lunasin and lunasin homologues in different seeds 
should be need to carry out in order to establish a relation between the presence of this 
peptide and the taxonomic properties of the plants.  

2.1. Bioavailability of lunasin 

One of the properties of an ideal cancer preventive agent is that it can be taken orally. This 
means being able to survive degradation by gastrointestinal and serum proteinases and 
peptidases, and to reach the target organ or tissue in an active form. Simulation of 
gastrointestinal digestion of lunasin has demonstrated that, while synthetic pure lunasin is 
easily hydrolyzed by pepsin and pancreatin, lunasin in soy protein is resistant to the action 
of these enzymes. Bioavailability studies carried out with animals have confirmed the 
preliminary results obtained by in vitro analysis. First studies carried out in mice and rats 
fed lunasin-enriched soy protein found that 35% of ingested lunasin reaches the target 
tissues and organs in an intact and active form [17,28]. Lunasin from rye and barley have 
also shown stability towards pepsin and pancreatin in vitro digestion and the liver, kidney, 
and blood of rats fed with lunasin-enriched rye or barley, respectively, contained this 
peptide as detected by Western blot [26,27]. Naturally protease inhibitors, such as Bowman-
Birk protease inhibitor and Kunitz trypsin inhibitor have been demonstrated to exert a 
protective effect on lunasin against digestion by gastrointestinal enzymes, playing this 
protection a key role in making lunasin bioavailable [31]. These authors reported that 
lunasin is bioavailable after its oral administration to mice, reaching different tissues, 
including lung, mammary gland, prostate, and brain, where this peptide might exert is 
chemopreventive effects. These authors also found that lunasin extracted from the blood 
and liver of lunasin-enriched soy flour-fed rats was bioactive and able to suppress foci 
formation in the same concentration as synthetic lunasin.  

A clinical trial focused on evaluating lunasin’s bioavailability has demonstrated that in 
healthy volunteer men, 4.5% of lunasin ingested in the form of soy protein reaches plasma 
[32]. Results from this study are relevant in supporting future clinical trials to demonstrate 
cancer preventive properties of lunasin.  

3. Lunasin’s role as chemopreventive peptide  
Peptide lunasin has demonstrated to exert promising chemopreventive properties against 
different types of cancers by both cell culture and animal experiments (Table 2). First studies 
performed with mammalian cells revealed that lunasin did not affect their morphology and 
proliferation. However, this peptide acted preventing their transformation induced by 
chemical carcinogens-7,12-dimethylbenz[a]anthracene (DMBA) and 3-methylcholanthrene 
(MCA) [33,34], viral and ras-oncogenes [33,35,36]. These experiments made lunasin be 
considered a “watchdog” agent in the cell nucleus that once the transformation event 
occurs, it acts as a surrogate tumor suppressor that tightly binds to deacetylated core 
histones disrupting the balance between acetylation-deacetylation, which is perceived by the 
cell as abnormal and leads to cell death [37]. This first mechanism of action involving 
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histone acetylation inhibition is considered as one of the most important epigenetic 
modifications acting on signal transduction pathways involved in cancer development 
[38,39]. When the cells are in the steady-state conditions, the core H3 and H4 histones are 
mostly deacetylated, as a repressed state. When cells were treated with peptide lunasin and 
well-known deacetylase inhibitor sodium butyrate, histone acetylation was inhibited in 
C3H10T1/2 fibroblasts and breast cancer MCF-7 cells [33,36]. Furthermore, lunasin has been 
demonstrated to compete with different histone acetyltransferase enzymes (HATs), such as 
yGCN5 and PCAF, inhibiting the acetylation and repressing the cell cycle progression 
[24,25,28]. Recently, we have reported that lunasin is a potent inhibitor of histones H3 and 
H4 histone acetylation [40]. Lunasin’s inhibitory activity was found to be higher than that 
demonstrated by other compounds, such as anacardic acid and curcumin, which 
chemopreventive properties have been already reported [41-43]. Studies focused on 
elucidating lunasin’s structure-activity relationship establish that lunasin’s sequence is 
essential for inhibiting H4 acetylation whereas poly-D sequence is the main active sequence 
responsible for H3 acetylation inhibition [40] (Table 3).  

Although first studies only established lunasin’s capacity to act when transformation 
process happens, studies performed in the last few years have demonstrated that this 
peptide also acts on established cancer cells lines. This activity against different types of 
cancer cell lines is summarized in this chapter. Moreover, results obtained from cancer 
animal models are also included.  

3.1. Chemopreventive properties against breast cancer 

With a prevalence of about 4.4 million women and a lethality rate of more than 410,000 cases 
per year, breast cancer is the most common cancer disease and the leading cause of death in 
women worldwide [44]. Based on the prevalence of estrogen receptors (ER) within the cell, 
breast cancer is categorized into the ER–positive type and the ER-negative type. About 70-
80% of all breast cancers are estrogen sensitive and they are treated by conventional 
procedures including surgery, radiation chemotherapy, and estrogen analogues. However, 
ER-negative tumors are more aggressive and resistant to treatments [45,46]. Therefore, 
searching for new preventive and/or curative strategies for this type of breast cancer has 
centered the interest of current investigations.   

3.1.1. Lunasin against breast cancer in vitro 

Up to one third on breast cancers that are initially ER-independent become resistant to 
endocrine therapy during tumor progression [47]. Due to this emergence of hormone-
resistance, it is necessary to search for alternative therapies. Lunasin has been demonstrated 
to inhibit cell proliferation in ER-negative breast cancer MDA-MB-231 cells in a dose-
dependent manner, showing an IC50 value of 181 M [48]. Studies carried out to establish a 
structure/activity relationship showed an IC50 value of 138 M for the 21 amino acid 
sequence localized at the C-terminus of lunasin, thus being the main responsible for 
lunasin’s inhibitory effect on breast cancer cells proliferation [40].  
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A plethora of chromatin alterations appears to be responsible for the development and 
progression of various types of cancers, including breast cancer. Acetylation of specific lysine 
residues in histones is generally linked to chromatin disruption and transcriptional activation 
of genes [49]. In our studies, a dose-dependent inhibitory effect on H4 acetylation at positions 
H4-Lys8 and H4-Lys12 was observed after treatment of lunasin at 75 M in MDA-MB-231 
cells, reaching 17% and 19% inhibition, respectively, compared to control [40]. It should be 
needed to extensively study the relevance of these results on lunasin’s chemopreventive 
activity to provide data about its molecular mechanism of action on epigenetic alterations. It 
would be useful to define new prognostic markers and therapeutic targets.  

We have also demonstrated that lunasin modulates expression of different genes and 
proteins involved in cell cycle, apoptosis and signal transduction [48]. A pivotal regulatory 
pathway determining rates of cell cycle transition from G1 to S phase is the cyclin/cyclin-
dependent kinases (CDK)/p16/retinoblastoma protein (RB) pathway. Over-expression of 
cyclins D1 and D3 is one of the most frequent alterations present in breast tumors. Cyclins D 
interacts with CDK4 or CDK6 to form a catalytically active complex, which phosphorylates 
RB to free active E2F [50]. Inhibition of deregulated cell cycle progress in cancer cells is 
being considered an effective strategy to delay or halt tumor growth.  Lunasin up-regulates 
RB gene expression [48], and inhibits RB phosphorylation [28], suggesting that both 
transcriptional and post-translational modifications may be responsible for its inhibitory 
effect on cancer cell cycle progression. Moreover, lunasin has been found to inhibit cell 
proliferation, arrest the cell cycle in the S phase in 45%, and provokes a down-regulatory 
effect on the mRNA levels of CDK2, CDK4, CDC25A, Caspase 8, and Ets2, Myc, Erbb2, 
AKT1, PIK3R1 and Jun signaling genes in MDA-MB-231 cells [48]. Also, lunasin’s down-
regulatory action on levels of proteins, such as cyclin D1, cyclin D3, CDK4 and CDK6, might 
also contribute on its breast cancer MDA-MB-231 cells cycle arrest effect [40]. The ability of 
lunasin to modulate expression of genes and proteins involved in cell cycle, apoptosis and 
signal transduction seems to play a relevant role in its properties against breast cancer. 
However, further research should be needed to elucidate the complete molecular and 
epigenetic mechanism of action in breast cancer. 

3.1.2. Lunasin against breast cancer in vivo 

Lunasin’s role as chemopreventive agent against breast cancer has also been demonstrated 
in in vivo mouse models. Our first findings showed a relevant inhibitory effect of a lunasin-
enriched diet on mammary tumors development in DMBA-induced SENCAR mice [34]. 
Tumor generation and tumor incidence were reduced by 38% and 25%, respectively, in the 
mice fed with lunasin-enriched diet (containing 0.23% lunasin) compared with control 
group. Moreover, the tumor sections obtained from the lunasin-enriched group showed 
slight stromal invasion and degree of morphological aggressiveness due to the effect of this 
peptide contained in the soy protein preparation. Park and co-works have reported that 
isoflavone-deprived soy peptides prevent DMBA-induced rat mammary tumorigenesis, as 
well as inhibit the growth of human breast cancer MCF-7 cells in a dose-dependent manner, 
and induce cell death [51]. Lunasin might be responsible for the effects reported by these 
authors.  
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also contribute on its breast cancer MDA-MB-231 cells cycle arrest effect [40]. The ability of 
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peptide contained in the soy protein preparation. Park and co-works have reported that 
isoflavone-deprived soy peptides prevent DMBA-induced rat mammary tumorigenesis, as 
well as inhibit the growth of human breast cancer MCF-7 cells in a dose-dependent manner, 
and induce cell death [51]. Lunasin might be responsible for the effects reported by these 
authors.  
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A recent study has shown that lunasin reduces tumor incidence and generation in a 
xenograft mouse model using human breast cancer MDA-MB-231 cells [31]. Lunasin’s 
inhibitory effect on the tumor weight and volume was also reported by these authors. In 
contrast, BBI showed no effect on tumor development. The tumor histological sections 
obtained from the lunasin-treated group showed cell proliferative inhibition and cell 
apoptosis induction. These first animal models consider lunasin as a new and promising 
alternative to prevent and/or treat breast cancer.  

3.1.3. Lunasin’s combinations as a novel strategy against breast cancer 

Cancer chemotherapeutic strategies commonly require multiple agents to prevent and/or 
treat cancer because of its ability to achieve greater inhibitory effects on cancer cells with 
lower toxicity potential on normal cells [3]. In the last two decades, it has been recognized 
the aspirin’s chemopreventive role against different types of cancer. However, aspirin use 
has been associated with undesirable side effects, peptic ulcer complications, particularly 
bleeding and mucosal injury [52,53]. Studies are searching new agents to be combined to 
aspirin, increasing its effectiveness or decreasing its side effects. Our findings revealed that 
lunasin potentiates aspirin’s cell proliferation inhibitory and apoptosis inducing properties 
in MDA-MB-231 cells [48]. This combination regulates the genes expression encoding G1 
and S-phase regulatory proteins and the extrinsic-apoptosis dependent pathway, at least 
partially, through synergistic down-regulatory effects were observed for ERBB2, AKT1, 
PIK3R1, FOS and JUN signaling genes. Moreover, additional studies have demonstrated 
that lunasin/aspirin combination inhibits foci formation and cell proliferation in chemical 
carcinogens DMBA and MCA induced-NIH/3T3 cells [54]. The effect was notably higher 
than that observed when compounds of the combination acted as a single agent.  

Anacardic acid is a natural compound found in the shell of the cashew nut. It has been 
linked to anti-oxidative, anti-microbial, anti-inflammatory and anti-carcinogenic activities 
[55,56]. Our findings revealed that lunasin/anacardic acid combination arrests cell cycle in S-
phase and induces apoptosis at higher levels than that observed when each compound is 
used individually. This combination also promotes the inhibition of ERBB2, AKT1, JUN and 
RAF1 signaling genes expression. Synergistic effects have also been observed when lunasin 
was combined with anacardic acid to treat breast cancer cells and chemical-induced 
fibroblast cells [57].  

The safety and efficacy of chronic use of these combinations should be further tested in 
animal models and human studies to establish the optimal dose and duration of treatment. 
Moreover, studies derived from these findings about mechanisms of action of these 
lunasin’s combinations would open a new vision in the development of novel therapies 
against breast cancer.  

3.2. Lunasin’s chemopreventive properties against colon cancer 

Colon cancer is the second leading cause of cancer death in the Western world. The high 
incidence, morbidity and mortality of colon cancer make necessary the effective prevention 
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of this disease. In the last years, pathogenesis of colorectal cancer has been elucidated, 
giving the approach for development of new drugs to combat this malignancy. 
Accumulating studies have shown the capability of bioactive food components to modulate 
the risk of developing colon cancer [58]. Recently, lunasin’s potential chemopreventive role 
has been also reported.  

3.2.1. Lunasin against colon cancer in vitro 

It has been demonstrated that lunasin causes cytotoxicity in four different human colon 
cancer cell lines, KM12L4, RKO, HCT-116, and HT-29 cell, with IC50 values of 13.0 µM, 21.6 
µM, 26.3 µM and 61.7 µM, respectively [59]. These values suggest that lunasin is most 
potent killing the highly metastatic KM12L4 colon cancer cells than any other colon cell lines 
used in this study. Moreover, lunasin was capable to provoke cytotoxic effects on the 
oxaliplatin-resistant variants of these colon cancer cells [60]. Studies on mechanism of action 
of this peptide have revealed that lunasin causes arrest of cell cycle in G2/M phase and 
induction of the mitochondrial pathway of apoptosis. The cell cycle arrest was attributed 
with concomitant increase in the expression of the p21 protein in HT-29 colon cancer cells, 
while both p21 and p27 protein expressions were up-regulated by lunasin treatment in 
KM12L4 colon cancer cells [59,61]. Moreover, treatment with lunasin decreased the ratio of 
Bcl-2:Bax by up-regulating the expression of the pro-apoptotic Bax and down-regulating the 
expression of the anti-apoptotic Bcl-2, also increasing the activity of caspase-3 [61]. This 
might be attributed to the increase in the expression of the pro-apoptotic form of clusterin 
which is positively affected by the increase p21 expression in cell nucleus. Treatment of 
lunasin causes translocation of Bax into the mitochondrial membrane resulting in the release 
of cytochrome c and the increase of the expression of cytosolic cytochrome c in KM12L4 
cells. It was also demonstrated that treatment with lunasin provokes an increase in the 
activity of caspase-9 and caspase-3 in both HT-29 and KM12L4 cells [59]. Furthermore, 
lunasin has been showed to modify the expression of human extracellular matrix and 
adhesion genes [59]. The Arg-Gly-Asp motif present in the lunasin structure is a recognition 
site for integrin receptors present in the extracellular matrix (ECM). Integrins are 
heterodimeric receptors associated with cell adhesion, and cancer metastasis [62]. Treatment 
of KM12L4 cells with lunasin resulted in the modification on the expression of 62 genes 
associated with ECM and cell adhesion [59]. These authors also reported that lunasin down-
regulated the gene expression of collagen type VII 1, integrin 2, matrix metalloproteinase 
10, selectin E and integrin 5 by 10.1-, 8.2-, 7.7-, 6.5- and 5.0-fold, respectively, compared to 
the untreated colorectal cancer cells. On the other hand, the expression of collagen type XIV 
1 was up-regulated upon lunasin treatment by 11.6-fold. These results suggest a potential 
role of peptide lunasin as an agent to combat metastatic colon cancer particularly in cases 
where resistance to chemotherapy develops. 

3.2.2. Lunasin against colon cancer in vivo 

Colon cancer liver metastasis is a widely used model to study the effects of different 
markers and chemotherapy on colon cancer metastasis. Recently, Dia & de Mejia (2011b) 
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inhibitory effect on the tumor weight and volume was also reported by these authors. In 
contrast, BBI showed no effect on tumor development. The tumor histological sections 
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lower toxicity potential on normal cells [3]. In the last two decades, it has been recognized 
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has been associated with undesirable side effects, peptic ulcer complications, particularly 
bleeding and mucosal injury [52,53]. Studies are searching new agents to be combined to 
aspirin, increasing its effectiveness or decreasing its side effects. Our findings revealed that 
lunasin potentiates aspirin’s cell proliferation inhibitory and apoptosis inducing properties 
in MDA-MB-231 cells [48]. This combination regulates the genes expression encoding G1 
and S-phase regulatory proteins and the extrinsic-apoptosis dependent pathway, at least 
partially, through synergistic down-regulatory effects were observed for ERBB2, AKT1, 
PIK3R1, FOS and JUN signaling genes. Moreover, additional studies have demonstrated 
that lunasin/aspirin combination inhibits foci formation and cell proliferation in chemical 
carcinogens DMBA and MCA induced-NIH/3T3 cells [54]. The effect was notably higher 
than that observed when compounds of the combination acted as a single agent.  

Anacardic acid is a natural compound found in the shell of the cashew nut. It has been 
linked to anti-oxidative, anti-microbial, anti-inflammatory and anti-carcinogenic activities 
[55,56]. Our findings revealed that lunasin/anacardic acid combination arrests cell cycle in S-
phase and induces apoptosis at higher levels than that observed when each compound is 
used individually. This combination also promotes the inhibition of ERBB2, AKT1, JUN and 
RAF1 signaling genes expression. Synergistic effects have also been observed when lunasin 
was combined with anacardic acid to treat breast cancer cells and chemical-induced 
fibroblast cells [57].  

The safety and efficacy of chronic use of these combinations should be further tested in 
animal models and human studies to establish the optimal dose and duration of treatment. 
Moreover, studies derived from these findings about mechanisms of action of these 
lunasin’s combinations would open a new vision in the development of novel therapies 
against breast cancer.  

3.2. Lunasin’s chemopreventive properties against colon cancer 

Colon cancer is the second leading cause of cancer death in the Western world. The high 
incidence, morbidity and mortality of colon cancer make necessary the effective prevention 
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of this disease. In the last years, pathogenesis of colorectal cancer has been elucidated, 
giving the approach for development of new drugs to combat this malignancy. 
Accumulating studies have shown the capability of bioactive food components to modulate 
the risk of developing colon cancer [58]. Recently, lunasin’s potential chemopreventive role 
has been also reported.  

3.2.1. Lunasin against colon cancer in vitro 

It has been demonstrated that lunasin causes cytotoxicity in four different human colon 
cancer cell lines, KM12L4, RKO, HCT-116, and HT-29 cell, with IC50 values of 13.0 µM, 21.6 
µM, 26.3 µM and 61.7 µM, respectively [59]. These values suggest that lunasin is most 
potent killing the highly metastatic KM12L4 colon cancer cells than any other colon cell lines 
used in this study. Moreover, lunasin was capable to provoke cytotoxic effects on the 
oxaliplatin-resistant variants of these colon cancer cells [60]. Studies on mechanism of action 
of this peptide have revealed that lunasin causes arrest of cell cycle in G2/M phase and 
induction of the mitochondrial pathway of apoptosis. The cell cycle arrest was attributed 
with concomitant increase in the expression of the p21 protein in HT-29 colon cancer cells, 
while both p21 and p27 protein expressions were up-regulated by lunasin treatment in 
KM12L4 colon cancer cells [59,61]. Moreover, treatment with lunasin decreased the ratio of 
Bcl-2:Bax by up-regulating the expression of the pro-apoptotic Bax and down-regulating the 
expression of the anti-apoptotic Bcl-2, also increasing the activity of caspase-3 [61]. This 
might be attributed to the increase in the expression of the pro-apoptotic form of clusterin 
which is positively affected by the increase p21 expression in cell nucleus. Treatment of 
lunasin causes translocation of Bax into the mitochondrial membrane resulting in the release 
of cytochrome c and the increase of the expression of cytosolic cytochrome c in KM12L4 
cells. It was also demonstrated that treatment with lunasin provokes an increase in the 
activity of caspase-9 and caspase-3 in both HT-29 and KM12L4 cells [59]. Furthermore, 
lunasin has been showed to modify the expression of human extracellular matrix and 
adhesion genes [59]. The Arg-Gly-Asp motif present in the lunasin structure is a recognition 
site for integrin receptors present in the extracellular matrix (ECM). Integrins are 
heterodimeric receptors associated with cell adhesion, and cancer metastasis [62]. Treatment 
of KM12L4 cells with lunasin resulted in the modification on the expression of 62 genes 
associated with ECM and cell adhesion [59]. These authors also reported that lunasin down-
regulated the gene expression of collagen type VII 1, integrin 2, matrix metalloproteinase 
10, selectin E and integrin 5 by 10.1-, 8.2-, 7.7-, 6.5- and 5.0-fold, respectively, compared to 
the untreated colorectal cancer cells. On the other hand, the expression of collagen type XIV 
1 was up-regulated upon lunasin treatment by 11.6-fold. These results suggest a potential 
role of peptide lunasin as an agent to combat metastatic colon cancer particularly in cases 
where resistance to chemotherapy develops. 

3.2.2. Lunasin against colon cancer in vivo 

Colon cancer liver metastasis is a widely used model to study the effects of different 
markers and chemotherapy on colon cancer metastasis. Recently, Dia & de Mejia (2011b) 
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have reported that lunasin acts as chemopreventive agent against this type of metastasis 
using colon cancer KM12L4 cells directly injected into the spleen of athymic mice [60]. 
Lunasin administered at concentration of 4 mg/kg body weight resulted in a significant 
inhibition of liver metastasis of colon cancer cells, potentially because of its binding to 51 
integrin and subsequent suppression of FAK/ERK/NF-B signalling. Lunasin was also 
capable to potentiate the effect of oxaliplatin in preventing the outgrowth of metastasis. 
Moreover, lunasin potentiated the effect of oxaliplatin in modifying expression of proteins 
involved in apoptosis and metastasis including Bax, Bcl-2, IKK- and P65 [60]. These results 
suggest that lunasin can be used as a potential integrin antagonist thereby preventing the 
attachment and extravasation of colon cancer cells leading to its anti-metastatic effect. These 
results open a new vision about the lunasin used in metastasis that might benefit to prolong 
the survival of mice with metastatic colon cancer.  

3.3. Lunasin’s chemopreventive properties against other type of cancers 

Leukemia is considered to be the most common type of cancer in children. Leukemia 
disrupts the normal reproduction and repair processes of white blood cells causing them to 
divide too quickly before they mature and resulting in the arrest on the proper production 
of all blood cells [63]. Chemopreventive properties of peptide lunasin have also been shown 
in human leukaemia L1210 cells, with an IC50 value of 14 M [64]. Cell cycle analysis 
performed by these authors showed that lunasin caused a dose-dependent G2 cell cycle 
arrest and induction of apoptosis. The expressions of caspases-3, -8 and -9 were significantly 
up-regulated by 12-, 6- and 6-fold, respectively, which resulted in the increase of percentage 
of L1210 leukemia cells undergoing apoptosis from 2 to 40% [64]. 

Prostate cancer is one of the leading causes of cancer death in worldwide men. The 
multistage, genetic, and epigenetic alterations nature of prostate cancer during disease 
progression and the response to therapy, represent fundamental challenges in our quest to 
understand and control this prevalent disease [65]. Recently, Galvez and co-workers have 
studied lunasin’s effects on tumorigenic RWPE-1 and non-tumorigenic RWPE-2 human 
prostate epithelial cells [66]. These authors observed that HIF1A, PRKAR1A, TOB1, and 
THBS1 genes were up-regulated by lunasin in RWPE-1 but not in RWPE-2 cells, confirming 
lunasin’s capacity to selectively act on cancer cells without affecting non-cancerous cells. 
Moreover, lunasin specifically inhibited H4-Lys8 acetylation while enhanced H4-Lys16 
acetylation catalyzed by HAT enzymes p300, PCAF, and HAT1A [66]. As a dietary peptide 
capable of up-regulate gene expression by specific epigenetic modifications of the human 
genome, lunasin is suggested to represent a novel food bioactive peptide with the potential 
to reduce cancer risk. 

4. Anti-inflammatory and antioxidant activities of lunasin 

Inflammation and oxidative stress are two of the most critical factors implicated in 
carcinogenesis and other degenerative disorders. Accumulating evidences have revealed 
that chronic inflammation is involved in the development of approximately 15–20% of 

 
1997-2012: Fifteen Years of Research on Peptide Lunasin 15 

malignancies worldwide [67], being clearly associated with increased cancer risk and 
progression [68]. Lunasin has been found to exert anti-inflammatory activity that might 
contribute to its chemopreventive properties. First studies demonstrated that lunasin potently 
inhibits lipopolysaccharide (LPS)-induced production of pro-inflammatory mediators 
interleuquine-6 (IL-6), tumor necrosis factor-α (TNF-α), and prostaglandin (PG) E2 (PGE2) in 
macrophage RAW 264.7 cells [69], through modulation of cyclooxygenase-2 (COX-2)/PGE2 
and inducible nitric oxide synthase/nitric oxide pathways, and suppression of NF-B 
pathways [70,71]. Larkins and co-workers (2006) have demonstrated that COX-2 inhibition can 
decrease breast cancer cells motility, invasion and matrix metalloproteinase expression [72]. 
Abnormally up-regulated COX and PGs expression are features in human breast tumors, thus 
lunasin might have a role in treatment and prevention of this kind of cancer. Moreover, the 
same biological activity was observed for lunasin-like peptides purified from defatted soybean 
flour by combination of ion-exchange chromatography and size exclusion chromatography. 
These peptides showed potent anti-inflammatory activity by inhibiting LPS-induced RAW 
264.7 cells through suppression of NF-B pathways [70,71]. Interestingly, Liu and Pan (2010) 
used E. coli as a host to produce valuable bioactive lunasin that was also showed its anti-
inflammatory properties. The purified recombinant lunasin form E.coli expressed system 
inhibits histone acetylation, and inhibits the production of pro-inflammatory cytokines, such 
as TNF-α, interleukin-1β and nitric oxide in LPS-stimulated RAW 264.7 cells [73]. 

Large amounts of reactive oxygen species (ROS) have been shown to participate in the 
etiology of several human degenerative diseases, including inflammation, cardiovascular 
and neurodegenerative disorders, and cancer [74]. It is believed that persistent inflammatory 
cells recruitment, repeated generation of ROS and pro-inflammatory mediators, as well as 
continued proliferation of genomically unstable cells contribute to neoplasic transformation 
and ultimately result in tumor invasion and metastasis [75]. Restoration/activation of 
improperly working or repressed antioxidant machinery or suppression of abnormally 
amplified inflammatory signaling can provide important strategies for chemoprevention.  

Lunasin has been found to exert potent antioxidant properties, inhibiting linoleic acid 
oxidation and acting as a potent free radical scavenger, and reducing LPS-induced production 
of ROS by RAW 264.7 macrophage cells at a dose-dependent manner [69]. Recently, lunasin 
purified from Solanum nigrum L. has been found to protect DNA from oxidative damage by 
scavenging the generation of hydroxyl radical, as well as reducing Fe3+ to Fe2+ through 
blocking fenton reaction and inhibiting linoleic acid oxidation [76]. Moreover, these authors 
demonstrate lunasin’s suppresive effects on the production of intracellular ROS and 
glutathione. Preliminary results indicate a similar inhibitory effect of ROS and GSH 
productions was also observed in Caco2 cells [77]. This activity might contribute on lunasin’s 
chemopreventive role against cancer and other oxidative stress-related disorders.  

5. Production of lunasin 

Although the potential anticancer effect of lunasin has been demonstrated for over a decade, 
little progress has been made to test in vivo efficacy of purified lunasin in large-scale animal 
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have reported that lunasin acts as chemopreventive agent against this type of metastasis 
using colon cancer KM12L4 cells directly injected into the spleen of athymic mice [60]. 
Lunasin administered at concentration of 4 mg/kg body weight resulted in a significant 
inhibition of liver metastasis of colon cancer cells, potentially because of its binding to 51 
integrin and subsequent suppression of FAK/ERK/NF-B signalling. Lunasin was also 
capable to potentiate the effect of oxaliplatin in preventing the outgrowth of metastasis. 
Moreover, lunasin potentiated the effect of oxaliplatin in modifying expression of proteins 
involved in apoptosis and metastasis including Bax, Bcl-2, IKK- and P65 [60]. These results 
suggest that lunasin can be used as a potential integrin antagonist thereby preventing the 
attachment and extravasation of colon cancer cells leading to its anti-metastatic effect. These 
results open a new vision about the lunasin used in metastasis that might benefit to prolong 
the survival of mice with metastatic colon cancer.  

3.3. Lunasin’s chemopreventive properties against other type of cancers 

Leukemia is considered to be the most common type of cancer in children. Leukemia 
disrupts the normal reproduction and repair processes of white blood cells causing them to 
divide too quickly before they mature and resulting in the arrest on the proper production 
of all blood cells [63]. Chemopreventive properties of peptide lunasin have also been shown 
in human leukaemia L1210 cells, with an IC50 value of 14 M [64]. Cell cycle analysis 
performed by these authors showed that lunasin caused a dose-dependent G2 cell cycle 
arrest and induction of apoptosis. The expressions of caspases-3, -8 and -9 were significantly 
up-regulated by 12-, 6- and 6-fold, respectively, which resulted in the increase of percentage 
of L1210 leukemia cells undergoing apoptosis from 2 to 40% [64]. 

Prostate cancer is one of the leading causes of cancer death in worldwide men. The 
multistage, genetic, and epigenetic alterations nature of prostate cancer during disease 
progression and the response to therapy, represent fundamental challenges in our quest to 
understand and control this prevalent disease [65]. Recently, Galvez and co-workers have 
studied lunasin’s effects on tumorigenic RWPE-1 and non-tumorigenic RWPE-2 human 
prostate epithelial cells [66]. These authors observed that HIF1A, PRKAR1A, TOB1, and 
THBS1 genes were up-regulated by lunasin in RWPE-1 but not in RWPE-2 cells, confirming 
lunasin’s capacity to selectively act on cancer cells without affecting non-cancerous cells. 
Moreover, lunasin specifically inhibited H4-Lys8 acetylation while enhanced H4-Lys16 
acetylation catalyzed by HAT enzymes p300, PCAF, and HAT1A [66]. As a dietary peptide 
capable of up-regulate gene expression by specific epigenetic modifications of the human 
genome, lunasin is suggested to represent a novel food bioactive peptide with the potential 
to reduce cancer risk. 

4. Anti-inflammatory and antioxidant activities of lunasin 

Inflammation and oxidative stress are two of the most critical factors implicated in 
carcinogenesis and other degenerative disorders. Accumulating evidences have revealed 
that chronic inflammation is involved in the development of approximately 15–20% of 
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malignancies worldwide [67], being clearly associated with increased cancer risk and 
progression [68]. Lunasin has been found to exert anti-inflammatory activity that might 
contribute to its chemopreventive properties. First studies demonstrated that lunasin potently 
inhibits lipopolysaccharide (LPS)-induced production of pro-inflammatory mediators 
interleuquine-6 (IL-6), tumor necrosis factor-α (TNF-α), and prostaglandin (PG) E2 (PGE2) in 
macrophage RAW 264.7 cells [69], through modulation of cyclooxygenase-2 (COX-2)/PGE2 
and inducible nitric oxide synthase/nitric oxide pathways, and suppression of NF-B 
pathways [70,71]. Larkins and co-workers (2006) have demonstrated that COX-2 inhibition can 
decrease breast cancer cells motility, invasion and matrix metalloproteinase expression [72]. 
Abnormally up-regulated COX and PGs expression are features in human breast tumors, thus 
lunasin might have a role in treatment and prevention of this kind of cancer. Moreover, the 
same biological activity was observed for lunasin-like peptides purified from defatted soybean 
flour by combination of ion-exchange chromatography and size exclusion chromatography. 
These peptides showed potent anti-inflammatory activity by inhibiting LPS-induced RAW 
264.7 cells through suppression of NF-B pathways [70,71]. Interestingly, Liu and Pan (2010) 
used E. coli as a host to produce valuable bioactive lunasin that was also showed its anti-
inflammatory properties. The purified recombinant lunasin form E.coli expressed system 
inhibits histone acetylation, and inhibits the production of pro-inflammatory cytokines, such 
as TNF-α, interleukin-1β and nitric oxide in LPS-stimulated RAW 264.7 cells [73]. 

Large amounts of reactive oxygen species (ROS) have been shown to participate in the 
etiology of several human degenerative diseases, including inflammation, cardiovascular 
and neurodegenerative disorders, and cancer [74]. It is believed that persistent inflammatory 
cells recruitment, repeated generation of ROS and pro-inflammatory mediators, as well as 
continued proliferation of genomically unstable cells contribute to neoplasic transformation 
and ultimately result in tumor invasion and metastasis [75]. Restoration/activation of 
improperly working or repressed antioxidant machinery or suppression of abnormally 
amplified inflammatory signaling can provide important strategies for chemoprevention.  

Lunasin has been found to exert potent antioxidant properties, inhibiting linoleic acid 
oxidation and acting as a potent free radical scavenger, and reducing LPS-induced production 
of ROS by RAW 264.7 macrophage cells at a dose-dependent manner [69]. Recently, lunasin 
purified from Solanum nigrum L. has been found to protect DNA from oxidative damage by 
scavenging the generation of hydroxyl radical, as well as reducing Fe3+ to Fe2+ through 
blocking fenton reaction and inhibiting linoleic acid oxidation [76]. Moreover, these authors 
demonstrate lunasin’s suppresive effects on the production of intracellular ROS and 
glutathione. Preliminary results indicate a similar inhibitory effect of ROS and GSH 
productions was also observed in Caco2 cells [77]. This activity might contribute on lunasin’s 
chemopreventive role against cancer and other oxidative stress-related disorders.  

5. Production of lunasin 

Although the potential anticancer effect of lunasin has been demonstrated for over a decade, 
little progress has been made to test in vivo efficacy of purified lunasin in large-scale animal 
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studies or human clinical trials. The main limitations of these studies have been the lack of a 
method for obtaining gram quantities of highly purified lunasin from plant sources needed 
to perform such studies. Chemical synthesis is a rapid and effective method to produce 
lunasin in small quantities but the high cost and difficulties of the scale-up process makes 
lunasin’s synthesis an economically impractical alternative. In addition, the process employs 
chemicals that are potential environmental hazards. To date, the reported methods to isolate 
and purify lunasin from soybean only allowed obtaining small quantities of this peptide at 
80% purity [70]. However, recently, Cavazos and co-workers (2012) have developed an 
improved method to isolate and purify lunasin from defatted soy flour, resulting in at least 
95% purity [23]. Simultaneously, a large-scale method to generate highly purified lunasin 
from defatted soy flour has been developed by Seber and co-workers (2012) [78]. This 
method is based on the sequential application of anion-exchange chromatography, 
ultrafiltration, and reversed-phase chromatography, obtaining preparations of > 99% purity 
with a yield of 442 mg/kg of defatted soy flour. Moreover, these preparations show the same 
biological activity than that reported for synthetic lunasin although the sequence contains 
Asn as an additional C-terminal amino acid residue. 

An additional alternative to increase lunasin content in soybean has been recently reported 
[79]. This strategy aims to exploit the potential of sourdough lactic acid bacteria to release 
lunasin during fermentation of cereal and non conventional flours. After fermentation, 
lunasin from the water soluble extracts was increased up to 2-4 times, being Lactobacillus 
curvatus SAL33 and Lactobacillus brevis AM7 the strains capable to release higher 
concentrations of this peptide. This new strategy opens new possibilities for the biological 
synthesis and for the formulation of functional foods containing bioactive lunasin.  

The use of recombinant production by transgenic organisms is widely employed in industry 
owing to their ease of use, robustness and costs, and has become the most effective system 
for the production of long peptides and proteins. A recent study has explored efficient 
recombinant production of lunasin by exploiting the Clostridium thermocellum CipB 
cellulose-binding domain as a fusion partner protein [80]. This system resulted in yields of 
peptide of up to 210 mg/L, but the authors consider that these yields might be increased in 
bioreactors where oxygen and nutrients levels are tightly regulated.   

6. Conclusions 

Peptides are becoming a group of health-promoting food components with promising 
chemopreventive and chemotherapeutic properties against cancer. Among them, peptide 
lunasin, found in soybean and other plants, is turning into one of the most promising. This 
peptide has been demonstrated its bioavailability after resisting gastrointestinal and serum 
degradation, and reaching blood and target organs in an intact and active form. Efficacy of 
lunasin against breast, colon, leukemia and prostate cancer using cell culture experiments 
and animal models have been revealed in the last decade. These results make lunasin a good 
candidate for a new generation of chemopreventive/chemotherapeutical agents derived 
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from natural seeds. However, there is still much to be learned about the effects and 
mechanisms of lunasin on cancer prevention/therapy. The major challenge on the use of 
lunasin in treating cancer would be the conversion of existing results into clinical outcomes. 
The next step should be to design clinical trials to confirm lunasin’s chemopreventive 
properties against different types of cancer. Moreover, genomics, proteomics and 
biochemical tools should be applied to complete elucidate its molecular mechanism of 
action. Other aspects, such as searching for lunasin in other seeds, optimization of 
techniques to enrich products with this peptide and studying lunasin's interactions with 
other food constituents affecting its activity should also be conducted. 
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studies or human clinical trials. The main limitations of these studies have been the lack of a 
method for obtaining gram quantities of highly purified lunasin from plant sources needed 
to perform such studies. Chemical synthesis is a rapid and effective method to produce 
lunasin in small quantities but the high cost and difficulties of the scale-up process makes 
lunasin’s synthesis an economically impractical alternative. In addition, the process employs 
chemicals that are potential environmental hazards. To date, the reported methods to isolate 
and purify lunasin from soybean only allowed obtaining small quantities of this peptide at 
80% purity [70]. However, recently, Cavazos and co-workers (2012) have developed an 
improved method to isolate and purify lunasin from defatted soy flour, resulting in at least 
95% purity [23]. Simultaneously, a large-scale method to generate highly purified lunasin 
from defatted soy flour has been developed by Seber and co-workers (2012) [78]. This 
method is based on the sequential application of anion-exchange chromatography, 
ultrafiltration, and reversed-phase chromatography, obtaining preparations of > 99% purity 
with a yield of 442 mg/kg of defatted soy flour. Moreover, these preparations show the same 
biological activity than that reported for synthetic lunasin although the sequence contains 
Asn as an additional C-terminal amino acid residue. 

An additional alternative to increase lunasin content in soybean has been recently reported 
[79]. This strategy aims to exploit the potential of sourdough lactic acid bacteria to release 
lunasin during fermentation of cereal and non conventional flours. After fermentation, 
lunasin from the water soluble extracts was increased up to 2-4 times, being Lactobacillus 
curvatus SAL33 and Lactobacillus brevis AM7 the strains capable to release higher 
concentrations of this peptide. This new strategy opens new possibilities for the biological 
synthesis and for the formulation of functional foods containing bioactive lunasin.  

The use of recombinant production by transgenic organisms is widely employed in industry 
owing to their ease of use, robustness and costs, and has become the most effective system 
for the production of long peptides and proteins. A recent study has explored efficient 
recombinant production of lunasin by exploiting the Clostridium thermocellum CipB 
cellulose-binding domain as a fusion partner protein [80]. This system resulted in yields of 
peptide of up to 210 mg/L, but the authors consider that these yields might be increased in 
bioreactors where oxygen and nutrients levels are tightly regulated.   

6. Conclusions 

Peptides are becoming a group of health-promoting food components with promising 
chemopreventive and chemotherapeutic properties against cancer. Among them, peptide 
lunasin, found in soybean and other plants, is turning into one of the most promising. This 
peptide has been demonstrated its bioavailability after resisting gastrointestinal and serum 
degradation, and reaching blood and target organs in an intact and active form. Efficacy of 
lunasin against breast, colon, leukemia and prostate cancer using cell culture experiments 
and animal models have been revealed in the last decade. These results make lunasin a good 
candidate for a new generation of chemopreventive/chemotherapeutical agents derived 
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from natural seeds. However, there is still much to be learned about the effects and 
mechanisms of lunasin on cancer prevention/therapy. The major challenge on the use of 
lunasin in treating cancer would be the conversion of existing results into clinical outcomes. 
The next step should be to design clinical trials to confirm lunasin’s chemopreventive 
properties against different types of cancer. Moreover, genomics, proteomics and 
biochemical tools should be applied to complete elucidate its molecular mechanism of 
action. Other aspects, such as searching for lunasin in other seeds, optimization of 
techniques to enrich products with this peptide and studying lunasin's interactions with 
other food constituents affecting its activity should also be conducted. 
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1. Introduction 

Serine proteases have long been recognized as major players in a wide range of biological 
processes including cell signaling, cell cycle progression, digestion, immune responses, 
blood coagulation and wound healing. Their role in the physiology of many human 
diseases, ranging from cancer and inflammatory disorders to degenerative diseases, now 
represents an increasingly important feature of this family of enzymes. Proteases are tightly 
controlled through a number of different mechanisms, including regulation of gene 
expression, recognition of the substrate by the active site, activity regulation by small 
molecules, changes in cellular location, post-translational modifications, interaction with 
other proteins and/or through inhibition of proteolysis by protease inhibitors (PI) [1-3]. This 
last mechanism usually involves competition with substrates for access to the active site of 
the enzyme and the formation of tight inhibitory complexes. An understanding of the role 
played by serine proteases and their specific inhibitors in human diseases offers novel and 
challenging opportunities for preventive and/or therapeutic intervention [4]. 

Within this framework, there is a growing interest in naturally-occurring serine protease 
inhibitors of the Bowman-Birk family due to their potential chemopreventive and/or 
therapeutic properties which can impact on several human diseases, including cancer, 
neurodegenerative diseases and inflammatory disorders. In light of the Food and Drug 
Administration (FDA) approval for trials of Bowman-Birk inhibitors (BBI) concentrate 
(BBIC), a protein extract of soybean (Glycine max) enriched in BBI, as an ‘Investigational 
New Drug‘, human trials have been completed in patients with benign prostatic hyperplasia 
[5], oral leukoplakia [6-8] and ulcerative colitis [9] (Table 1). Although, in most of these 
cases, the intrinsic ability of BBI to inhibit serine proteases has been related to beneficial 
health properties, the mechanisms of action and the identity of their therapeutic targets are 
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largely unknown. In this chapter, we describe the emerging evidence for the positive 
contribution of BBI from legumes to disease prevention and therapy. 
 

Disease Type of trial Experimental design Main results Ref. 
Benign 
prostatic 
hyperplasia   

Phase I trial Duration: 6 months. 
19 patients. Daily 
doses up to 800 CIU a

Significant decrease (up to 43 %) in 
PSAb levels after treatment. 
Decrease of prostate volume in 
patients. No dose-limiting toxicity 

[5]    

Oral 
leukoplakia   

Phase I trial Duration: 1 month. 24 
patients. Single daily 
dose: 800 CIU

BBI was well tolerated. No clinical 
evidence of toxicity or any adverse 
reaction        

[6] 

 Plase II trial Duration: 1 month. 32 
patients. 
Administration: twice 
daily, up to 1066 CIU 

31 % of patients achieved clinical 
response and lesion area decreased 
after treatment. Dose-dependent 
effect. BBI was non-toxic. The 
positive clinical effect of BBIC 
could be due to the inhibition of 
serine proteases involved in the 
cleavage of neu-oncogen protein on 
the cell surface, preventing the 
release of the extracellular domain 
of the protein into the bloodstream 

[7] 

 Double-blind
randomized, 
Placebo-
controlled 
phase IIb 
trial 

148 patients. Daily 
dose: 600 CIU 

Although this study has not been 
completed yet, preliminary results 
suggest that BBIC is not fully 
effective in patients       

[8] 

Ulcerative 
colitis 

A 
randomized,
double 
blind, 
placebo-
controlled 
trial

12 weeks of therapy. 
28 patients. Daily 
dose: 800 CIU 

BBIC might be associated with the 
regression of disease without 
apparent toxicity or adverse side 
effects 

[9] 

aCIU: chymotrypsin inhibitory units; bPSA: prostate specific antigen 

Table 1. Clinical trials utilizing a protein extract of soybean enriched in Bowman-Birk inhibitors (BBIC)   

2. The Bowman-Birk family 

2.1. Sources and occurrence 

Plant PI can be categorized into at least 12 different families with 10 of these targeting serine 
proteases and adopting the standard mechanism of inhibition [10]. Members of the 
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Bowman-Birk family are canonical serine PI of low molecular weight, being particularly 
abundant in legume seeds. Soybean BBI represent the most extensively studied members of 
the Bowman-Birk family, but related BBI from other dicotyledonous legumes [including 
chickpea (Cicer arietinum), common bean (Phaseolus vulgaris), lentil (Lens culinaris) and pea 
(Pisum sativum)] and from monocotyledonous grasses (Poaceae) [including wheat (Triticum 
aestivum), rice (Oryza sativa) and barley (Hordeum vulgare) species], have been identified and 
characterized.  

The BBI that are expressed in seeds are the products of multi-gene families. Several 
isoinhibitors have been identified in seeds of individual species [11, 12]. The expression of 
distinct genes, together with the post-translational modifications of primary gene products, 
combine to give rise to the array of BBI-like variants described for many legume species. 
Variants in overall and active site sequences, size, functional properties and spatial pattern 
of expression have been described [13]. As a result, qualitative and quantitative differences 
in protease inhibitory activities have been shown in comparisons of pea genotypes [14, 15]. 
The close linkage of the genes encoding BBI, demonstrated for a number of legume species 
[16], allows the development of near-isolines having distinct haplotypes. In pea, the co-
segregation of quantitative and qualitative variation has been used to develop a series of 
near-isolines, which have allowed the biological significance of a five-fold variation in seed 
protease inhibitory activity to be investigated at the level of ileal digestibility [17, 18]. These 
lines now facilitate related studies on the positive contribution of seed BBI to the prevention 
of disease states. 

The occurrence of BBI in soy foods (soymilk, soy infant formula, defatted soy meal, 
oilcake, tofu, soybean protein isolate and soybean protein concentrate, among others) is 
noteworthy, where BBI may be present in different amounts. The soy varieties used, the 
products themselves and the technological processes used in their preparations all 
contribute to variation in BBI concentration. In order to quantify BBI in soy foods, 
enzymatic and immunological methods have been developed; however, no 
comprehensive information on the concentration of BBI in soy foods is available currently. 
Recently, Hernández-Ledesma et al. [19] reported BBI concentrations in 12 soymilk 
samples ranging from 7.2 to 55.9 mg BBI/100 mL of soymilk, while BBI was not detected in 
a soy-based infant formula. BBI was also reported in tofu samples, with concentrations 
ranging between 2.9 and 12.4 mg/100 g product. Since BBI could not be detected in natto 
and miso samples, it may be assumed that BBI were degraded during the fermentation 
process.  

2.2. Inhibitory properties 

The inhibitory activity of BBI is due to the formation of stable complexes between the 
inhibitor and target proteases. The conformation of the reactive site loop is complementary 
to the active site of the protease inhibited and allows BBI to bind tightly to proteases in a 
substrate-like manner [20, 21]; the resulting non-covalent complex renders the target 
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protease inactive. Upon complex formation, BBI may be cleaved very slowly (low Kcat). In 
legumes, the enzyme inhibitory activity is associated with two subdomains of the BBI, 
located at opposite sides of the molecule; each canonical loop is contained within a 
nonapeptide region joined via a disulphide bond between flanking cysteine residues. The 
double-headed BBI have a characteristic highly conserved array of intra-molecular 
disulphide bridges occurring among 14 Cys residues [22]. The two binding loops can each 
inhibit independently and simultaneously an enzyme molecule, which may be the same or 
distinct types of enzyme [13]. The specificity of each reactive site is determined by the 
identity of the amino acid residue in position P1 [23]. In double-headed BBI, the first active 
site is usually involved in trypsin inhibition, with the P1 position being occupied by Arg or 
Lys. The presence of an Ala residue at the P1 position has been reported to be associated 
with inhibition of elastase [24]. Chymotrypsin is often the target of the second inhibitory 
domain as it has a hydrophobic amino acid in its P1 position [13, 25]. Additional residues 
adjacent to the reactive site peptide bond (P1-P1´) can have a significant effect on the affinity 
of BBI for particular protease targets [13]. BBI from legumes include potent inhibitors of 
both trypsin and chymotrypsin, with Ki values within the nanomolar range reported for 
different members, including soybean [26], pea [27, 28], lentil [29, 30] and lupin (Lupinus 
albus) BBI [31].   

3. Bioavailability and metabolism of BBI 

In order to exert any local or systemic health benefits, dietary BBI must resist degradation 
and maintain biological activity, at least to some extent, after food processing and further 
passage through the gastrointestinal tract (GIT) [22]. BBI from several legume sources 
have been shown to resist thermal treatment (up to 100 °C), under either neutral or acidic 
conditions [32]. Most of the heat-resistant trypsin inhibitory activity in processed legumes 
is attributable to BBI. At temperatures of 80 °C or lower, chickpea BBI were found to be 
stable and their inhibitory activities to be unaffected by thermal treatment [33]. Soybean 
BBI do not lose activity at pH values as low as 1.5 in the presence of pepsin at 37 °C for 2 h 
[34]; these proteins are also stable to both the acidic conditions and the action of digestive 
enzymes under simulated gastric and intestinal digestion [35]. Such stability is associated 
with the rigid structure provided by the seven intra-molecular disulphide bridges that 
maintain the structural and functional features of the binding sites by adding covalent 
attachment to the inhibitor core [10, 36]. BBI are fully inactivated by autoclaving or 
reduction of their disulphide bridges followed by alkylation of the cysteinyl sulfhydryl 
groups [26]. 

The resistance of BBI to extreme conditions within the GIT may favour the transport of 
biologically active BBI across the gut epithelium and could allow their distribution to 
target organs or tissues in order to exert their beneficial effects locally. The uptake and 
distribution of soybean BBI, following oral administration, has been examined in 
rodents. By using [125I] BBI, it was demonstrated that BBI becomes widely distributed in 
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mice 3 h after oral administration [37]. Labelled BBI was detected in the luminal contents 
of the small and large intestine; analysis of tissue homogenates revealed also the 
presence of active BBI in internal organs where soybean BBI have been shown to exert 
anti-carcinogenic effects (see next section). By using inverted sacs from different sections 
of the small intestine, it was demonstrated that active BBI could be transported 
effectively across the gut epithelium. It has been shown that soybean BBI have a serum 
half-life of 10 h in rats and hamsters, and are excreted in urine and faeces [38]. In 
humans, BBI are taken up rapidly and can be detected in the urine within 24-48 h [6]. 
These findings suggest that BBI are absorbed after oral administration and can reach 
several tissues and organs. 

BBI have potential health-promoting properties within the GIT [22]. In vivo studies have 
demonstrated the presence of active BBI in the small intestine. Hajós et al. [39] reported the 
survival (~ 5 % of total ingested) of soybean BBI in an immunological reactive form in the 
small intestine of rats; unfortunately, the inhibitory activities of BBI were not evaluated in 
these experiments. More recently, it has been demonstrated that BBI from chickpea seeds 
can resist both acidic conditions and the action of digestive enzymes, and transit through the 
stomach and small intestine of pigs, generally held as a suitable model for human digestive 
physiology [40]. The presence of active BBI (5-8 % of the total ingested BBI) at the terminal 
ileum revealed the resistance of at least some, or a significant proportion, of these proteins 
to the extreme conditions of the GIT in vivo. Chromatographic, electrophoretic and 
enzymatic data obtained from ileal samples suggested that most of the BBI activity is 
derived from a protein core containing the two binding domains, and resistant to 
proteolysis. In vitro incubation studies of soybean BBI with mixed fecal samples of pigs 
showed that BBI remained active and their intrinsic ability to inhibit serine proteases was 
not significantly affected by the enzymatic or metabolic activity of fecal microbiota [41]. All 
of these results are significant to investigations of the potential uses of BBI in preventive or 
therapeutic medicine. 

4. Chemopreventive properties of Bowman-Birk inhibitors 

Chemoprevention is the use of natural agents or synthetic drugs to halt or reverse the 
carcinogenesis process before the emergence of invasive cancer. The fact that certain dietary 
constituents can exert chemopreventive properties has major public health implications and 
the widespread, long-term use of such compounds should be promoted in populations at 
normal risk, based on understanding the scientific basis of their beneficial effects. In 
particular, BBI have been linked to a possible protective effect against both inflammatory 
disorders and cancer development (Table 2).  

4.1. Colorectal cancer 

Nutritional intervention and/or dietary manipulation have been suggested as key strategies 
to prevent and/or control colorectal carcinogenesis [42, 43], one of the major causes of 
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can resist both acidic conditions and the action of digestive enzymes, and transit through the 
stomach and small intestine of pigs, generally held as a suitable model for human digestive 
physiology [40]. The presence of active BBI (5-8 % of the total ingested BBI) at the terminal 
ileum revealed the resistance of at least some, or a significant proportion, of these proteins 
to the extreme conditions of the GIT in vivo. Chromatographic, electrophoretic and 
enzymatic data obtained from ileal samples suggested that most of the BBI activity is 
derived from a protein core containing the two binding domains, and resistant to 
proteolysis. In vitro incubation studies of soybean BBI with mixed fecal samples of pigs 
showed that BBI remained active and their intrinsic ability to inhibit serine proteases was 
not significantly affected by the enzymatic or metabolic activity of fecal microbiota [41]. All 
of these results are significant to investigations of the potential uses of BBI in preventive or 
therapeutic medicine. 

4. Chemopreventive properties of Bowman-Birk inhibitors 

Chemoprevention is the use of natural agents or synthetic drugs to halt or reverse the 
carcinogenesis process before the emergence of invasive cancer. The fact that certain dietary 
constituents can exert chemopreventive properties has major public health implications and 
the widespread, long-term use of such compounds should be promoted in populations at 
normal risk, based on understanding the scientific basis of their beneficial effects. In 
particular, BBI have been linked to a possible protective effect against both inflammatory 
disorders and cancer development (Table 2).  

4.1. Colorectal cancer 

Nutritional intervention and/or dietary manipulation have been suggested as key strategies 
to prevent and/or control colorectal carcinogenesis [42, 43], one of the major causes of 
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cancer-related mortality worldwide in both men and women [44]. There is now robust 
preclinical evidence to suggest that dietary BBI from several legume sources can prevent or 
suppress cancer development and associated inflammatory disorders within the GIT [22]. 
Soybean BBI have been reported to be effective at concentrations as low as 10 mg/100 g 
diet, in reducing the incidence and frequency of colorectal tumors, in studies based on the 
dimethylhydrazine (DMH) rat model, where no adverse effect of BBI was documented for 
animal growth or organ physiology [45]. When the inhibitory activity of BBI is abolished, 
any suppressive effect on colorectal tumor development disappears, suggesting that the 
inhibitory properties of BBI against serine proteases may be required for their reported 
chemopreventive properties. Proteases play a critical role in tumorigenesis, where their 
activities become dysregulated in colorectal cancer and neoplastic polyps [46]. In 
particular, serine proteases are key players in several biological functions linked to tumor 
development, including cell growth (dys)regulation and cell invasion as well as 
angiogenesis and inflammatory disorders. Some of these proteases have been reported as 
promising cancer biomarkers [47-49] (Table 3). An understanding of the role played by 
specific serine proteases in the biological processes associated with disease may suggest 
modes of therapeutic intervention [1, 50]. Successful examples of therapeutic intervention 
using PI include ubiquitin-proteasome inhibitors in the treatment of multiple myeloma 
[51]. The ubiquitin-proteasome pathway is essential for most cellular processes, including 
protein quality control, cell cycle, transcription, signalling pathways, protein transport, 
DNA repair and stress responses [52]. Inhibition of proteasome activity leads to 
accumulation of poly-ubiquitinylated and misfolded proteins, endoplastic reticulum 
stress and eventually apoptosis. Although soybean BBI has been demonstrated to inhibit 
the proteasomal activity of MCF7 breast cancer cells (see section 4.4), the proteasomal 
inhibition in colon cancer cells need to be unambiguously demonstrated. Another 
potential therapeutic target of BBI is matriptase (also known as MT-SP1 or epithin), an 
epithelial-specific member of the type II transmembrane serine protease family, which 
plays a critical role in differentiation and function of the epidermis, gastrointestinal 
epithelium and other epithelial tissues. Several studies suggest that matriptase is over-
expressed in a wide variety of malignant tumors including prostate, ovarian, uterine, 
colon, epithelial-type mesothelioma and cervical cell carcinoma [53]. It has been proposed 
to have multiple functions, acting as a potential activator of critical molecules associated 
with tumor invasion and metastasis. MT-SP1 contributes to the upstream activation of 
tumor growth and its progression through the selective degradation of extracellular 
matrix proteins and activation of cellular regulatory proteins, such as urokinase-type 
plasminogen activator, hepatocyte-growth factor/scatter factor and protease-activated 
receptor [54]. Although the ability of soybean BBI to inhibit a secreted form of 
recombinant MT-SP1 has been demonstrated [55], the clinical relevance of such inhibition 
has not been proven yet. The validation of specific serine proteases as BBI targets, 
together with the identification of natural BBI variants, and the design of specific potent 
inhibitors of these proteases, will contribute to the assessment of BBI as colorectal 
chemopreventive agents for preventive and/or therapeutic medicine [22]. 
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Cancer 
type 

BBI source Carcinogen Model system Effect and/or mechanisms of 
action 

Refs. 

Colorectal Soybean DMHa Colon 
carcinogenesis 
in rodents

Reduction of incidence and 
frequency of tumors likely via 
protease inhibition

[45]    

 Soybean DMH Mouse colon 
and anal 
inflammation

Suppression of adenomatous 
tumors of the GIT 

[56] 

 Soybean DSSb Mouse colon 
inflammation 

Suppression of histological 
inflammation parameters, 
lower mortality rate and 
delayed onset of mortality 

[57] 

 Horsegram DMH Colorectal 
carcinogenesis 

Protective role against 
inflammation and pre-
neoplastic lesions

[58] 

 Lentil - Colon cancer 
cells 

Proliferation of HT29 colon 
cancer cells was decreased 
(IC50 = 32 µM), whereas the 
non- malignant fibroblastic 
CCD18Co cells were 
unaffected

[30] 

 Pea - Colon cancer 
cells 

The anti-proliferative effect of 
BBI in colon cancer cells are 
demonstrated 

[15]    

 Soybean - Colon cancer 
cells 

Time- and concentration-
dependent anti-proliferative 
effect on HT29 cells, arrest at 
G0-G1 phase; trypsin- and 
chymotrypsin-like proteases 
are potential targets

[26] 

 Recombi-
nant 
proteins 

- Colon cancer 
cells 

rTI1B, a major BBI isoinhibitor 
from pea, having trypsin and 
chymotrypsin inhibitory 
activity, affected the 
proliferation of colon cancer 
cells; however, a derived 
inactive mutant did not  
show any anti-proliferative 
effect 

[68] 

Gastric Field bean Benzo-
pyrene 

Mouse stomach 
carcinogenesis 

BBI was more effective in 
prevention than in therapeutic 
treatment, with activity 
related to its protease 
inhibitory ability

[100] 
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cancer-related mortality worldwide in both men and women [44]. There is now robust 
preclinical evidence to suggest that dietary BBI from several legume sources can prevent or 
suppress cancer development and associated inflammatory disorders within the GIT [22]. 
Soybean BBI have been reported to be effective at concentrations as low as 10 mg/100 g 
diet, in reducing the incidence and frequency of colorectal tumors, in studies based on the 
dimethylhydrazine (DMH) rat model, where no adverse effect of BBI was documented for 
animal growth or organ physiology [45]. When the inhibitory activity of BBI is abolished, 
any suppressive effect on colorectal tumor development disappears, suggesting that the 
inhibitory properties of BBI against serine proteases may be required for their reported 
chemopreventive properties. Proteases play a critical role in tumorigenesis, where their 
activities become dysregulated in colorectal cancer and neoplastic polyps [46]. In 
particular, serine proteases are key players in several biological functions linked to tumor 
development, including cell growth (dys)regulation and cell invasion as well as 
angiogenesis and inflammatory disorders. Some of these proteases have been reported as 
promising cancer biomarkers [47-49] (Table 3). An understanding of the role played by 
specific serine proteases in the biological processes associated with disease may suggest 
modes of therapeutic intervention [1, 50]. Successful examples of therapeutic intervention 
using PI include ubiquitin-proteasome inhibitors in the treatment of multiple myeloma 
[51]. The ubiquitin-proteasome pathway is essential for most cellular processes, including 
protein quality control, cell cycle, transcription, signalling pathways, protein transport, 
DNA repair and stress responses [52]. Inhibition of proteasome activity leads to 
accumulation of poly-ubiquitinylated and misfolded proteins, endoplastic reticulum 
stress and eventually apoptosis. Although soybean BBI has been demonstrated to inhibit 
the proteasomal activity of MCF7 breast cancer cells (see section 4.4), the proteasomal 
inhibition in colon cancer cells need to be unambiguously demonstrated. Another 
potential therapeutic target of BBI is matriptase (also known as MT-SP1 or epithin), an 
epithelial-specific member of the type II transmembrane serine protease family, which 
plays a critical role in differentiation and function of the epidermis, gastrointestinal 
epithelium and other epithelial tissues. Several studies suggest that matriptase is over-
expressed in a wide variety of malignant tumors including prostate, ovarian, uterine, 
colon, epithelial-type mesothelioma and cervical cell carcinoma [53]. It has been proposed 
to have multiple functions, acting as a potential activator of critical molecules associated 
with tumor invasion and metastasis. MT-SP1 contributes to the upstream activation of 
tumor growth and its progression through the selective degradation of extracellular 
matrix proteins and activation of cellular regulatory proteins, such as urokinase-type 
plasminogen activator, hepatocyte-growth factor/scatter factor and protease-activated 
receptor [54]. Although the ability of soybean BBI to inhibit a secreted form of 
recombinant MT-SP1 has been demonstrated [55], the clinical relevance of such inhibition 
has not been proven yet. The validation of specific serine proteases as BBI targets, 
together with the identification of natural BBI variants, and the design of specific potent 
inhibitors of these proteases, will contribute to the assessment of BBI as colorectal 
chemopreventive agents for preventive and/or therapeutic medicine [22]. 
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Cancer 
type 

BBI source Carcinogen Model system Effect and/or mechanisms of 
action 

Refs. 

Breast Black-eyed 
pea 

- Breast cancer 
cells 

BBI induced apoptosis, cell 
death and lysosome 
membrane permeabilization 

[79] 

 Soybean - Breast cancer 
cells 

Proteasome was reported as 
potential therapeutic target in 
MCF-7 cells 

[78] 

Prostate Soybean - Prostate cancer 
cells and rat 
prostate 
carcinogenesis     

BBI exerted chemopreventive 
activity associated with 
induction of connexin-43 
expression and apoptosis 

[76,77] 

 Soybean - Prostate cancer 
xeno-grafts in 
nude mice 

BBI and BBIC inhibited the 
growth of LNCaP cells 

[72] 

 Soybean - Prostate cancer 
cells 

BBI prevented the generation 
of activated oxygen species 
and activated DNA repair 
through a p53-dependent 
mechanism 

[74, 75] 

Oral  Soybean - Oral 
leukoplakia 

BBIC exerted a dose-
dependent reduction in oral 
lesion size in 31% of patients 
without any adverse effects; 
modulation of protease 
activity and neu oncogene 
levels was observed 

[6,7,69] 

aDMH: dimethylhydrazine; bDSS: dextran sulphate sodium  

Table 2. In vitro and in vivo studies showing chemopreventive properties of Bowman-Birk inhibitors 

A strong interest exists in investigating the potential of BBI as anti-inflammatory agents 
within the GIT. In rodents, soybean BBI treatment appears to have a potent suppressive 
effect on colon and anal gland inflammation, following exposure to carcinogenic agents [56], 
or when assessed in an acute injury/colitis model [57]. The protective effect of BBI from 
soybean or those from perennial horsegram (Macrotymola axillare) against inflammation and 
development of pre-neoplastic lesions induced in the DMH mouse model was reported 
recently [58]. Given the lack of toxicity as well as the reported anti-inflammatory properties 
in animals, the potential for BBIC to benefit patients with ulcerative colitis has been 
evaluated. In a randomized double-blind placebo-controlled trial, a dose of 800 
chymotrypsin inhibitor units (CIU) per day over a three-month treatment period was 
associated with a clinical response and induction of remission, as assessed by the Sutherland 
Disease Activity Index score [59], in patients with ulcerative colitis, without apparent 
toxicity [9]. Approximately 50 % of patients responded clinically and 36 % showed 
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remission of disease. Several mechanisms have been proposed to explain the anti-
inflammatory properties of BBI. The ability of BBI to decrease the production and release of 
superoxide anion radicals, mediators of inflammatory processes, in purified human 
polymorphonuclear leukocytes [60] and in differentiated HL60 cells [59] has been reported. 
The decrease in superoxide radical levels may reduce free radical-induced DNA damage 
and transformation to malignant phenotypes. In addition, superoxide radicals can initiate a 
wide range of toxic oxidative reactions, including lipid peroxidation. In this regard, it has 
been demonstrated that BBI can reduce the content of lipid peroxides in irradiated cells in 
vitro [61], a reduction that is presumed to be linked to the anti-inflammatory activity of BBI. 
The role that certain serine proteases play during proteolysis in acute and chronic 
inflammatory processes is well recognized. The ability of soybean BBI to inhibit serine 
proteases involved in inflammatory processes, such as cathepsin G [62, 63], elastase [64] and 
mast cell chymase [64] has been reported. The last enzyme acts as a chemo-attractant and 
may play a role in the accumulation of inflammatory cells during development of allergic 
and non-allergic diseases [65]. The interaction of chymase and BBI may impact on other 
processes involved in anti-inflammatory responses, such as the regulation of collagenase 
[66] and interleukin 1 (IL-1) [67]. Nevertheless, a clear correlation between the inhibition 
of these serine proteases and the anti-inflammatory properties associated with soybean BBI 
has not been demonstrated clearly [22].  
 

Serine 
protease 

Function Pathological process Refs. 

Tryptase Phagocytosis, degradation of 
ECMa compounds, regulation of 
inflammatory responses, blood 
coagulation

Atherosclerosis, asthma, 
inflammatory disorders 

[97, 
98]    

Cathepsin G ECM degradation, migration, 
regulation of inflammatory 
disorders

Inflammation, metastasis [62] 

Matriptase Matrix degradation, regulation 
of intestinal barrier, iron 
metabolism

Pathogenesis of epithelial 
tissues, tumor growth and 
progression

[55] 

Human 
elastase 

Pathogen killing, ECM 
degradation, inflammatory 
disorders

Pulmonary disease, 
inflammation 

[62, 
99] 

Chymase Degradation of ECM 
compounds, regulation of 
inflammatory  responses

Inflammation, asthma, 
gastric cancer 

[64] 

Proteasome Protein degradation, cell 
proliferation, differentiation, 
angiogenesis and apoptosis

Carcinogenesis, 
inflammation, neurodeg-
eneration 

[58, 
78] 

aECM: extracellular matrix  

Table 3. Serine proteases involved in pathological processes as potential therapeutic targets of soybean 
BBI and related proteins (adapted from Clemente et al., 2011 [22]).  
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remission of disease. Several mechanisms have been proposed to explain the anti-
inflammatory properties of BBI. The ability of BBI to decrease the production and release of 
superoxide anion radicals, mediators of inflammatory processes, in purified human 
polymorphonuclear leukocytes [60] and in differentiated HL60 cells [59] has been reported. 
The decrease in superoxide radical levels may reduce free radical-induced DNA damage 
and transformation to malignant phenotypes. In addition, superoxide radicals can initiate a 
wide range of toxic oxidative reactions, including lipid peroxidation. In this regard, it has 
been demonstrated that BBI can reduce the content of lipid peroxides in irradiated cells in 
vitro [61], a reduction that is presumed to be linked to the anti-inflammatory activity of BBI. 
The role that certain serine proteases play during proteolysis in acute and chronic 
inflammatory processes is well recognized. The ability of soybean BBI to inhibit serine 
proteases involved in inflammatory processes, such as cathepsin G [62, 63], elastase [64] and 
mast cell chymase [64] has been reported. The last enzyme acts as a chemo-attractant and 
may play a role in the accumulation of inflammatory cells during development of allergic 
and non-allergic diseases [65]. The interaction of chymase and BBI may impact on other 
processes involved in anti-inflammatory responses, such as the regulation of collagenase 
[66] and interleukin 1 (IL-1) [67]. Nevertheless, a clear correlation between the inhibition 
of these serine proteases and the anti-inflammatory properties associated with soybean BBI 
has not been demonstrated clearly [22].  
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Table 3. Serine proteases involved in pathological processes as potential therapeutic targets of soybean 
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In previous studies, a significant concentration- and time-dependent decrease in the growth 
of an array of colon cancer cells (HT29, Caco2, LoVo) has been demonstrated in vitro, 
following treatment with BBI variants from several legume sources, including pea, lentil and 
soybean; in contrast, the growth of non-malignant colonic fibroblastic CCD18-Co cells was 
unaffected by BBI [15, 26, 30]. Recently, the anti-proliferative effect of rTI1B, a major pea 
isoinhibitor expressed heterologously in Pichia pastoris, has been evaluated using colon 
cancer cells grown in vitro. Comparisons of the effects of rTI1B with those observed using a 
related synthetic mutant derivative, showed that the proliferation of HT29 colon cancer cells 
was inhibited significantly by rTI1B in a dose-dependent manner, whereas the mutant 
which lacked trypsin and chymotrypsin inhibitory activity did not show any significant 
effect on colon cancer cell growth (Figure 1) [68]. Although the molecular mechanism(s) of 
this chemopreventive activity remains unknown, the reported data indicate that both 
trypsin- and chymotrypsin-like serine proteases involved in carcinogenesis are likely 
primary targets for BBI. 

 
Figure 1. Dose–response effects of rTI1B (closed bars), a major pea isoinhibitor expressed in Pichia 
pastoris, and the corresponding inactive mutant (open bars), having amino acid substitutions at the P1 
positions in the two inhibitory domains, on the in vitro growth of HT29 human colorectal 
adenocarcinoma cells. Growth media were supplemented with rTI1B in the concentration range 15–61 
µM and cells harvested after a period of 96 h. Data are means of at least three independent experiments, 
each having four technical replicates; bars represent standard deviations. Means not sharing superscript 
letters differ significantly (p <0.05; Bonferroni’s test) (Adapted from Clemente et al., (2012) [68]). 

4.2. Oral leukoplakia 

Leukoplakia in the oral cavity is considered a suitable model for the study of 
chemoprevention because the precancerous lesions are readily accessible to visual 
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examination, diagnostic sampling and evaluation of response to treatment. In a Phase I 
clinical trial, no clinical evidence of toxicity or any adverse effect was apparent when BBIC 
was administered as a single oral dose of up to 800 CIU to twenty-four patients with oral 
leukoplakia over one month-period [6]. The study revealed that BBIC was well-tolerated 
and no allergic reactions, gastrointestinal side-effects or other clinical symptoms were 
elicited. In a non-randomized phase IIa clinical trial, treatment with BBIC for one month 
resulted in a dose-dependent reduction in oral lesion size in 31% of patients [7]. The positive 
clinical effect of BBIC was associated with modulation of protease activity and neu oncogene 
levels (as the surrogate endpoint biomarker for the trial) in exfoliated oral mucosal cells [7, 
69]; however, this evidence is indirect and the specific target proteases inhibited were not 
reported. A recent phase IIb randomized, double-blind, placebo-controlled trial involving 
patient treatment with BBIC for six months was performed. Even though this multi-
institutional study has not been completed yet, BBIC does not seem to be fully effective as 
chemopreventive agent for the management of oral leukoplakia [8]. 

4.3. Prostate cancer 

Prostate cancer is the second most frequently diagnosed cancer in men although the 
incidence of cancer varies greatly throughout the world. Dietary habits and lifestyle have 
been identified as major risk factors in prostate cancer growth and progression, suggesting 
that prostate cancer might be preventable [70]. Epidemiological studies have shown an 
inverse association between soy intake and the risk of developing prostate cancer [71]. 
Preclinical and clinical studies have shown the potential chemopreventive properties of BBI 
in prostate cancer. Purified soybean BBI and BBIC have been shown to inhibit the growth of 
LNCaP human prostate cancer xenografts in nude mice [72], and to decrease the growth, 
invasion and clonogenic survival of several human prostate cancer cells [73]. The 
effectiveness of soybean BBI in preventing the generation of activated oxygen species in 
prostate cancer cells [74] and in activating DNA repair through a p53-dependent mechanism 
has been reported [75]. More recently, BBIC has prevented the growth of prostate tumors in 
transgenic rats developing adenocarcinoma, most likely as a consequence of its anti-
proliferative activity via induction of connexin 43 expression [76, 77]. In humans, a double-
blind, randomized, phase I trial was carried out in nineteen male subjects with benign 
prostatic hyperplasia, which is a precursor condition for prostate cancer, and lower urinary 
tract symptoms [5]. In this study, the authors demonstrated that BBIC treatment for six 
months reduced levels of prostate-specific antigen (PSA), a clinical marker for prostate 
cancer, and prostate volume in patients. Additional clinical studies will be necessary to 
determine the potential of BBIC as prostate cancer chemopreventive agent. 

4.4. Breast cancer 

Breast cancer is one of the most frequent cancer types and is responsible for the highest 
mortality rate among women. Novel complementary strategies, including chemoprevention, 
have been suggested. As 125I-BBI, when orally administrated in rodents, has been 
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examination, diagnostic sampling and evaluation of response to treatment. In a Phase I 
clinical trial, no clinical evidence of toxicity or any adverse effect was apparent when BBIC 
was administered as a single oral dose of up to 800 CIU to twenty-four patients with oral 
leukoplakia over one month-period [6]. The study revealed that BBIC was well-tolerated 
and no allergic reactions, gastrointestinal side-effects or other clinical symptoms were 
elicited. In a non-randomized phase IIa clinical trial, treatment with BBIC for one month 
resulted in a dose-dependent reduction in oral lesion size in 31% of patients [7]. The positive 
clinical effect of BBIC was associated with modulation of protease activity and neu oncogene 
levels (as the surrogate endpoint biomarker for the trial) in exfoliated oral mucosal cells [7, 
69]; however, this evidence is indirect and the specific target proteases inhibited were not 
reported. A recent phase IIb randomized, double-blind, placebo-controlled trial involving 
patient treatment with BBIC for six months was performed. Even though this multi-
institutional study has not been completed yet, BBIC does not seem to be fully effective as 
chemopreventive agent for the management of oral leukoplakia [8]. 

4.3. Prostate cancer 

Prostate cancer is the second most frequently diagnosed cancer in men although the 
incidence of cancer varies greatly throughout the world. Dietary habits and lifestyle have 
been identified as major risk factors in prostate cancer growth and progression, suggesting 
that prostate cancer might be preventable [70]. Epidemiological studies have shown an 
inverse association between soy intake and the risk of developing prostate cancer [71]. 
Preclinical and clinical studies have shown the potential chemopreventive properties of BBI 
in prostate cancer. Purified soybean BBI and BBIC have been shown to inhibit the growth of 
LNCaP human prostate cancer xenografts in nude mice [72], and to decrease the growth, 
invasion and clonogenic survival of several human prostate cancer cells [73]. The 
effectiveness of soybean BBI in preventing the generation of activated oxygen species in 
prostate cancer cells [74] and in activating DNA repair through a p53-dependent mechanism 
has been reported [75]. More recently, BBIC has prevented the growth of prostate tumors in 
transgenic rats developing adenocarcinoma, most likely as a consequence of its anti-
proliferative activity via induction of connexin 43 expression [76, 77]. In humans, a double-
blind, randomized, phase I trial was carried out in nineteen male subjects with benign 
prostatic hyperplasia, which is a precursor condition for prostate cancer, and lower urinary 
tract symptoms [5]. In this study, the authors demonstrated that BBIC treatment for six 
months reduced levels of prostate-specific antigen (PSA), a clinical marker for prostate 
cancer, and prostate volume in patients. Additional clinical studies will be necessary to 
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4.4. Breast cancer 

Breast cancer is one of the most frequent cancer types and is responsible for the highest 
mortality rate among women. Novel complementary strategies, including chemoprevention, 
have been suggested. As 125I-BBI, when orally administrated in rodents, has been 
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demonstrated in the bloodstream and distributed through the body [37-38], its 
chemopreventive properties could occur in breast tissue. In vitro studies have reported the 
potential of BBI as chemopreventive agents in breast cancer. Soybean BBI has been shown to 
inhibit, specifically and potently, the chymotrypsin-like proteasomal activity in MCF7 breast 
cancer cells in vitro and in vivo [78]. The proteasomal inhibition was associated with an 
accumulation of ubiquitinylated proteins and the proteasome substrates, p21Cip1/WAF1 and 
p27Kip1; a down-regulation of cyclin D1 and E was also observed. These authors suggested that 
soybean BBI abates proteasome function and, dependent on dose and time, up-regulates MAP 
kinase phosphatase-1 (MKP-1), which in turn suppresses phosphorylation coupled to 
extracellular signal-related kinase activity in MCF7 treated cells. The ability of soybean BBI to 
inhibit the proteasomal chymotrypsin-like activity in intact MCF7 cells suggests that the 
protease inhibitor can penetrate cells and facilitate the inhibition of intracellular target 
proteases. Recent findings have demonstrated that BBI from black-eye pea (Vigna unguiculata) 
induced apoptotic cell death in MCF7 breast cancer cells associated with severe cell 
morphological alterations, including the alteration of the nuclear morphology, plasma 
membrane fragmentation, cytoplasm disorganization, presence of double-membrane vesicles, 
mitochondrial swelling and lysosome membrane permeabilization [79].  

4.5. Radioprotection 

Radiotherapy is used in the treatment of a broad range of malignant tumors with the aim to 
inflict maximal damage on the tumor tissue. Exposure of surrounding normal tissue to 
therapeutic radiation should be minimized to avoid side effects that can have a significant 
impact on general status and quality of life of patients. The use of radioprotective agents to 
reduce the damage in normal tissue may improve the therapeutic benefit of radiotherapy. 
The radioprotective properties of BBI have been tested on cell cultures; so far, no data 
regarding efficacy in humans are available. Soybean BBI have shown potent and selective 
radioprotection of normal tissue in vitro [80] and in vivo [81], without protecting tumor 
tissue. Dittmann et al. [81] showed that soybean BBI increased clonogenic survival after 
irradiation only in cells, either normal or transformed, having a wild-type p53 tumor 
suppressor gene. In a cell line with inducible expression of mutated p53, the radioprotective 
effect of BBI was only detected when the expression of the mutated p53 was switched off 
[75]. The activation of the DNA–repair machinery, induced by pre-treatment of fibroblastic 
cells with soybean BBI, suggests a possible BBI-mediated p53-dependent mechanism for 
radioprotection [82, 83]. Since a high number of tumors have lost p53 function during their 
development, the clinical application of BBI to protect normal tissue from radiation damage 
would effectively improve the therapeutic outcome of radiotherapy.  

The involvement of BBI in radiation-induced signaling cascades, and their role in stabilizing 
a specific tyrosine phosphatase that interferes with the activation of an epidermal growth 
factor receptor in response to radiation exposure, could be responsible for such protection 
[84]. Experiments carried out with linear forms of BBI demonstrated that the secondary 
structure of BBI, required for the protease inhibitory activity, was not necessary for its 
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radioprotective properties [85]. The radioprotective effect of soybean BBI was mainly 
associated with the chymotrypsin inhibitory site [86] and could be mimicked using a 
synthetic linearized nonapeptide (CALSYPAQC), corresponding to the active site for 
chymotrypsin inhibition, but lacking protease inhibitor activity [85]. These observations 
provide opportunities for the use of synthetic peptides for protecting against ionizing 
radiation. BBI, when applied topically, once a day for 5 days, to SKH-1 hairless mice with a 
high risk of developing UV-induced skin tumors, inhibited the formation and growth of skin 
tumors [85]. In addition, topical application of nondenatured soymilk, once a day for a period 
of five days prior to UV irradiation, to mini-swine skin reduced or completely eliminated UV-
induced formation of thymine dimers and apoptotic cells. Finally, BBIC appears to play a 
radioprotective role in radiation-induced cataract formation reducing the prevalence and 
severity of the lens opacifications in mice exposed to high-energy protons [88]. 

5. Beneficial properties of Bowman-Birk inhibitors in non-related cancer 
diseases   

The loss of muscle protein due to inactivity, disease or aging is a process known as muscular 
atrophy or wasting. Skeletal muscular atrophy in response to disuse involves both a decrease 
in protein synthesis and increased protein degradation, predisposing humans to undergo a 
substantial loss of muscle mass. In connection with this, complex proteolytic cascades may 
provide a mechanism for the initiation of protein degradation during atrophy. Dietary 
intervention suggests possible therapeutic strategies via protease inhibition to diminish 
muscular atrophy and loss of strength following unloading. Skeletal muscular atrophy can be 
reproduced experimentally in rodents by hind-limb unloading. Dietary supplementation 
containing 1% BBIC has been reported to inhibit unloading-induced weakness in mice [89], 
promoting redox homeostasis in muscle fibers and blunting atrophy-induced weakness [90]. 
Morris et al. [89] suggested that inhibiting muscle degrading proteases may provide a new 
pharmacological strategy in treating skeletal muscular atrophy; however, such proteases 
remain uncharacterized. More recently, oral administration of BBIC was reported to improve 
muscle mass and function and to modulate pathological processes in the mouse model of 
Duchenne muscular dystrophy (mdx mouse) [91]. Chymase, a serine protease that is released 
from mast cells, is involved in inflammatory processes and is susceptible to inhibition by BBI, 
and hence has been suggested as a BBI target in mdx mice. Additional studies are necessary to 
elucidate the potential therapeutic role of BBI in muscular dystrophy. 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 
characterized by progressive demyelination of the brain and spinal cord. Available 
therapeutic treatments have only limited efficacy and show significant side effects. The 
search for novel therapeutic agents that can be administered orally, and act synergistically 
with existing therapies, would be useful for patients with MS. Purified soybean BBI and 
BBIC have been shown to be effective in the suppression of experimental autoimmune 
encephalomyelitis in rodents, a model to study the pathogenic mechanisms of MS and to 
test potential therapies [92]. The oral administration of BBI in mice caused an improvement 
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demonstrated in the bloodstream and distributed through the body [37-38], its 
chemopreventive properties could occur in breast tissue. In vitro studies have reported the 
potential of BBI as chemopreventive agents in breast cancer. Soybean BBI has been shown to 
inhibit, specifically and potently, the chymotrypsin-like proteasomal activity in MCF7 breast 
cancer cells in vitro and in vivo [78]. The proteasomal inhibition was associated with an 
accumulation of ubiquitinylated proteins and the proteasome substrates, p21Cip1/WAF1 and 
p27Kip1; a down-regulation of cyclin D1 and E was also observed. These authors suggested that 
soybean BBI abates proteasome function and, dependent on dose and time, up-regulates MAP 
kinase phosphatase-1 (MKP-1), which in turn suppresses phosphorylation coupled to 
extracellular signal-related kinase activity in MCF7 treated cells. The ability of soybean BBI to 
inhibit the proteasomal chymotrypsin-like activity in intact MCF7 cells suggests that the 
protease inhibitor can penetrate cells and facilitate the inhibition of intracellular target 
proteases. Recent findings have demonstrated that BBI from black-eye pea (Vigna unguiculata) 
induced apoptotic cell death in MCF7 breast cancer cells associated with severe cell 
morphological alterations, including the alteration of the nuclear morphology, plasma 
membrane fragmentation, cytoplasm disorganization, presence of double-membrane vesicles, 
mitochondrial swelling and lysosome membrane permeabilization [79].  

4.5. Radioprotection 

Radiotherapy is used in the treatment of a broad range of malignant tumors with the aim to 
inflict maximal damage on the tumor tissue. Exposure of surrounding normal tissue to 
therapeutic radiation should be minimized to avoid side effects that can have a significant 
impact on general status and quality of life of patients. The use of radioprotective agents to 
reduce the damage in normal tissue may improve the therapeutic benefit of radiotherapy. 
The radioprotective properties of BBI have been tested on cell cultures; so far, no data 
regarding efficacy in humans are available. Soybean BBI have shown potent and selective 
radioprotection of normal tissue in vitro [80] and in vivo [81], without protecting tumor 
tissue. Dittmann et al. [81] showed that soybean BBI increased clonogenic survival after 
irradiation only in cells, either normal or transformed, having a wild-type p53 tumor 
suppressor gene. In a cell line with inducible expression of mutated p53, the radioprotective 
effect of BBI was only detected when the expression of the mutated p53 was switched off 
[75]. The activation of the DNA–repair machinery, induced by pre-treatment of fibroblastic 
cells with soybean BBI, suggests a possible BBI-mediated p53-dependent mechanism for 
radioprotection [82, 83]. Since a high number of tumors have lost p53 function during their 
development, the clinical application of BBI to protect normal tissue from radiation damage 
would effectively improve the therapeutic outcome of radiotherapy.  

The involvement of BBI in radiation-induced signaling cascades, and their role in stabilizing 
a specific tyrosine phosphatase that interferes with the activation of an epidermal growth 
factor receptor in response to radiation exposure, could be responsible for such protection 
[84]. Experiments carried out with linear forms of BBI demonstrated that the secondary 
structure of BBI, required for the protease inhibitory activity, was not necessary for its 
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radioprotective properties [85]. The radioprotective effect of soybean BBI was mainly 
associated with the chymotrypsin inhibitory site [86] and could be mimicked using a 
synthetic linearized nonapeptide (CALSYPAQC), corresponding to the active site for 
chymotrypsin inhibition, but lacking protease inhibitor activity [85]. These observations 
provide opportunities for the use of synthetic peptides for protecting against ionizing 
radiation. BBI, when applied topically, once a day for 5 days, to SKH-1 hairless mice with a 
high risk of developing UV-induced skin tumors, inhibited the formation and growth of skin 
tumors [85]. In addition, topical application of nondenatured soymilk, once a day for a period 
of five days prior to UV irradiation, to mini-swine skin reduced or completely eliminated UV-
induced formation of thymine dimers and apoptotic cells. Finally, BBIC appears to play a 
radioprotective role in radiation-induced cataract formation reducing the prevalence and 
severity of the lens opacifications in mice exposed to high-energy protons [88]. 

5. Beneficial properties of Bowman-Birk inhibitors in non-related cancer 
diseases   

The loss of muscle protein due to inactivity, disease or aging is a process known as muscular 
atrophy or wasting. Skeletal muscular atrophy in response to disuse involves both a decrease 
in protein synthesis and increased protein degradation, predisposing humans to undergo a 
substantial loss of muscle mass. In connection with this, complex proteolytic cascades may 
provide a mechanism for the initiation of protein degradation during atrophy. Dietary 
intervention suggests possible therapeutic strategies via protease inhibition to diminish 
muscular atrophy and loss of strength following unloading. Skeletal muscular atrophy can be 
reproduced experimentally in rodents by hind-limb unloading. Dietary supplementation 
containing 1% BBIC has been reported to inhibit unloading-induced weakness in mice [89], 
promoting redox homeostasis in muscle fibers and blunting atrophy-induced weakness [90]. 
Morris et al. [89] suggested that inhibiting muscle degrading proteases may provide a new 
pharmacological strategy in treating skeletal muscular atrophy; however, such proteases 
remain uncharacterized. More recently, oral administration of BBIC was reported to improve 
muscle mass and function and to modulate pathological processes in the mouse model of 
Duchenne muscular dystrophy (mdx mouse) [91]. Chymase, a serine protease that is released 
from mast cells, is involved in inflammatory processes and is susceptible to inhibition by BBI, 
and hence has been suggested as a BBI target in mdx mice. Additional studies are necessary to 
elucidate the potential therapeutic role of BBI in muscular dystrophy. 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 
characterized by progressive demyelination of the brain and spinal cord. Available 
therapeutic treatments have only limited efficacy and show significant side effects. The 
search for novel therapeutic agents that can be administered orally, and act synergistically 
with existing therapies, would be useful for patients with MS. Purified soybean BBI and 
BBIC have been shown to be effective in the suppression of experimental autoimmune 
encephalomyelitis in rodents, a model to study the pathogenic mechanisms of MS and to 
test potential therapies [92]. The oral administration of BBI in mice caused an improvement 
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of several disease parameters (onset, severity, weight loss, inflammation, neuronal loss and 
demyelination), with no apparent adverse effects [93, 94]. Interestingly, BBI ameliorated 
disease, even when treatment was initiated after disease onset, via an IL-10-dependent 
mechanism [94]; the molecular basis for the induction of IL-10 production by BBI remains to 
be elucidated. Recent studies have demonstrated that BBI is responsible for delayed onset of 
disease but did not stop disease development, which became similarly severe in treated 
mice as in control animals [95, 96]. The ability of soybean BBI to delay both inflammatory 
and neurodegenerative aspects of autoimmune encephalomyelitis suggests that it may be 
useful for treating acute MS exacerbations and neurological dysfunction.  

6. Concluding remarks  

In recent years, much effort has focused on clarifying the potential chemopreventive 
properties of BBI. Preclinical and clinical studies have clearly demonstrated that BBI uptake 
is well-tolerated and no side-effects were elicited. This is particularly relevant and lack of 
toxicity is a major consideration, given the necessity for prolonged duration of 
administration. Consistently, several studies have shown that serine proteases are potential 
BBI targets in prevention and therapy; however, these targets have not been proven thus far. 
The validation of specific serine proteases as BBI targets will contribute to the assessment of 
BBI as chemopreventive agents that may be used in preventive and/or therapeutic medicine.  
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1. Introduction 

Hypertension or elevated blood pressure (BP) is a global health concern, thought to affect up 
to 30 % of the adult population in developed and developing countries. It is defined by a BP 
measurement of 140/90 mmHg or above. Hypertension is a major risk factor concomitant 
with cardiovascular disease (CVD) states such as coronary heart disease, peripheral artery 
disease and stroke, and kidney disease. Essential hypertension, the most common type of 
hypertension and to which 90-95% of cases belong, is manifested as an increase in an 
individual’s BP due to an unknown cause. This class of hypertension can be improved with 
lifestyle choices such as regular exercise, heart-healthy eating, non smoking, reducing 
sodium intake and reducing the level of stress [1]. For these reasons it is defined as a 
controllable risk factor of CVD. At present there is a range of synthetic drugs on the market 
for treatment of hypertension including diuretics, adrenergic inhibitors such as α- and β-
blockers, direct vasodilators, calcium channel blockers, angiotensin II (Ang II) receptor 
blockers and angiotensin converting enzyme (ACE) inhibitors. However, although 
hypertension can be controlled by pharmacological agents, it represents a major burden on 
annual global healthcare costs. According to the Centre for Disease Control and Prevention 
(CDC) [2], it was estimated that hypertension-related costs reached $76.6 billion in the USA 
in 2010. It is thought that prevention through lifestyle choices and early treatment for 
individuals with mild hypertension can significantly reduce global health-care costs. 

Food proteins contain numerous biologically-active peptides (BAPs). These BAPs can exert 
positive physiological responses in the body beyond their basic nutritional roles in the 
provision of nitrogen and essential amino acids. Many bioactivities have been found 
including peptides with antihypertensive capabilities. This has led to significant research on 
the discovery and generation of peptides with antihypertensive properties in vivo. Food 
proteins such as the casein and whey protein components of milk, meat, egg, marine and 
meat proteins have all been found to contain peptides with potential antihypertensive 
properties within their primary sequences. These peptides may become active when 
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released through enzymatic/bacterial hydrolysis [3]. The food industry has recognised the 
potential of these natural antihypertensive agents as possible future functional ingredients, 
aiding in the primary prevention and/or management of hypertension. 

2. Hypotensive mechanisms of action 

The regulation of BP is complex, involving a variety of intertwining metabolic pathways. By 
far, the most studied BP control pathways with regard to food-derived peptides involve 
those shown to inhibit ACE in vitro. This enzyme is one of the main regulators of BP and is 
involved in two main systems, the renin-angiotensin system (RAS) and the kinin-nitric 
oxide system (KNOS). Inhibition of ACE in these systems leads to dilation of the artery 
walls or vasodilation and subsequent lowering of BP. However, it is not yet known whether 
this is the main mechanism followed in vivo or whether there are a number of other BP 
control mechanisms involved [4]. 

2.1. ACE inhibition 

ACE inhibition is an excellent physiological target for clinical hypertensive treatment due to 
its involvement in two BP related systems, the RAS and the KNOS. The RAS is thought to be 
one of the predominant pressor systems in BP control. In the RAS the N-terminus of the 
prohormone angiotensinogen, which is derived from the liver, is cleaved by renal renin to 
produce the decapeptide angiotensin I (Ang I). ACE then removes the C-terminal dipeptide 
HL to form Ang II, a potent vasoconstrictory peptide which acts directly on vascular smooth 
muscle cells. Thus, inhibition of ACE consequentially leads to BP reduction. Ang II binds to 
AT1 and AT2 receptors which are located in peripheral tissues around the body and in the 
brain. The vasocontriction produced by Ang II is mediated by the AT1 receptor. [5-7]. In the 
KNOS, ACE inactivates the vasodilatory peptides bradykinin and kallidin. Kallidin is 
synthesised from kininogen by kallikrein, and its further action on kallidin leads to the 
formation of bradykinin among other vasoactive peptides. Bradykinin binds to β-receptors 
which lead to an eventual increase in intracellular Ca2+ level. The binding of bradykinin to β-
receptors and the increase in Ca2+ stimulates nitric oxide synthase (NOS) to convert L-
arginine to nitric oxide (NO), a potent vasodilator. ACE can therefore, indirectly inhibit the 
production of NO as it hydrolyses bradykinin into inactive fragments [7]. 

There are a number of widely-used synthetic ACE inhibitors currently on the market that 
serve as the first line of approach for the treatment of hypertension. Such inhibitors include 
Captopril, Enalapril and Lisinopril. However, their use is associated with a range of side-
effects including cough, skin rashes, hypotension, loss of taste, angiodema reduced renal 
function and fetal abnormalities [8]. Natural ACE inhibitory peptides from food are not 
associated with the side-effects brought about by the synthetic drugs. They are not as potent 
inhibitors of ACE as the synthetic inhibitors which can have IC50 values in the nM region. As 
they inhibit ACE to a lesser extent, this potentially allows for safer levels of bradykinin in 
the body. Thus, for this reason, ACE-inhibitory peptides have gained interest as potential 
preventative agents for hypertension control. 
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ACE-inhibitory peptides have been identified in a range of food proteins including 
casein, whey, ovalbumin, red algae, wakame, soy, gelatin, chicken muscle, dried bonito, 
corn, sardines, rapeseed, potato, chick pea, tuna muscle, pea albumin, garlic, wheat 
germ, sake, porcine haemoglobin and squid. The ACE inhibitory peptides found in 
different food proteins has been extensively reviewed (for review see [9-12; 3; 131]. 
Examples of recently reported food protein ACE inhibitory peptide sources include loach 
(Misgurnus anguillicaudatus) [13], pork meat [14], lima bean (Phaseolus lunatus) [15], skate 
skin [16] and boneless chicken leg meat [17]. ACE inhibitory peptides have been 
generated in a number of different ways. They can be produced naturally during 
gastrointestinal (GI) digestion by the hydrolytic action of the proteinases pepsin, trypsin, 
chymotrypsin and by brush border peptidases [18]. Simulated GI digestion has been 
carried out on a range of protein sources to assess the effect of GI digestion on ACE-
inhibitory peptides [19-24]. More commonly, ACE-inhibitory peptides are produced 
through enzymatic hydrolysis with GI enzymes such as pepsin and trypsin or with 
enzyme combinations such as Alcalase™ [25]. ACE-inhibitory peptides have also been 
produced during the fermentation of milk during cheese production. Lactobacillus and 
Lactococcus lactis strains have been shown to produce ACE inhibitory peptides. 
Furthermore, fermented soy products such as soy paste, soy sauce, natto and tempeh 
have been found to produce ACE-inhibitory peptides [26-29]. 

ACE inhibitory peptides can work in three ways and are classed as inhibitor-type, substrate-
type or prodrug-type based on changes in ACE inhibitory activity after hydrolysis of 
peptides by ACE [30]. Inhibitor-type peptides are ACE inhibitory peptides whose activity is 
not significantly altered as the peptides are resistant to cleavage by ACE. Substrate-type 
ACE inhibitors show a decrease in ACE activity due to cleavage by ACE. Prodrug type 
refers to the conversion to potent ACE inhibitors following hydrolysis of larger peptide 
fragments by ACE itself. The resulting peptides tend to produce long-lasting hypotensive 
effects in vivo [30]. A prodrug type ACE inhibitor was isolated from a thermolysin-digest of 
Katsuo-bushi, a Japanese traditional food processed from dried bonito. The study reported 
an 8-fold increase in ACE-inhibitory activity when the peptide Leu-Lys-Pro-Asn-Met 
(IC50=2.4 μM) was hydrolyzed by ACE to produce Leu-Lys-Pro [IC50=0.32 μM; 30]. When 
Leu-Lys-Pro-Asn-Met and Leu-Lys-Pro were orally administered to spontaneously 
hypertensive rats (SHR), Leu-Lys-Pro-Asn-Met showed a maximal decrease of BP after 4 
and 6 h, results which are comparable to that of Captopril inhibition. However, the maximal 
hypotensive effect of Leu-Lys-Pro was seen at 2 h [30]. 

Inhibition of ACE is by far the most studied mechanism of BP control with regard to food-
derived biologically-active peptides. Most peptides have been found to inhibit ACE to some 
degree. However, in most cases, it has yet to be answered whether this is the BP mechanism 
being employed in vivo. There are other regulatory pathways of BP control, independent of 
ACE, that are also potential targets for the action of antihypertensive peptides (see Figure 1 
for vasorelaxative peptides and molecules). 
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ACE inhibitors show a decrease in ACE activity due to cleavage by ACE. Prodrug type 
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fragments by ACE itself. The resulting peptides tend to produce long-lasting hypotensive 
effects in vivo [30]. A prodrug type ACE inhibitor was isolated from a thermolysin-digest of 
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for vasorelaxative peptides and molecules). 
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Figure 1. Vasorelaxative peptides and molecules in blood pressure control systems. 

2.2. Renin Inhibition 

Renin inhibition is another potential target for BP control. It is thought that inhibition of 
renin could provide a more effective treatment for hypertension it prevents the formation of 
Ang-I, which can be converted to Ang-II in some cells independent of ACE, by the enzyme 
chymase [31]. In addition, unlike ACE which acts on a number of substrates in various 
biochemical pathways, angiotensinogen is the only known substrate of renin. Therefore, 
renin inhibitors could ensure a higher specificity in antihypertensive treatment compared to 
ACE inhibitors [31-32]. Food peptides have recently been found to be inhibitors of renin. 
Peptides from enzymatic flaxseed fractions were found to inhibit both human recombinant 
renin and ACE. The study concluded that such peptides with the ability to inhibit both ACE 
and renin may potentially provide better antihypertensive effects in vivo in comparison to 
peptides that only inhibit ACE [33]. A similar outcome was seen in a study carried out by Li 
& Aluko [34] where fractions of pea protein isolates inhibited both ACE and renin to a high 
degree with IC50 values <25 mM.  

2.3. Calcium channel blocking effects 

Calcium channel blockers interact with voltage-gated calcium channels (VGCCs) in 
cardiac muscle and blood vessel walls, reducing intracellular calcium and consequently 
lowering vasoconstriction. It has been shown in various studies that peptides can have 
the ability to act as calcium channel blockers. Fifteen synthetic peptides based on Trp-His 
skeleton analogues were tested for their vasodilatory effects in 1.0 μM phenylephrine-
contracted thoracic aortic rings from Sprague-Dawley rats. It was previously reported 
that Trp-His induced the most potent vasodilation among 67 synthetic di-and 
tripeptides. The study demonstrated that His-Arg-Trp had an endothelium-independent 
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vasorelaxative effect in the phenylephrine-contracted thoracic aorta. It was also shown 
that His-Arg-Trp, at a concentration of 100 μM, caused a significant reduction in 
intracellular Ca2+ concentration. The increase intracellular [Ca2+], brought about by the 
action of Bay K8644 or Ang II, was significantly inhibited by His-Arg-Trp (>30%). It was 
proposed that His-Arg-Trp may have supressed extracellular Ca2+ influx through 
voltage-gated L-type Ca2+ channels [35]. Another recent study reported a similar result 
with Trp-His which was also found to block L-type Ca2+ channels. Trp-His at 300 μM 
elicited an intracellular Ca2+ reduction of 23 % in 8 week-old male Wistar rat thoracic 
aortae smooth muscle cells. In addition, the reduction in [Ca2+] brought about by Trp-His 
was eliminated by verapamil indicating that Trp-His specifically works on L-type Ca2+ 
channels [36]. 

2.4. Opioid peptide vasorelaxive effects 

Food-derived peptides have also been found to be sources of opioid like-activities. These 
peptides bind to opioid receptors to produce morphine-like effects. Natural opioid peptides 
include endorphins, enkephalins and dynorphins. In humans opioid receptors are found in 
the nervous, endocrine and immune systems, and in the intestinal tract. These receptors 
may be involved in various regulatory processes in the body including the regulation of 
circulation which can affect BP [37; 38]. Nurminen et al [39] found an antihypertensive effect 
on oral administration of the tetrapeptide, α-lactorphin (Tyr-Gly-Leu-Phe), to SHR and to 
normotensive Wistar Kyoto rats (WKY). Maximum BP reductions were found in SHR, with 
a decrease of 23 ± 4 and 17 ± 4 mm Hg in systolic BP (SBP) and diastolic BP (DBP), 
respectively. However, the α-lactophin-induced reduction in BP was not found after 
administration of the specific opioid receptor antagonist, Naloxone. Therefore, the 
antihypertensive effect was considered to be a result of interaction with opioid receptors. A 
follow-up study looked at the effects of α-lactophin along with a second milk-derived 
peptide β-lactorphin (Tyr-Leu-Leu-Phe) on mesenteric arterial function to demonstrate the 
regulatory mechanisms of action. It was shown with the NOS inhibitor NG-nitro-L-arginine 
methyl ester (L-NAME) that α-lactophin produced an endothelium-dependant 
vasorelaxation, whereas, β-lactorphin also enhanced endothelium-independent 
vasorelaxation. The study concluded that α-lactophin may stimulate opioid receptors which 
in turn releases NO causing the vasorelaxative effect [40]. The casein-derived peptide 
casoxin D (Tyr-Val-Pro-Phe-Pro-Pro-Phe) has also been reported to have an hypotensive 
effect via opioid receptors. The peptide was found to have an endothelium-dependent 
relaxation in canine mesenteric artery strips. Anti-opioid and vasorelaxing effects were 
mediated by the opioid μ-receptor and BK B1-receptor, respectively [41-42]. Furthermore, it 
has been suggested that opioid-induced BP regulation by such peptides may act upon 
receptors in the intestinal tract. Interestingly, this would mean that the peptide would not 
need to be absorbed into the blood stream at the brush border membrane [43]. It could very 
well be that opioid-mediated reduction in BP may be the principal mechanism for 
antihypertensive peptides.  
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well be that opioid-mediated reduction in BP may be the principal mechanism for 
antihypertensive peptides.  
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2.5. Endothelin-1 and endothelin converting enzyme (ECE) inhibition 

The vasoconstrictory peptide endothelin-1 (ET-1) is released from big endothelin-1 (big ET-
1) by the action of endothelin-converting enzyme (ECE). ET-1 mediates vasoconstriction via 
2 receptors, ETa and. ETb. Both receptors mediate contractions on smooth muscle, but ETb 
also induces relaxation of endothelial cells by the production of nitric oxide. ET-1 is known 
to have a greater vasocontrictive effect than Ang II [44; 7]. Endothelial-dependent release of 
NOS was found to be the mechanism of action for the antihypertensive egg protein derived 
ovokinin (f2-7) peptide (Arg-Ala-Asp-His-Pro-Phe). Dilation of isolated SHR mesenteric 
arteries was found to be inhibited by L-NAME but not by indomethacin, demonstrating NO 
release from the endothelial cells [45]. A later study showed that ovokinin (2–7) modulates a 
hypotensive effect through interaction via B2 bradykinin receptors [46]. 

It has been found that food proteins have the ability to act as inhibitors of ECE. Okitsu et al 
[47] found ECE inhibitory peptides in pepsin digests of beef and bonito pyrolic appendix. 
Up to 45 and 40 % of ECE activity could be inhibited with the beef and bonito peptides, 
respectively. A second study showed that the ACE-inhibitory peptide Ala-Leu-Pro-Met-His-
Ile-Arg, released through tryptic digestion of bovine β-lactoglobulin, can inhibit the release 
of ET-1 in cultured porcine aortic endothelial cells (PAECs). At a concentration of 1 mM Ala-
Leu-Pro-Met-His-Ile-Arg, ET-1 release was reduced by 29 %. The study concluded that the 
ET-1 reduction may be due to indirect reduction of ET-release by ACE inhibition through 
the BK pathway, rather than direct action on ET-1 by the peptide [48]. ACE breaks down BK 
into inactive fragments in the KNOS. Subsequent accumulation of BK (vasodilator) due to 
ACE inhibition leads to increased release of the vasodilator NO, and antagonises the release 
of the ET-1 by endothelial cells. 

3. Structure activity relationships 

An understanding of the relationship between a peptide and its bioactivity allows for the 
targeted release of potentially potent peptide sequences. This would eliminate the need for 
the time-consuming conventional peptide discovery strategy. There is limited knowledge on 
the structure-activity relationship of hypotensive peptides. To date, the main focus with 
regard to bioactive peptide research has been on the generation and characterisation of these 
peptides. ACE inhibition is by far the most widely studied biomarker with regard to 
antihypertensive effects of bioactive food peptides. ACE can work on a wide range of 
peptide substrates, and appears to have a broad specificity. Some structural features that 
influence the binding of a peptide to the ACE active site have been recognised (Table 1). 
However, potent inhibitory peptides of ACE are generally short sequences, i.e., 2-12 amino 
acids in length. However, some larger inhibitory sequences have been identified. Studies 
have indicated that binding to ACE is strongly influenced by the substrate’s C-terminal 
tripeptide sequence. Hydrophobic amino acid residues with aromatic or branched side 
chains at each of the C-terminal tripeptide positions are common features among potent 
inhibitors. The presence of hydrophobic Pro residues at one or more positions in the C-
terminal tripeptide region seems to positively influence a peptide’s ACE inhibitory activity. 
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Tyr, Phe and Trp residues are also present at the C-terminus of many potent ACE inhibitors, 
especially with di- and tripeptide inhibitors [9]. It has been suggested that Leu residues may 
also contribute to ACE inhibition [49]. Furthermore, the positive charge on the side chains of 
Arg and Lys residues at the C-terminus have been noted to contribute to the ACE inhibitory 
potential of a peptide [50-51; 9]. An L-configured amino acid at position three at the C-
terminus of the inhibitory peptide may be a requirement for potent inhibition. A study 
showed that the IC50 for the tripeptide D-Val-Ala-Pro (2 μM) increased to 550 μM with L-
Val-Ala-Pro, yet only a slight increase in IC50 was seen for the peptide L-Phe-Val-Ala-Pro (17 
μM; Maruyama et al., 1987). It is thought that conformation contributes to the ACE 
inhibitory potential of long-chain peptide inhibitors [3].  

N-Terminus--------------------------------------------------------------------------------------C-Terminus 
Hydrophobic residues 2-12 amino acids in length 

Peptide conformation important 
for longer peptides 
 

C-terminal tripeptide 
Bulky hydrophobic 
residues 
Aromatic or branched 
side chains 
Proline at one or more 
positions 
Positively charged 
residues in position two, 
Arg, Lys 
Tyr, Phe, Trp, Leu 
L-configured residue in 
position three 

Table 1. Some structural features of potent angiotensin converting enzyme (ACE) inhibitory peptides. 

Both domains of ACE (C- and N-domains) contain an active site containing the sequence 
His-Glu-XX-His. These active sites are located within the cleft of the two domains, and are 
protected by an N-terminal ‘lid’. This ‘lid’ blocks access of large polypeptides to the active 
site. This is thought to explain why small peptides are more effective in inhibiting ACE. In 
addition, ACE inhibition may include inhibitor interaction with subsites on the enzyme that 
are not generally occupied by substrates or with an anionic inhibitor binding site that is 
different for the catalytic site of the enzyme. With the catalytic sites of ACE having different 
conformational requirements, this could indicate that for a more complete inhibition of 
ACE, there may be a need to use a variety of peptide inhibitors each with slightly different 
conformational features [52-53].  

Quantitative computational tools are increasingly been applied in medicinal and 
pharmaceutical drug discovery. Recently it has been acknowledged that such models could 
be adapted to food-derived bioactive peptide sequences. Quantitative structure-activity 
relationship modelling (QSAR) and substrate docking can be used as an effective tool to 
assess in silico numerous peptide structures for their bioactivity potential. Thus, this work 
allows for a molecular understanding of peptide structure and bioactivity. QSAR studies are 
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Tyr, Phe and Trp residues are also present at the C-terminus of many potent ACE inhibitors, 
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potential of a peptide [50-51; 9]. An L-configured amino acid at position three at the C-
terminus of the inhibitory peptide may be a requirement for potent inhibition. A study 
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Quantitative computational tools are increasingly been applied in medicinal and 
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be adapted to food-derived bioactive peptide sequences. Quantitative structure-activity 
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allows for a molecular understanding of peptide structure and bioactivity. QSAR studies are 
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based on the relationship between chemical structure of ligands and receptors, and 
biological activity. Physicochemical variables or descriptor variables of a ligand such as 
steric properties, hydrophobicity and electronic properties, molecular mass and shape are 
used to quantitatively correlate the ligand’s chemical structure with bioactivity [54]. A small 
number of QSAR studies have been carried out on ACE-inhibitory peptides. The structure-
activity relationship of di-and tri-peptides using partial least square analysis (PLS) QSAR 
was assessed by constructing a database of known ACE-inhibitory peptides. Using a 3-z 
scale descriptor approach, two models were developed for the amino acid components of 
the peptide datasets. The dipeptide model had a predictive power of 71.1 % while the 
tripeptide model had a predictive power of 43.4 %. The dipeptide model indicated that 
amino acids with bulky and hydrophobic side chains were favoured by ACE while the 
tripeptide model suggested that C-terminal aromatic residues, positively charged residues 
in position two and hydrophobic residues at the amino terminus were preferred [55]. 
Another study by the same authors used a 5-z scale model to assess peptides of 4-10 amino 
acids in length. The study concluded that the tetrapeptide residue at the C-terminus has a 
large influence on the potency of peptide’s 4-10 amino acids in length [56].  

Substrate docking involves the docking of molecules (ligands) to a receptor or into a protein 
target such as an enzyme. All possible docking or binding conformations are assessed for 
their binding affinity to a molecule, and their potential as high affinity binding ligands is 
estimated by use of a scoring function. An integrated QSAR and Artificial Neural Network 
(ANN) approach was used to assess the ACE-inhibitory potential of 58 dipeptides present in 
the sequence of defatted wheat germ protein. The model was used to investigate preferred 
structural characteristics of ACE-inhibitory dipeptides and following this, appropriate 
proteases were successfully selected to produce the dipeptides predicted to be potent 
inhibitors by the QSAR-ANN model. The QSAR model predicted that the C-terminal of the 
peptide had principal importance on ACE inhibitory activity, with hydrophobic C-terminal 
residues being essential for high potency. Furthermore, proteins with a high abundance of 
hydrophobic residues were considered to be good substrates for the production of potent 
ACE inhibitory peptides [57]. Recently, the ability of docking to predict ACE inhibitory 
dipeptide sequences was assessed using the molecular docking program AutoDock Vina. 
All potential dipeptides and phospho-dipeptides were docked and scored. Phospho-
dipeptides were predicted by the program to be good inhibitors of ACE. However, the 
experimentally determined IC50 results for selected phospho-dipeptides did not correlate 
and the study concluded that phospho-dipeptides may not be potent inhibitors of ACE in 
vivo. Furthermore, LIGPLOT analysis, a program to plot schematic diagrams of protein-
ligand interactions, carried out on two newly identified ACE inhibitory dipeptides Asp-Trp 
and Trp-Pro (ACE IC50 values of 258 and 217 μM, respectively) interestingly showed no zinc 
interaction with the ACE active site [58]. 

4. Peptide bioavailability  

The potential antihypertensive effect of a peptide depends on the peptides ability to reach 
their target organ intact and in an active form. However, there are several barriers which lie 
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in the way of this outcome. Antihypertensive peptides must be resistant to digestive 
proteinases and peptidases; they must be able to be transported through the bush border 
membrane intact and must be resistant to serum peptidases. With regard to ACE inhibition, 
while there have been many studies focusing on the production, isolation and 
characterisation of ACE-inhibitory peptides, to date little attention has been placed on their 
bioavailability. It is therefore difficult to determine the relationship between in vitro ACE-
inhibitory activity and an in vivo hypotensive effect. This is made even more difficult with 
the utilisation of several different in vitro assays and assay conditions for the determination 
of ACE-inhibition [59]. Furthermore, variations in in vivo experimental design such as 
administration by intravenous subcutaneous or oral administration, and the use of animal 
models or hypertensive patients, all hinder the ability to compare results among different 
studies [60].  

Bioactive peptides when taken orally may be inactived by several digestive proteinases and 
peptidases including pepsin in the stomach, and the pancreatic enzymes trypsin, elastase, α-
chymotrypsin and carboxypeptidase A and B in the small intestine. A number of studies 
have been carried out investigating ACE-inhibitory peptides and their ability to resist 
gastrointestinal digestion by these enzymes. These studies involve simulating the 
gastrointestinal process by sequential hydrolysis of ACE inhibitory peptides with pepsin 
and Pancreatin™, each concluding the importance of gastrointestinal digestion analysis in 
the ACE inhibitory activity of the peptide [61-66; 49; 21; 20] . It has been noted that certain 
protein/peptide structures are resistant to gastrointestinal digestion due to the composition 
and position of amino acids in their primary chains. The rate of hydrolysis of a peptide is 
also dependent on the peptide’s amino acid composition. Peptides containing Pro and 
hydroxy Pro residues have been found to be resistant to hydrolysis. Furthermore, 
glycosylated peptides and peptides which have undergone changes during food processing 
such as during the formation of Maillard reaction products have been shown to be resistant 
to GI tract enzyme cleavage [67]. Once the peptides reach the brush border membrane of the 
large intestine, they may also be subjected to further cleavage by a variety of membrane 
anchored epithelial cell intestinal peptidases. These include a number of aminotripeptidases 
and several dipeptidases, each with varying specificities [60]. However, it has been found 
that certain free amino acids released during gastrointestinal breakdown may in turn serve 
as inhibitors of the brush border membrane dipeptidases, Moreover, it has been reported 
that during gastrointestinal proteolysis at the brush border membrane, the large variety and 
high concentration of peptides present would exceed the apparent Vmax for hydrolysis, 
allowing for safe passage of many di- and tripeptides through the membrane wall. 
Absorption through the membrane is possible for both di- and tripeptides with the help of a 
peptide transporter termed PepT1. PepT1 operates as an electrogenic proton/peptide 
symporter having wide substrate specificity [67]. There is an increasing body of research 
that shows the presence of the lactotripeptides (LTPs) Ile-Pro-Pro and Val-Pro-Pro in human 
and animal circulatory systems after oral administration, suggesting the resistance of these 
peptides to gastrointestinal degradation and their absorption intact across the brush border 
membrane [68-72]. However, it has been suggested that intestinal absorption of Val-Pro-Pro 
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based on the relationship between chemical structure of ligands and receptors, and 
biological activity. Physicochemical variables or descriptor variables of a ligand such as 
steric properties, hydrophobicity and electronic properties, molecular mass and shape are 
used to quantitatively correlate the ligand’s chemical structure with bioactivity [54]. A small 
number of QSAR studies have been carried out on ACE-inhibitory peptides. The structure-
activity relationship of di-and tri-peptides using partial least square analysis (PLS) QSAR 
was assessed by constructing a database of known ACE-inhibitory peptides. Using a 3-z 
scale descriptor approach, two models were developed for the amino acid components of 
the peptide datasets. The dipeptide model had a predictive power of 71.1 % while the 
tripeptide model had a predictive power of 43.4 %. The dipeptide model indicated that 
amino acids with bulky and hydrophobic side chains were favoured by ACE while the 
tripeptide model suggested that C-terminal aromatic residues, positively charged residues 
in position two and hydrophobic residues at the amino terminus were preferred [55]. 
Another study by the same authors used a 5-z scale model to assess peptides of 4-10 amino 
acids in length. The study concluded that the tetrapeptide residue at the C-terminus has a 
large influence on the potency of peptide’s 4-10 amino acids in length [56].  

Substrate docking involves the docking of molecules (ligands) to a receptor or into a protein 
target such as an enzyme. All possible docking or binding conformations are assessed for 
their binding affinity to a molecule, and their potential as high affinity binding ligands is 
estimated by use of a scoring function. An integrated QSAR and Artificial Neural Network 
(ANN) approach was used to assess the ACE-inhibitory potential of 58 dipeptides present in 
the sequence of defatted wheat germ protein. The model was used to investigate preferred 
structural characteristics of ACE-inhibitory dipeptides and following this, appropriate 
proteases were successfully selected to produce the dipeptides predicted to be potent 
inhibitors by the QSAR-ANN model. The QSAR model predicted that the C-terminal of the 
peptide had principal importance on ACE inhibitory activity, with hydrophobic C-terminal 
residues being essential for high potency. Furthermore, proteins with a high abundance of 
hydrophobic residues were considered to be good substrates for the production of potent 
ACE inhibitory peptides [57]. Recently, the ability of docking to predict ACE inhibitory 
dipeptide sequences was assessed using the molecular docking program AutoDock Vina. 
All potential dipeptides and phospho-dipeptides were docked and scored. Phospho-
dipeptides were predicted by the program to be good inhibitors of ACE. However, the 
experimentally determined IC50 results for selected phospho-dipeptides did not correlate 
and the study concluded that phospho-dipeptides may not be potent inhibitors of ACE in 
vivo. Furthermore, LIGPLOT analysis, a program to plot schematic diagrams of protein-
ligand interactions, carried out on two newly identified ACE inhibitory dipeptides Asp-Trp 
and Trp-Pro (ACE IC50 values of 258 and 217 μM, respectively) interestingly showed no zinc 
interaction with the ACE active site [58]. 

4. Peptide bioavailability  

The potential antihypertensive effect of a peptide depends on the peptides ability to reach 
their target organ intact and in an active form. However, there are several barriers which lie 
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in the way of this outcome. Antihypertensive peptides must be resistant to digestive 
proteinases and peptidases; they must be able to be transported through the bush border 
membrane intact and must be resistant to serum peptidases. With regard to ACE inhibition, 
while there have been many studies focusing on the production, isolation and 
characterisation of ACE-inhibitory peptides, to date little attention has been placed on their 
bioavailability. It is therefore difficult to determine the relationship between in vitro ACE-
inhibitory activity and an in vivo hypotensive effect. This is made even more difficult with 
the utilisation of several different in vitro assays and assay conditions for the determination 
of ACE-inhibition [59]. Furthermore, variations in in vivo experimental design such as 
administration by intravenous subcutaneous or oral administration, and the use of animal 
models or hypertensive patients, all hinder the ability to compare results among different 
studies [60].  

Bioactive peptides when taken orally may be inactived by several digestive proteinases and 
peptidases including pepsin in the stomach, and the pancreatic enzymes trypsin, elastase, α-
chymotrypsin and carboxypeptidase A and B in the small intestine. A number of studies 
have been carried out investigating ACE-inhibitory peptides and their ability to resist 
gastrointestinal digestion by these enzymes. These studies involve simulating the 
gastrointestinal process by sequential hydrolysis of ACE inhibitory peptides with pepsin 
and Pancreatin™, each concluding the importance of gastrointestinal digestion analysis in 
the ACE inhibitory activity of the peptide [61-66; 49; 21; 20] . It has been noted that certain 
protein/peptide structures are resistant to gastrointestinal digestion due to the composition 
and position of amino acids in their primary chains. The rate of hydrolysis of a peptide is 
also dependent on the peptide’s amino acid composition. Peptides containing Pro and 
hydroxy Pro residues have been found to be resistant to hydrolysis. Furthermore, 
glycosylated peptides and peptides which have undergone changes during food processing 
such as during the formation of Maillard reaction products have been shown to be resistant 
to GI tract enzyme cleavage [67]. Once the peptides reach the brush border membrane of the 
large intestine, they may also be subjected to further cleavage by a variety of membrane 
anchored epithelial cell intestinal peptidases. These include a number of aminotripeptidases 
and several dipeptidases, each with varying specificities [60]. However, it has been found 
that certain free amino acids released during gastrointestinal breakdown may in turn serve 
as inhibitors of the brush border membrane dipeptidases, Moreover, it has been reported 
that during gastrointestinal proteolysis at the brush border membrane, the large variety and 
high concentration of peptides present would exceed the apparent Vmax for hydrolysis, 
allowing for safe passage of many di- and tripeptides through the membrane wall. 
Absorption through the membrane is possible for both di- and tripeptides with the help of a 
peptide transporter termed PepT1. PepT1 operates as an electrogenic proton/peptide 
symporter having wide substrate specificity [67]. There is an increasing body of research 
that shows the presence of the lactotripeptides (LTPs) Ile-Pro-Pro and Val-Pro-Pro in human 
and animal circulatory systems after oral administration, suggesting the resistance of these 
peptides to gastrointestinal degradation and their absorption intact across the brush border 
membrane [68-72]. However, it has been suggested that intestinal absorption of Val-Pro-Pro 
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may operate via paracellular transport, rather than with the help of PepT1 [73]. Larger Pro-
rich peptides have also been found to be transported intact across the brush border 
membrane. A study found that the ACE-inhibitory and antihypertensive peptide Leu-His-
Leu-Pro-Leu-Pro, β-casein (f133-138), was resistant to gastrointestinal digestion. However, 
this peptide was hydrolysed to the pentapeptide His-Leu-Pro-Leu-Pro by cellular peptidases 
before transportation across the intestinal epithelium. The study concluded by use of a 
Caco-2 monolayer model that the likely mechanism of transport was via paracellular passive 
diffusion [74]. An earlier study quantifying ACE-inhibitory peptides in human plasma 
found the pentapeptide to be present in human plasma after oral administration which 
demonstrates the ability of the peptide to be absorbed through the human brush border 
membrane [75].  

Absorption of peptides across the brush border membrane can be studied by Caco-2 cell 
monolayers, the representative model for human intestinal epithelial cell barrier. The 
intestinal transport of pea and whey ACE inhibitory peptides was also studied using a 
Caco-2 monolayer. It was found that only minor ACE inhibitory activity crossed the Caco-2 
cell monolayer in 1 h. However, it was concluded that the extent of ACE inhibitory peptides 
that may be transported in vivo would be higher, as the Caco-2 model is tighter than 
intestinal mammalian tissue [76]. The transepithelial transport of oligopeptides across the 
intestinal wall was assessed using a Caco-2 cell monolayer [133]. The study showed that the 
hydrolysis of peptides by brush-border peptidases is the rate-limiting step for the 
transepithelial transport of oligopeptides (≥4 residues in length). Bradykinin and Gly-Gly-
Tyr-Arg, which were found to be resistant to cellular peptidases, were investigated for their 
apical-to-basolateral transport mechanism. Bradykinin and its analogues were found to be 
transported by the intracellular pathway, probably the adsorptive transcytosis. The 
transport rate was found to be dependent on the hydrophobic properties of the peptides. 
Gly-Gly-Tyr-Arg was suggested to be transported mainly via the paracellular pathway 
[133]. Foltz et al., [77] devised a predictive in silico amino acid clustering model for 
dipeptides which can predict a dipeptide’s ability to withstand small intestinal digestion. 
Dipeptides (220 in total) were tested for small intestinal stability by simulated digestion and 
their relative stability (% of initial dipeptide concentration) was plotted against time. Using 
the area under the curve (AUC) approach, the contribution of N- and C-terminal amino 
acids were calculated, based on the average AUC of all peptides containing the amino acid 
of interest. Data clustering allowed for ranking of the N- and C-terminal amino acid 
residues and they were grouped by their average AUC values. Correlations with 
experimentally measured stability allowed for classification of dipeptides as intestinally 
‘stable’, ‘neutral’ or ‘instable’ using the clustering model.  

Following absorption of a peptide into the blood stream, it may undergo hydrolysis by 
serum peptidases. The ACE inhibitory peptide may need to be able to with-stand hydrolysis 
in order to reach their target organs intact and yield their antihypertensive effect. It has been 
suggested that potent ACE inhibitors may be produced in circulation by the action of serum 
peptidases on less potent inhibitors of ACE and by the action of ACE itself. These peptides 
have been referred to pro-drug type inhibitors of ACE [78; 60].  
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Thus, the bioavailability of ACE-inhibitory peptides is essential for their activity. Several 
approaches to aid in peptide delivery are been considered. Peptides may be chemically 
modified in order to reduce the rate of enzymatic degradation and to increase bioavailability 
while also in some cases enhancing bioactivity. The half-life of unmodified peptides in the 
blood is in most cases very short. They also generally have poor bioavailability in tissues 
and organs, limiting their ability as preventative therapeutic agents [79; 80]. Modifications 
such as end changes, glycosylation, alkylation, and conformational changes to amino acids 
within the peptide may therefore have potential for ACE inhibitory peptides [80; 81]. These 
approaches have already been adapted to opioid peptides [81]. There is significant scope for 
these modifications to also be applied to ACE inhibitory and antihypertensive peptides. 
Encapsulation via nanoparticles and liposomes is also a strategy previously employed for 
opioid peptides that has possibility for adaption to for ACE inhibitory peptides. These 
approaches may aid in the passage of a peptide through the GI tract and may enhance the 
plasma half-life of the peptides. Furthermore, there is potential for bioactive peptides to be 
produced by microorganisms through genetic engineering to be delivered to target organs 
in situ [60]. Lastly, there is also the possibility to cross-link BAP to protein transduction 
domains that have been found to be able to cross biological membranes thus promoting 
peptide and protein delivery into cells [60; 82]. Morris et al [82] also devised a similar 
strategy using the peptide transporter PepT-1 to carry target peptides into cells. 

5. Ex-vivo and in vivo animal studies 

The first step employed to determine if a peptide is hypotensive is to conduct trials with 
small animals such as SHRs, the accepted model for human essential hypertension. A 
bioactive peptide can only be referred to as ‘antihypertensive’ after a significant decrease in 
BP is observed in trials with SHR. There have been many studies carried out in animals to 
elucidate whether food-derived ACE-inhibitory peptides can lead to an antihypertensive 
effect in vivo. Antihypertensive peptides from milk, egg, animal (including meat and marine 
animals), plant and macroalgae have recently been reviewed [4; 25; 83-86]. 

Ile-Pro-Pro (β-casein f74-76; κ-casein f108-110) and Val-Pro-Pro (β-casein f84-86) were 
among the first dietary peptides found to have a hypotensive effect in SHR. The peptides 
were first isolated from milk fermented with Lactobacillus helveticus and Saccharomyces 
cerevisiae (Ameal S) and their ACE-inhibitory IC50 values were obtained (Val-Pro-Pro and Ile-
Pro-Pro having IC50s of 9 and 5 μM, respectively [87]). The antihypertensive effect was first 
demonstrated when SHR were administered with a single oral dose of the LTPs which 
resulted in a significant decrease SBP between 6 to 8 h after administration [88]. Thereafter, 
several studies have been conducted to further characterise the in vivo effect of the LTPs. 
Their long-term effects (12-20 weeks) of administration have been assessed [89-93]. 
Administration of the peptides via a peptide supplement and via a sour milk drink to SHR 
resulted in a decrease in SBP of 12 and 17 mm Hg, respectively, compared to the control 
(water) after 12 weeks [90]. Endothelial function protective effects of Ile-Pro-Pro and Val-
Pro-Pro were investigated using isolated SHR mesenteric arteries stored in solutions of 
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may operate via paracellular transport, rather than with the help of PepT1 [73]. Larger Pro-
rich peptides have also been found to be transported intact across the brush border 
membrane. A study found that the ACE-inhibitory and antihypertensive peptide Leu-His-
Leu-Pro-Leu-Pro, β-casein (f133-138), was resistant to gastrointestinal digestion. However, 
this peptide was hydrolysed to the pentapeptide His-Leu-Pro-Leu-Pro by cellular peptidases 
before transportation across the intestinal epithelium. The study concluded by use of a 
Caco-2 monolayer model that the likely mechanism of transport was via paracellular passive 
diffusion [74]. An earlier study quantifying ACE-inhibitory peptides in human plasma 
found the pentapeptide to be present in human plasma after oral administration which 
demonstrates the ability of the peptide to be absorbed through the human brush border 
membrane [75].  

Absorption of peptides across the brush border membrane can be studied by Caco-2 cell 
monolayers, the representative model for human intestinal epithelial cell barrier. The 
intestinal transport of pea and whey ACE inhibitory peptides was also studied using a 
Caco-2 monolayer. It was found that only minor ACE inhibitory activity crossed the Caco-2 
cell monolayer in 1 h. However, it was concluded that the extent of ACE inhibitory peptides 
that may be transported in vivo would be higher, as the Caco-2 model is tighter than 
intestinal mammalian tissue [76]. The transepithelial transport of oligopeptides across the 
intestinal wall was assessed using a Caco-2 cell monolayer [133]. The study showed that the 
hydrolysis of peptides by brush-border peptidases is the rate-limiting step for the 
transepithelial transport of oligopeptides (≥4 residues in length). Bradykinin and Gly-Gly-
Tyr-Arg, which were found to be resistant to cellular peptidases, were investigated for their 
apical-to-basolateral transport mechanism. Bradykinin and its analogues were found to be 
transported by the intracellular pathway, probably the adsorptive transcytosis. The 
transport rate was found to be dependent on the hydrophobic properties of the peptides. 
Gly-Gly-Tyr-Arg was suggested to be transported mainly via the paracellular pathway 
[133]. Foltz et al., [77] devised a predictive in silico amino acid clustering model for 
dipeptides which can predict a dipeptide’s ability to withstand small intestinal digestion. 
Dipeptides (220 in total) were tested for small intestinal stability by simulated digestion and 
their relative stability (% of initial dipeptide concentration) was plotted against time. Using 
the area under the curve (AUC) approach, the contribution of N- and C-terminal amino 
acids were calculated, based on the average AUC of all peptides containing the amino acid 
of interest. Data clustering allowed for ranking of the N- and C-terminal amino acid 
residues and they were grouped by their average AUC values. Correlations with 
experimentally measured stability allowed for classification of dipeptides as intestinally 
‘stable’, ‘neutral’ or ‘instable’ using the clustering model.  

Following absorption of a peptide into the blood stream, it may undergo hydrolysis by 
serum peptidases. The ACE inhibitory peptide may need to be able to with-stand hydrolysis 
in order to reach their target organs intact and yield their antihypertensive effect. It has been 
suggested that potent ACE inhibitors may be produced in circulation by the action of serum 
peptidases on less potent inhibitors of ACE and by the action of ACE itself. These peptides 
have been referred to pro-drug type inhibitors of ACE [78; 60].  
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Thus, the bioavailability of ACE-inhibitory peptides is essential for their activity. Several 
approaches to aid in peptide delivery are been considered. Peptides may be chemically 
modified in order to reduce the rate of enzymatic degradation and to increase bioavailability 
while also in some cases enhancing bioactivity. The half-life of unmodified peptides in the 
blood is in most cases very short. They also generally have poor bioavailability in tissues 
and organs, limiting their ability as preventative therapeutic agents [79; 80]. Modifications 
such as end changes, glycosylation, alkylation, and conformational changes to amino acids 
within the peptide may therefore have potential for ACE inhibitory peptides [80; 81]. These 
approaches have already been adapted to opioid peptides [81]. There is significant scope for 
these modifications to also be applied to ACE inhibitory and antihypertensive peptides. 
Encapsulation via nanoparticles and liposomes is also a strategy previously employed for 
opioid peptides that has possibility for adaption to for ACE inhibitory peptides. These 
approaches may aid in the passage of a peptide through the GI tract and may enhance the 
plasma half-life of the peptides. Furthermore, there is potential for bioactive peptides to be 
produced by microorganisms through genetic engineering to be delivered to target organs 
in situ [60]. Lastly, there is also the possibility to cross-link BAP to protein transduction 
domains that have been found to be able to cross biological membranes thus promoting 
peptide and protein delivery into cells [60; 82]. Morris et al [82] also devised a similar 
strategy using the peptide transporter PepT-1 to carry target peptides into cells. 

5. Ex-vivo and in vivo animal studies 

The first step employed to determine if a peptide is hypotensive is to conduct trials with 
small animals such as SHRs, the accepted model for human essential hypertension. A 
bioactive peptide can only be referred to as ‘antihypertensive’ after a significant decrease in 
BP is observed in trials with SHR. There have been many studies carried out in animals to 
elucidate whether food-derived ACE-inhibitory peptides can lead to an antihypertensive 
effect in vivo. Antihypertensive peptides from milk, egg, animal (including meat and marine 
animals), plant and macroalgae have recently been reviewed [4; 25; 83-86]. 

Ile-Pro-Pro (β-casein f74-76; κ-casein f108-110) and Val-Pro-Pro (β-casein f84-86) were 
among the first dietary peptides found to have a hypotensive effect in SHR. The peptides 
were first isolated from milk fermented with Lactobacillus helveticus and Saccharomyces 
cerevisiae (Ameal S) and their ACE-inhibitory IC50 values were obtained (Val-Pro-Pro and Ile-
Pro-Pro having IC50s of 9 and 5 μM, respectively [87]). The antihypertensive effect was first 
demonstrated when SHR were administered with a single oral dose of the LTPs which 
resulted in a significant decrease SBP between 6 to 8 h after administration [88]. Thereafter, 
several studies have been conducted to further characterise the in vivo effect of the LTPs. 
Their long-term effects (12-20 weeks) of administration have been assessed [89-93]. 
Administration of the peptides via a peptide supplement and via a sour milk drink to SHR 
resulted in a decrease in SBP of 12 and 17 mm Hg, respectively, compared to the control 
(water) after 12 weeks [90]. Endothelial function protective effects of Ile-Pro-Pro and Val-
Pro-Pro were investigated using isolated SHR mesenteric arteries stored in solutions of 
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Krebs containing Ile-Pro-Pro and Val-Pro-Pro (1 mM), when mounted in an organ bath. 
Vascular reactivity measurements demonstrated better preservation of endothelium-
dependent relaxation in arteries stored with the LTPs compared to controls [94]. Their 
bioactive effect in double transgenic rats (dTGR) harbouring human renin and 
angiotensinogen genes was also assessed. These transgenic rats develop malignant 
hypertension, cardiac hypertrophy, renal damage, and endothelial dysfunction due to 
increased Ang II formation. A decrease of 19 mm Hg in SBP was seen in rats administered 
with fermented milk supplemented with the peptides (Ile-Pro-Pro (1.8 mg/100 ml) and Val-
Pro-Pro (1.8 mg/100 ml) compared to the control group Thus, it was concluded that the 
supplemented fermented milk product can aid in preventing the development of malignant 
hypertension. There was no effect on BP reported from a group receiving the peptides 
dissolved in water, despite the higher intake level of peptides. The authors concluded that 
the reported antihypertensive effect of the fermented milk product can not be explained 
solely by the Ile-Pro-Pro and Val-Pro-Pro supplements and suggested that a combination of 
factors such as calcium and potassium content, and less sodium may have contributed to the 
observed hypotensive effect [95].  

Other rat models, such as the normotensive WKY rat, have been used to evaluate the effect 
of food peptides on arterial BP. However, a significant hypotensive effect is not always 
observed in WKY. Single oral administration of Ameal S containing the LTPs decreased BP 
from 6 to 8 h after administration in SHR. However, no change in SBP was observed in 
normotensive WKYs [88]. Similarly, the ACE inhibitory peptide Leu-Arg-Pro-Val-Ala-Ala 
from bovine lactoferrin was found to have a significant antihypertensive effect in SHR but 
no change in BP was found when the peptide was administered via intravenous injection to 
WKY rat [96]. Thus, the hypotensive effect of some food-derived peptides may be specific to 
the hypertensive state of the animal. The effect of fermented milk with LTPs on BP and 
vascular function in salt-loaded type II diabetic Goto–Kakizaki rats has also been assessed. 
GK rats are characterized by impaired glucose-induced insulin secretion, abnormal glucose 
regulation, insulin resistance and polyuria. They are normotensive but when on a high-salt 
diet can develop hypertension. The study showed a significant decrease in BP and enhanced 
endothelium-dependent relaxation of mesenteric arteries [97]. 

There are wide variations in BP responses from different food proteins. These variations 
may be due to the different food sources themselves but also may be due to differences in 
experimental models such as the type of animal used, the dosage of peptide required for a 
significant decrease in BP, duration of administration and administration route, i.e., oral 
versus intravenous administration. In general, it has been found that peptides administered 
intravenously have a higher decrease in BP than peptides administered orally. This may be 
due to lower bioavailability of these peptides in the blood stream as transport of the 
peptides across the brush border membrane in an intact state may not be possible. 
Hydrolysis or partial hydrolysis of the peptides by GI and serum enzymes may lead to 
inactive or less active hypotensive peptide forms. Thus, bioavailability studies are essential 
to assess the antihypertensive potential of a peptide [3].  
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Furthermore, it must be noted that although dietary peptides have lower ACE IC50 in vitro in 
comparison to the synthetic ACE drug inhibitor Captopril (IC50 in nM range), in most cases 
they display higher in vivo hypotensive effects than are expected with respect to their in vitro 
results. It has been suggested that this may be due to a higher affinity of dietary peptides to 
the tissues and a slower elimination in comparison to Captopril. Moreover, it is possible that 
several BP mechanisms of action are being employed [30; 98]. It was demonstrated that 
neither the egg-protein derived peptide ovokinin (2-7) (Arg-Ala-Asp-His-Pro-Phe) or Arg-
Pro-Leu-Lys-Pro-Trp, the most potent derivative obtained from the structural modification 
of ovokinin,, inhibit ACE in vitro. IC50 values obtained were >1000 μmol/L, despite having a 
significant effect on BP when orally administered to SHR [99]. Thus, it must be 
acknowledged that in vitro ACE inhibitory determination may not be the best approach to 
assess the potential of a peptide as an antihypertensive agent. In a study by da Costa et al 
[100] it was found that the most potent in vitro ACE inhibitory peptides from whey did not 
have a significant effect on BP when orally administered to SHR. However, whey peptides 
with relatively low in vitro ACE-inhibitory activity in comparison achieved significant 
reductions in BP. 

6. Human studies 

The majority of the clinical trials regarding the antihypertensive effects of milk-derived 
peptides to date have been carried out on the LTPs, Ile-Pro-Pro and Val-Pro-Pro. Although 
some conflicting results exist, the majority of these trials have reported a significant decrease 
in BP. Their effect on office BP has been well documented (for reviews see 101; 3; 25). It is 
essential that the BP of test subjects is evaluated in comparison to placebo values and not to 
baseline values of the test product. As with test products, placebo groups have been found 
to often decrease in BP over the test period [101]. Furthermore, the 24-h ambulatory BP 
monitoring (ABPM), of patients BP is thought to be a more reliable method for evaluation of 
BP as it reduces the ‘white coat effect’. Recent clinical trials with LTPs have employed 
ABPM [102-104; 91]. ABPM was used to assess the effects of LTP administration on dipper 
(where BP decreases at night time) and non-dipper (where BP does not decrease at night 
time) hypertensive subjects. Non-dippers are thought to have a higher cardiac vascular risk 
and BP monitoring in the morning and night can help predict cardiac events such as stroke 
and myocardial infarction. Twelve patients received a fermented milk product containing 
Ile-Pro-Pro (1.52 mg) and Val-Pro-Pro (2.53 mg) daily for 4 weeks. The study reported a 
significant reduction in night-time and early-morning SBP for nondipper subjects but not for 
dipper subjects [105]. A range of hemodynamic parameters was recently evaluated for 52 
human subjects with high-normal BP or first-degree hypertension. These included office BP 
and ABPM, stress-induced BP increase and cardiac output-related parameters. Subjects were 
treated with LTPs (3 mg/day) for 6 weeks. The study reported a reduction in office SBP as 
well as an improvement in pulse wave velocity (an instrumental biomarker for vascular 
rigidity), stroke volume and stroke volume index (markers of cardiac flow) and acceleration 
and velocity index (markers of cardiac contractility). No effect on ABPM and BP reaction to 
stress was observed [106]. LTPs have also been reported to reduce arterial stiffness in 
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Krebs containing Ile-Pro-Pro and Val-Pro-Pro (1 mM), when mounted in an organ bath. 
Vascular reactivity measurements demonstrated better preservation of endothelium-
dependent relaxation in arteries stored with the LTPs compared to controls [94]. Their 
bioactive effect in double transgenic rats (dTGR) harbouring human renin and 
angiotensinogen genes was also assessed. These transgenic rats develop malignant 
hypertension, cardiac hypertrophy, renal damage, and endothelial dysfunction due to 
increased Ang II formation. A decrease of 19 mm Hg in SBP was seen in rats administered 
with fermented milk supplemented with the peptides (Ile-Pro-Pro (1.8 mg/100 ml) and Val-
Pro-Pro (1.8 mg/100 ml) compared to the control group Thus, it was concluded that the 
supplemented fermented milk product can aid in preventing the development of malignant 
hypertension. There was no effect on BP reported from a group receiving the peptides 
dissolved in water, despite the higher intake level of peptides. The authors concluded that 
the reported antihypertensive effect of the fermented milk product can not be explained 
solely by the Ile-Pro-Pro and Val-Pro-Pro supplements and suggested that a combination of 
factors such as calcium and potassium content, and less sodium may have contributed to the 
observed hypotensive effect [95].  

Other rat models, such as the normotensive WKY rat, have been used to evaluate the effect 
of food peptides on arterial BP. However, a significant hypotensive effect is not always 
observed in WKY. Single oral administration of Ameal S containing the LTPs decreased BP 
from 6 to 8 h after administration in SHR. However, no change in SBP was observed in 
normotensive WKYs [88]. Similarly, the ACE inhibitory peptide Leu-Arg-Pro-Val-Ala-Ala 
from bovine lactoferrin was found to have a significant antihypertensive effect in SHR but 
no change in BP was found when the peptide was administered via intravenous injection to 
WKY rat [96]. Thus, the hypotensive effect of some food-derived peptides may be specific to 
the hypertensive state of the animal. The effect of fermented milk with LTPs on BP and 
vascular function in salt-loaded type II diabetic Goto–Kakizaki rats has also been assessed. 
GK rats are characterized by impaired glucose-induced insulin secretion, abnormal glucose 
regulation, insulin resistance and polyuria. They are normotensive but when on a high-salt 
diet can develop hypertension. The study showed a significant decrease in BP and enhanced 
endothelium-dependent relaxation of mesenteric arteries [97]. 

There are wide variations in BP responses from different food proteins. These variations 
may be due to the different food sources themselves but also may be due to differences in 
experimental models such as the type of animal used, the dosage of peptide required for a 
significant decrease in BP, duration of administration and administration route, i.e., oral 
versus intravenous administration. In general, it has been found that peptides administered 
intravenously have a higher decrease in BP than peptides administered orally. This may be 
due to lower bioavailability of these peptides in the blood stream as transport of the 
peptides across the brush border membrane in an intact state may not be possible. 
Hydrolysis or partial hydrolysis of the peptides by GI and serum enzymes may lead to 
inactive or less active hypotensive peptide forms. Thus, bioavailability studies are essential 
to assess the antihypertensive potential of a peptide [3].  
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Furthermore, it must be noted that although dietary peptides have lower ACE IC50 in vitro in 
comparison to the synthetic ACE drug inhibitor Captopril (IC50 in nM range), in most cases 
they display higher in vivo hypotensive effects than are expected with respect to their in vitro 
results. It has been suggested that this may be due to a higher affinity of dietary peptides to 
the tissues and a slower elimination in comparison to Captopril. Moreover, it is possible that 
several BP mechanisms of action are being employed [30; 98]. It was demonstrated that 
neither the egg-protein derived peptide ovokinin (2-7) (Arg-Ala-Asp-His-Pro-Phe) or Arg-
Pro-Leu-Lys-Pro-Trp, the most potent derivative obtained from the structural modification 
of ovokinin,, inhibit ACE in vitro. IC50 values obtained were >1000 μmol/L, despite having a 
significant effect on BP when orally administered to SHR [99]. Thus, it must be 
acknowledged that in vitro ACE inhibitory determination may not be the best approach to 
assess the potential of a peptide as an antihypertensive agent. In a study by da Costa et al 
[100] it was found that the most potent in vitro ACE inhibitory peptides from whey did not 
have a significant effect on BP when orally administered to SHR. However, whey peptides 
with relatively low in vitro ACE-inhibitory activity in comparison achieved significant 
reductions in BP. 

6. Human studies 

The majority of the clinical trials regarding the antihypertensive effects of milk-derived 
peptides to date have been carried out on the LTPs, Ile-Pro-Pro and Val-Pro-Pro. Although 
some conflicting results exist, the majority of these trials have reported a significant decrease 
in BP. Their effect on office BP has been well documented (for reviews see 101; 3; 25). It is 
essential that the BP of test subjects is evaluated in comparison to placebo values and not to 
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(where BP decreases at night time) and non-dipper (where BP does not decrease at night 
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humans. In a double-blind parallel group intervention study, 89 hypertensive subjects 
received daily milk containing a low dose of 5 mg/day of Ile-Pro-Pro and Val-Pro-Pro for 12 
weeks and a dose of 50 mg/day for the following 12 weeks. Arterial stiffness, measured by 
the augmentation index (AI), decreased in the peptide group by -1.53% compared to 1.20% 
in the placebo group at the end of the second intervention period [107]. A similar result was 
seen in a study by Nakamura et al [108]. Twelve hypertensive subjects were administered 
four tablets containing Val-Pro-Pro (2.05 mg) and Ile-Pro-Pro (1.13 mg) daily for 9 weeks 
and were monitored for various hemodynamic parameters. A significant reduction in AI as 
well as peripheral SBP and DBP along with central SBP (cSBP) was observed. Furthermore, 
it has been suggested that LTPs may also have a positive effect on vascular endothelial 
function in subjects with stage-I hypertension [109] and may improve arterial compliance in 
postmenopausal women [110]. 

Other hypotensive peptides and food preparations used in human trials include peptides 
from casein [111], whey [112], dried bonito [113], fermented milk containing gamma-
aminobutyric acid (GABA; 114) sardine muscle [115] and wakame (Undaria pinnatifida; 116). 
Recently, a number of meta-analyses on antihypertensive peptides have been carried out. 
Pripp et al [117] performed a meta-analysis on antihypertensive peptides from milk and fish 
proteins which included 15 human trials. A pooled decrease in SBP of -5.13 mm Hg and a 
decrease of -2.42 mm Hg for DBP were found. A similar result was found with a meta-
analysis of 12 trials with LTPs, (623 participants in total) when pooled data in forest plots 
found a decrease of -4.8 mm Hg and 2.2 mm Hg in SBP and DBP, respectively. The observed 
hypotensive effects also seemed to be greater in hypertensive patients than in patients with 
pre-hypertension [118]. Another meta-analysis carried out on data from LTPs trials 
interestingly found that the effect of LTPs on BP was more evident in Asian subjects (SBP = -
6.93 mm Hg; DBP=-3.98 mm Hg) than in Caucasians (SBP=-1.17 mm Hg; DBP = -0.52 mm 
Hg). The study also found that the LTP-induced hypotensive effects were not related to 
subject age, baseline BP value, administered dose or length of treatment [119]. Conflicting 
results however, were reported in a recent meta-analysis by Usinger et al [132]. Data from 15 
controlled trials (1232 subjects in total) that observed the effect of fermented milk or similar 
products produced by Lactobacilli fermentation of milk proteins were used in the meta-
analysis. The study reported a pooled decrease in SBP of just -2.45 mm Hg and found no 
significant decrease for pooled DBP data. Furthermore, the authors stated that the included 
studies were of variable quality and when excluding the studies with a high risk of bias no 
significant decrease in SBP or DBP were found. 

7. Hypotensive peptides as functional food ingredients 

The main considerations which need to be taken into account in the utilisation of 
antihypertensive peptides as functional ingredients in food products include 
characterisation of their organoleptic and physicochemical properties. In the first instance, 
establishment of the optimal method for peptide release via protein hydrolysis is 
required. Industrial scale processing of BAPs requires that peptides be able to withstand 
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and retain their bioactivity during multi-step processing including pasteurisation, 
homogenisation, pressure-driven membrane-based processing such as ultrafiltration and 
nanofiltration, dehydration by spray-drying or freeze-drying, and peptides must also be 
stable during long-term storage. Little data exists on the effects of different processing 
techniques on BAPs in food products. Dehydration via spray drying has been found to 
produce changes in peptide confirmation, a reduction in amino acid content and may also 
lead to non-enzymatic browning reactions [43]. The industrial-scale production of a casein 
hydrolysate containing the antihypertensive peptides Arg-Tyr-Leu-Gly-Tyr (αs1-CN f90-
94) and Ala-Tyr-Phe-Tyr-Pro-Glu-Leu (αs1-CN f143-149) and the stability of the 
hydrolysate incorporated in a yoghurt to processing conditions, i.e. drying, 
homogenisation and pasteurisation, and to storage at 4°C was recently investigated. The 
study showed the hydrolysate to be stable after processing as both in vitro ACE-inhibitory 
activity and the in vivo antihypertensive properties in SHR were maintained. Analysis by 
reverse phase-high pressure liquid chromatography-mass spectrometry (RP-HPLC-MS) 
showed that the integrity of the antihypertensive peptides was also maintained during 
storage at 4 °C for 1 month [120]. Similar studies are required for other antihypertensive 
peptides in order to evaluate the optimal processing conditions required for retention of 
bioactivity.  

It has been shown that heat treatments and mechanical damage can reduce peptides 
bioactivity. As a result of changes in protein structure, the profile of peptides released may 
differ as digestive enzymes may be capable of digesting these regions of the protein that 
were previously inaccessible to the enzyme. This has been previously shown to be the case 
for whey protein [121-122]. Furthermore, ACE inhibitory peptides from whey protein 
isolates (WPI) pretreated at 65 °C were shown to have greater inhibitory activity than 
peptides from WPI pretreated at 95 °C. This result can be explained by the formation of 
whey aggregates [100]. 

Optimisation of the hydrolytic process should also be considered when planning to up-scale 
the production of BAPs. Bioactive peptides may be produced by enzymatic or microbial 
hydrolysis. However, it is thought that enzymatic hydrolysis is more suited for food-grade 
BAP production over microbial fermentation [123]. Enzyme immobilisation offers several 
advantages over the addition of soluble enzymes directly to the product. They can be 
recycled and the use of immobilized enzymes potentially avoids the generation of 
interfering metabolite products due to autolysis of the enzymes. Furthermore, protein 
hydrolysis using immobilized enzymes can also be carried out in milder more controlled 
conditions and does not need to be inactivated by heat or acidification, which may be 
damaging for the product [124; 123]. The use of membrane bioreactors may be a substitute 
for the development of functional materials from food proteins. This system integrates a 
reaction vessel with a membrane separation system allowing for the recycling of the 
enzyme, separation, fractionation and/or concentration of the bioactive compound. The use 
of membrane bioreactors for the development of functional materials from sea-food 
processing wastes has been recently reviewed [125]. 
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and retain their bioactivity during multi-step processing including pasteurisation, 
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techniques on BAPs in food products. Dehydration via spray drying has been found to 
produce changes in peptide confirmation, a reduction in amino acid content and may also 
lead to non-enzymatic browning reactions [43]. The industrial-scale production of a casein 
hydrolysate containing the antihypertensive peptides Arg-Tyr-Leu-Gly-Tyr (αs1-CN f90-
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reverse phase-high pressure liquid chromatography-mass spectrometry (RP-HPLC-MS) 
showed that the integrity of the antihypertensive peptides was also maintained during 
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peptides in order to evaluate the optimal processing conditions required for retention of 
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It has been shown that heat treatments and mechanical damage can reduce peptides 
bioactivity. As a result of changes in protein structure, the profile of peptides released may 
differ as digestive enzymes may be capable of digesting these regions of the protein that 
were previously inaccessible to the enzyme. This has been previously shown to be the case 
for whey protein [121-122]. Furthermore, ACE inhibitory peptides from whey protein 
isolates (WPI) pretreated at 65 °C were shown to have greater inhibitory activity than 
peptides from WPI pretreated at 95 °C. This result can be explained by the formation of 
whey aggregates [100]. 

Optimisation of the hydrolytic process should also be considered when planning to up-scale 
the production of BAPs. Bioactive peptides may be produced by enzymatic or microbial 
hydrolysis. However, it is thought that enzymatic hydrolysis is more suited for food-grade 
BAP production over microbial fermentation [123]. Enzyme immobilisation offers several 
advantages over the addition of soluble enzymes directly to the product. They can be 
recycled and the use of immobilized enzymes potentially avoids the generation of 
interfering metabolite products due to autolysis of the enzymes. Furthermore, protein 
hydrolysis using immobilized enzymes can also be carried out in milder more controlled 
conditions and does not need to be inactivated by heat or acidification, which may be 
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BAP fractionation and enrichment steps include membrane processing incorporating 
ultrafiltration and liquid chromatography, ion exchange, gel filtration and reverse phase 
matrices. Electro-membrane filtration (EMF), a combination of conventional membrane 
filtration and electrophoresis, may be a consideration for industrial scale isolation of BAPs. 
EMF is more selective than conventional membrane filtration (ultrafiltration) and is less 
costly than chromatography [123]. 

As mentioned earlier, a large portion of antihypertensive peptides are of low molecular 
weight and many contain hydrophobic residues, attributes which have been classically 
associated with bitterness in foods. Hence, this is notably an obstacle that must be resolved 
during the processing of antihypertensive food products. A number of strategies have been 
applied with the aim of debittering protein hydrolysates including absorption of bitter 
peptides on activated carbon, selective extraction with alcohols and chromatographic 
removal using different matrices. Peptidase-mediated debittering has also been applied. 
This involves the concomitant or sequential incubation of the protein hydrolysates with 
exopeptidases, with priority cleavage at hydrophobic residues [126]. However, these 
debittering strategies may lead to the loss of some amino acid residues from hydrolysates. 
As bioactivity relies greatly on peptide sequence, these debittering methods may not 
therefore be suitable for debittering of BAPs including antihypertensive peptides, as 
hydrolysis may result in loss of activity. Changes in peptide structure may also have 
implications for absorption at the brush border membrane. Therefore, enzymatic debittering 
strategies need to be approached on a case-by-case basis. 

The widespread commercialisation of antihypertensive food products is dependent on the 
availability of scientific data from in vivo animal and human models that positively 
demonstrates their contribution in reducing BP. Furthermore, legislation which governs 
health claims in relation to functional foods needs to be taken into account. In Japan, the 
FOSHU (food for specified health use) licensing system was put in place whereby foods 
claiming health benefits must first be approved by the system before been allowed to be put 
on the market [127]. Since then a number of antihypertensive products currently on the 
market in Japan have been granted FOSHU approval. ‘Ameal-S’ which is manufactured by 
Calpis Co., Ltd. is a fermented sour milk containing the LTPs Ile-Pro-Pro and Val-Pro-Pro. 
The soft drink Casein DP ‘Peptio’ manufactured by Kanebo Co., Ltd. contains the 
antihypertensive peptide Phe-Phe-Val-Ala-Pro-Phe-Pro-Gln-Val-Phe-Gly-Phe (αs1-casein 
f23–34) and is also FOSHU approved. There has been a new European Regulation on 
nutrition and health claims in the EU since 2007 (Regulation 1924/2006). Advised by the 
European Commission (EC), the European Food Safety Authority (EFSA) reviews evidence 
of health claims made by food companies. Interestingly, EFSA has not allowed/approved 
any peptide related hypotensive claim to date [128-129]. For both the C12-peptide and the 
bonito protein-derived peptide Leu-Lys-Pro-Asn-Met, it was concluded that a cause and 
effect relationship has not been established between the consumption of the peptides and 
maintenance of normal BP [128-129]. In the US, the Food and Drug Administration (FDA) 
assesses the scientific evidence for health claims under the 1990 Nutrition Labelling and 
Education Act [130] and the 1994 Dietary Supplement Health and Education Act [131]. 
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Therefore, industrial manufacturers of functional food products need to provide a 
significant amount of scientific evidence that satisfies the legislative governing body in the 
specific market region before any new food products can be put on the market claiming to 
have hypotensive effects. 

8. Conclusion 

Antihypertensive peptides have major potential as functional ingredients aiding in the 
prevention and management of hypertension. Although these peptides have been found to 
be less potent than antihypertensive synthetic drugs, as part of the daily diet they could play 
an important part as natural and safe BP control agents. Further detailed mechanistic studies 
on food protein-derived antihypertensive peptides must be carried out to elucidate the BP 
mechanism(s) involved. With regard to ACE-inhibitory peptides, a better understanding of 
the interactions involved in the binding of peptides to the active site of ACE is required such 
that more effective food peptide-based inhibitors of ACE can be discovered. The use of 
bioinformatics and in silico methods for identification of potential bioactive sequences may 
allow for more substrates to be assessed in a shorter time scale. Cost effective production 
methods including enrichment, isolation and purification procedures must first be 
considered and ease of scalability must be achieved. Before advancement of functional 
hypotensive products onto the market, moreover, the physicochemical, technofunctional 
and sensory properties must be considered prior to production of new antihypertensive 
food products. 
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1. Introduction 

A food can be considered as functional if, beyond its nutritional outcomes, it provides 
benefits upon one or more physiological functions, thus improving health while reducing 
the risk of illness [1]. This definition – originally proposed by the European Commission 
Concerted Action on Functional Food Science in Europe (FuFoSE), should be refined in that: 
(i) the functional effect is different from the nutritional one; and (ii) the benefit provided 
requires scientific consubstantiation in terms of improvement of physiological functions, or 
reduction of occurrence of pathological conditions. The concept of functional food emerged 
in Japan during the 80's, chiefly because of the need to improve the quality of life of a 
growing elderly population – who typically incurs in much higher health costs [2]. 
Nowadays, a growing consumer awareness of the relationship between nutrition and health 
has made the market of functional foods to boom. 

Bioactive peptides can be commercially sold as nutraceuticals; a nutraceutical is an edible 
substance possessing health benefits that may accordingly be used to prevent or treat a 
disease. However, a distinction should be made between nutraceuticals taken to prevent 
diseases – and which are present as natural ingredients of functional foods consumed as 
part of the daily diet, and nutraceuticals used as adjuvants for treatment of diseases – which 
require pharmacologically active compounds. 

Milk and dairy products have been concluded to be functional foods; a number of studies 
have indeed shown that many peptides from milk proteins play a role in several metabolic 
processes, so a considerable interest has arisen from the part of the dairy industry towards 
large-scale production of dairy proteins in general, and bioactive peptides in particular. 
Manufacture of bioactive peptides is usually carried out through hydrolysis using digestive, 
microbial, plant or animal enzymes, or by fermentation with lactic starter cultures. In some 
cases, a combination of these processes has proven crucial to obtain functional peptides of 
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small size [3,4]. Proteins recovered from whey released by cheese manufacture already 
found a role as current ingredients on industrial scale. Use of these proteins (concentrated or 
isolated), and mainly of biologically active peptides derived therefrom as dietary 
supplements, pharmaceutical preparations or functional ingredients is of the utmost interest 
for the pharmaceutical and food industries – while helping circumventing the pollution 
problems associated with plain whey disposal. 

2. Cheese whey 

Despite having been labeled over the years as polluting waste owing to its high lactose and 
protein contents [5], whey is a popular protein supplement in various functional foods and 
the like [6]. In fact, whey compounds exhibit a number of functional, physiological and 
nutritional features that make them potentially useful for a wide range of applications 
(Table 1). 
 

Advantageous features Disadvantageous features 

High nutritional value of protein 
fraction in terms of amino acid residues 
(e.g. Lys, Thr, Leu, Ser)  

Possibility of lactose production in 
parallel  

Reduction in pollution owing to 
biochemical oxygen demand of proteins 

High dilution requiring costly dehydration  

High salt content (ca. 10 % of dry matter) 

High sugar content requiring delactosation 

Highly perishable raw material  

Widely dispersed cheese production facilities  

Technical innovation needed in separation 
(e.g. ultrafiltration and diafiltration) 

Table 1. Major features associated with use of whey (adapted from Alais [62]) 

Whey can be converted into lactose-free whey powder, condensed whey, whey protein 
concentrates and whey protein isolates [7] – all of which are commercially available at 
present. In the case of bovine milk, ca. 9 L of whey is produced from 10 L of milk during 
cheesemaking; estimates of worldwide production of cheese in 2011 point at ca. 15 million 
tonnes (United States Department of Agriculture – Foreign Agricultural Service). For 
environmental reasons, whey cannot be dumped as such into rivers due to its high chemical 
and biological oxygen demands. On the other hand, whey can be hardly used as animal feed 
or fertilizer due to economic unfeasibility.  

2.1. Physicochemical composition 

There are two types of whey, depending on how it is obtained; when removal of casein is 
via acid precipitation at its isoelectric point (pH 4.6 at room temperature) [8], it is called acid 
whey; however, the most common procedure is coagulation via enzymatic action, so the 
product obtained is called sweet whey [9-10].  
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Despite containing ca. 93 % water, whey is a reservoir of milk components of a high value: it 
indeed contains ca. half of the nutrients found in whole milk. Said composition depends 
obviously on how the cheese is produced and the milk source; the compound found to 
higher level is lactose (4.5-5 %, w/v), followed by soluble proteins (0.6-0.8 %, w/v), lipids 
(0.4-0.5 %, w/v) and minerals (8-10 %, w/wdry extract) – particularly calcium, and vitamins such 
as thiamine, riboflavin and pyridoxin [11-13]. In fact, whey is now considered as a co-
product rather than a by-product of cheese production, in view of its wide range of potential 
applications [13-15].  

2.2. Protein composition 

Milk has been recognized as one of the main sources of protein [16] in feed for young 
animals and food for humans of all ages [17]. Bovine milk contains ca. 3 % protein [9] – of 
which 80 % is caseins and 20 % is whey proteins [18]. Whey comprises a heterogeneous 
group of proteins that remain in the supernatant after precipitation of caseins; they are 
characterized by genetic polymorphisms that usually translate into replacement of one or 
more amino acid residues in their original peptide sequence. 

Two major types of proteinaceous material can be found in whey: -lactoglobulin (-Lg) 
and -lactalbumin (-La); and proteose-peptone (derived from hydrolysis of -casein, -
CN), small amounts of blood-borne proteins (including bovine serum albumin, BSA, and 
immunoglobulins, Igs), and low molecular weight (MW) peptides derived from casein 
hydrolysis (soluble at pH 4.6 and 20 °C) [16, 19]. Whey proteins have a compact globular 
structure that accounts for their solubility (unlike caseins that exist as a micellar suspension, 
with a relatively uniform distribution of non-polar, polar and charged groups). These 
proteins have amino acid profiles quite different from caseins: they have a smaller fraction 
of Glu and Pro, but a greater fraction of sulfur-containing amino acid residues (i.e. Cys and 
Met). These proteins are dephosphorylated, easily denatured by heat, insensitive to Ca2+, 
and susceptible to intramolecular bond formation via disulfide bridges between Cys 
sulfhydryl groups. Selected physicochemical parameters typical of whey proteins are 
tabulated in Table 2. 

 

Proteins Concentration (gL-1) MW (kDa) Isoelectric point (pI) 
-Lg 3 – 4  18.4 5.2 
-La 1.5 14.2 4.7 – 5.1 
BSA 0.3 – 0.6 69 4.7 – 4.9  
IgG, IgA, IgM 0.6 – 0.9 150 – 1000 5.5 – 8.3 
Lactoperoxidase 0.006 89 9.6 
Lactoferrin 0.05 78 8.0 
Protease-peptone 0.5 4 – 20  
Caseinomacropeptide  7  

Table 2. Characteristics of major whey proteins (adapted from Zydney [186]) 
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2.2.1. -Lactoglobulin (-Lg) 

The major protein in ruminant whey is -Lg, which represents ca. 50 % of the total whey 
protein inventory in cow's milk and 12 % of the total milk proteins [9, 20-21]. Although it 
can be found in the milk of many other mammals, it is essentially absent in human milk [22]. 
This is a globular protein, with 162 amino acid residues in its primary structure and a MW 
of 18.4 kDa. There are at least twelve genetic variants of -Lg (A, B, C, D, DR, DYAK/E, F, G, H, 
I, W and X) – of which A is the most common. 

The monomer of -Lg has a free thiol group and two disulfide bridges – which makes -Lg 
exhibit a rigid spacial structure [8]; however, its conformation is pH-dependent [23] – and at 
temperatures above 65 °C (at pH 6.5), -Lg denatures, thus giving rise to aggregate 
formation [24]. Between pH values 5.2 and 7.2, that protein appears as a dimmer – with a 
MW of 36.0 kDa [8]. At low pH, association of monomers leads to octamer formation; and, at 
high temperatures, the dimer dissociates into its monomers. The solubility of -Lg depends 
on pH and ion strength – but it does not precipitate during milk acidification [25]. 

A number of useful nutritional and functional features have made -Lg become an 
ingredient of choice for food and beverage formulation: in fact, it holds excellent heat-
gelling [26] and foaming features – which can be used as structuring and stabilizer agents in 
such dairy products as yogurts and cheese spreads. This protein is resistant to gastric 
digestion, as is stable in the presence of acids and proteolytic enzymes [22, 27-30]; hence, it 
tends to remain intact during passage through the stomach. It is also a rich source of Cys, an 
amino acid bearing a key role in stimulating synthesis of glutathione (GSH) – composed by 
three amino acids, Glu, Cys and Gly [31].  

Many techniques have been developed for purification of β-Lg – which normally rely on its 
precipitation [32-35]; when large scale purification is intended, precipitation is usually 
complemented by ion exchange [35-36]. 

2.2.2. -Lactalbumin (-La) 

-La appears quantitatively second in whey; it comprises ca. 20 % of all proteins in bovine 
whey, and 3.5 % of the total protein content of whole milk [9]. It is a calcium metalloprotein 
composed of 123 amino acids, with a MW of 14.4 kDa [37]; and appears as three genetic 
variants (A, B and C), with B being the most common [38]. Chromatographic and 
electrophoretic analysis within stability studies carried out at various times and 
temperatures (pH 6.7) indicated that -La is more heat resistant than -Lg – in part due to its 
denaturation being reversible below 75 °C [39]. Owing to such a relatively high thermal 
stability, it holds a poor capacity to gel; however, it can be easily incorporated in fluid or 
viscous products to increase their nutritional value. This protein is commercially used in 
supplements for infant formulae, because of its similarity in structure and composition to 
human milk proteins  – coupled with its higher content of Cys, Trp, Ile, Leu and Val 
residues, which make it also the ingredient of choice in sport supplements [13, 40-41]. 
Regarding tertiary structure, -La is a compact globular protein consisting of 26 % -helix, 
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14 % -sheet and 60 % other motifs; it is also very similar to lysozyme [9]. This protein is one 
of the most studied proteins with regard to understanding the mechanism of protein 
stability and folding/unfolding [42]; at low pH [43], high temperature [44] or moderate 
concentrations of denaturants – e.g. guanidine hydrochloride [45], -La adopts a 
conformational structure called molten globule. A partially unfolded state, the apo-state, is 
formed at neutral pH upon removal of Ca2+ by ethylenediamine tetracetic acid (EDTA) [46-
47]; this state preserves its secondary, but not its tertiary structure [48]. 

The molten globule state of -La retains a high fraction of its native secondary structure, as 
well as a flexible tertiary structure [45, 48-49]; it accordingly appears as an intermediate in 
the balance between native and unfolded states [50-51]. This structure of -La is highly 
heterogeneous, with proeminence of -helix driven mainly by weak hydrophobic 
interactions – while the -sheet domain is significantly unfolded. 

2.2.3. Caseinomacropeptide (CMP) 

CMP is a heterogeneous polypeptide fraction derived from cleavage of Phe105-Met106 in -
casein (-CN). When milk is hydrolyzed with chymosin during cheesemaking, -CN is 
hydrolyzed into two portions: one remains in the cheese (para--CN) and the other (CMP) is 
lost in whey; the latter is relatively small, with 63 residues and a MW of ca. 8 kDa [52]. 
Further to its polymorphisms, CMP may exist in various forms depending on the extent of 
post-transcriptional changes: it glycosylates through an O-glycoside bridge, and 
phosphorylates via a Ser residue. Note that post-transcriptional modifications of -CN 
occur exclusively in the CMP portion of the molecule. 

The amino acid sequence of CMP is well-known; it lacks aromatic amino acid residues 
(Phe, Trp and Tyr) and Arg, but several acidic and hydroxyl amino acids are present [53]. 
CMP from cow is soluble at pH in the range 1-10, with a minimum solubility (88 %) 
between pH 1 and 5 [54-55]. CMP appears to remain essentially soluble following heat 
treatment at 80-95 °C for 15 min at pH 4 and 7 [55]. Its emulsifying activity exhibits a 
minimum near the isoelectric point [54]. Dziuba and Minkiewicz [56] showed that a 
decrease in pH leads to a decrease in CMP volume, owing to reduction of internal 
electrostatic forces and steric repulsion; this apparently has a significant influence upon 
its emulsifying capacity. 

2.2.4. Bovine serum albumin (BSA) 

BSA is derived directly from the blood, and represents 0.7-1.3 % of all whey proteins [8]. Its 
molecule has 582 amino acid residues and a MW of 69 kDa – and contains 17 disulfide 
bonds and one free sulphydryl group [9]. Because of its size and higher levels of structure, 
BSA can bind free fatty acids and other lipids, as well as flavor compounds [57] – but this 
feature is severely hampered upon denaturation. Its heat-induced gelation at pH 6.5 is 
initiated by intermolecular thiol-disulphide interchange – similar to what happens with -
Lg [58].  
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human milk proteins  – coupled with its higher content of Cys, Trp, Ile, Leu and Val 
residues, which make it also the ingredient of choice in sport supplements [13, 40-41]. 
Regarding tertiary structure, -La is a compact globular protein consisting of 26 % -helix, 
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14 % -sheet and 60 % other motifs; it is also very similar to lysozyme [9]. This protein is one 
of the most studied proteins with regard to understanding the mechanism of protein 
stability and folding/unfolding [42]; at low pH [43], high temperature [44] or moderate 
concentrations of denaturants – e.g. guanidine hydrochloride [45], -La adopts a 
conformational structure called molten globule. A partially unfolded state, the apo-state, is 
formed at neutral pH upon removal of Ca2+ by ethylenediamine tetracetic acid (EDTA) [46-
47]; this state preserves its secondary, but not its tertiary structure [48]. 

The molten globule state of -La retains a high fraction of its native secondary structure, as 
well as a flexible tertiary structure [45, 48-49]; it accordingly appears as an intermediate in 
the balance between native and unfolded states [50-51]. This structure of -La is highly 
heterogeneous, with proeminence of -helix driven mainly by weak hydrophobic 
interactions – while the -sheet domain is significantly unfolded. 

2.2.3. Caseinomacropeptide (CMP) 

CMP is a heterogeneous polypeptide fraction derived from cleavage of Phe105-Met106 in -
casein (-CN). When milk is hydrolyzed with chymosin during cheesemaking, -CN is 
hydrolyzed into two portions: one remains in the cheese (para--CN) and the other (CMP) is 
lost in whey; the latter is relatively small, with 63 residues and a MW of ca. 8 kDa [52]. 
Further to its polymorphisms, CMP may exist in various forms depending on the extent of 
post-transcriptional changes: it glycosylates through an O-glycoside bridge, and 
phosphorylates via a Ser residue. Note that post-transcriptional modifications of -CN 
occur exclusively in the CMP portion of the molecule. 

The amino acid sequence of CMP is well-known; it lacks aromatic amino acid residues 
(Phe, Trp and Tyr) and Arg, but several acidic and hydroxyl amino acids are present [53]. 
CMP from cow is soluble at pH in the range 1-10, with a minimum solubility (88 %) 
between pH 1 and 5 [54-55]. CMP appears to remain essentially soluble following heat 
treatment at 80-95 °C for 15 min at pH 4 and 7 [55]. Its emulsifying activity exhibits a 
minimum near the isoelectric point [54]. Dziuba and Minkiewicz [56] showed that a 
decrease in pH leads to a decrease in CMP volume, owing to reduction of internal 
electrostatic forces and steric repulsion; this apparently has a significant influence upon 
its emulsifying capacity. 

2.2.4. Bovine serum albumin (BSA) 

BSA is derived directly from the blood, and represents 0.7-1.3 % of all whey proteins [8]. Its 
molecule has 582 amino acid residues and a MW of 69 kDa – and contains 17 disulfide 
bonds and one free sulphydryl group [9]. Because of its size and higher levels of structure, 
BSA can bind free fatty acids and other lipids, as well as flavor compounds [57] – but this 
feature is severely hampered upon denaturation. Its heat-induced gelation at pH 6.5 is 
initiated by intermolecular thiol-disulphide interchange – similar to what happens with -
Lg [58].  
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2.2.5. Immunoglobulins (IGs) 

IGs represent 1.9-3.3 % of the total milk proteins, and are derived from blood serum [8]; they 
constitute a complex group, the elements of which are produced by β-lymphocytes. Igs 
encompass three distinct classes: IgM, IgA and IgG (IgG1 and IgG2) – with IgG1 being the 
major Ig present in bovine milk and colostrum [8], whereas IgA is predominant in human 
milk. The physiological function of Igs is to provide various types of immunity to the body; 
they consist of two heavy (53 kDa) and two light (23 kDa) polypeptide chains, linked by 
disulfide bridges [9]. The complete Ig, or antibody molecule has a MW of about 180 kDa 
[59]. Igs are partially resistant to proteolytic enzymes, and are in particular not inactivated 
by gastric acids [59]. 

2.2.6. Lactoferrin (LSs) 

LFs are single-chain polypeptides of ca. 80 kDa, containing 1-4 glycans depending on the 
species. Bovine and human LFs consist of 989 and 691 amino acids, respectively [60]: the 
former is present to a concentration of ca. 0.1 mg mL-1 [25, 61], and is an iron-binding 
glycoprotein - so it is thought to play a role in iron transport and absorption in the gut of 
young people.  

2.2.7. Proteose-peptones (PPs) 

The total PP fraction (TPP) of bovine milk represents ca. 10 % of the whole whey protein 
content; it is accounted for by the whey protein fraction soluble after heating at 95 °C for 30 
min, followed by acidification to pH 4.6 [62]. The TPP fraction is often divided in two main 
groups: the first one includes PPs originated from casein hydrolysis; its principal 
components have been labeled as 5 (PP5), 8 fast (PP8 fast) and 8 slow (PP8 slow), according 
to their electrophoretic mobility [62, 63]. PP3 constitutes the second group, and it is not 
derived from casein (it is actually found only in whey); it is known for its extreme 
hydrophobicity. 

2.3. Functional ingredients from whey proteins  

Whey proteins have unique characteristics [64] beyond their great importance in nutrition; 
they exhibit chemical, physical, physiological, functional and technological features also 
useful for food processing [14]. Based on these properties, more and more individual 
proteins and protein concentrates of whey have been incorporated in food at industrial 
scale. Therefore, whey proteins address two major issues in practice: nutritionally, they 
supply energy and essential amino acids, besides being important for growth and cellular 
repair; in terms of functionality, they play important roles upon texture, structure and 
overall appearance of food – e.g. gel formation, foam stability and water retention. 

A few physiological properties useful in therapies have been found [65]: a number of 
reviews have accordingly examined to some length the bioactive properties of whey 
proteins in general [66-67], or of -Lg and -La in particular [26]; other authors have covered 
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mainly such biological activities as anticarcinogenic [68] and immunomodulatory [69]. It 
was observed that whey proteins trigger immune responses that are significantly higher 
than those by diets containing casein or soy protein. Antimicrobial and antiviral actions, 
immune system stimulation and anticarcinogenic activity (among other metabolic features) 
have indeed been associated with ingestion of -Lg and -La, as well as LF, LP, BSA and 
CMP; the main biological activities of whey proteins are listed in Table 3. 

With regard to bioactive peptides, research has undergone a notable intensification during 
the past decade [4, 70]. Advances in nutritional biochemistry and biomedical research have 
in fact helped unravel the complex relationships between nutrition and disease, thus 
suggesting that food proteins and peptides originated during digestion (or from in vitro 
proteolysis) may play important roles in preventing or treating diseases associated with 
malnutrition, pathogens and injuries [71-72].  

 

Protein/Peptide Treatment Biological function Reference 
Whole whey protein  Prevention of cancer [74] 

         Breast and intestinal cancer; [14, 75] 
         Chemically-induced cancer [76-77] 
 Increment of gluthatione levels [64] 
         Increase of tumour cell vulnerability [78-79] 
 Antimicrobial activities [80] 
 Increment of satiety response  
 Increment in plasma amino acids, 

cholecystokinin and  glucagon-like 
peptide 

[81] 

Enzyme hydrolysis ACEa-inhibitor [82] 
 Antiulcerative  
         Prostaglandin production [83-85]  
Enzyme hydrolysis Antiulcerative  [83, 86] 

-Lactoglobulin  Transporter  
         Retinol  [9, 41, 87, 88] 
         Palmitate  [89] 
         Fatty acids  [90] 
 Cellular defence against oxidative stress 

and detoxification 
 [31, 65, 91-93] 

 Enhancement of pregastic esterase 
activity 

 [94] 

 Transfer of passive immunity  [95] 
 Regulation of mammary gland 

phosphorus metabolism 
 [96] 

Enzyme hydrolysis; 
Fermentation 

ACEa-inhibitor  [97-107] 

Enzyme hydrolysis Antimicrobial against several gram-
positive bacteria 

 [108-111] 

Enzyme hydrolysis Antimicrobial (bactericidal)  [112-113] 
Enzyme hydrolysis Hypocholesterolemic  [113-114] 
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mainly such biological activities as anticarcinogenic [68] and immunomodulatory [69]. It 
was observed that whey proteins trigger immune responses that are significantly higher 
than those by diets containing casein or soy protein. Antimicrobial and antiviral actions, 
immune system stimulation and anticarcinogenic activity (among other metabolic features) 
have indeed been associated with ingestion of -Lg and -La, as well as LF, LP, BSA and 
CMP; the main biological activities of whey proteins are listed in Table 3. 

With regard to bioactive peptides, research has undergone a notable intensification during 
the past decade [4, 70]. Advances in nutritional biochemistry and biomedical research have 
in fact helped unravel the complex relationships between nutrition and disease, thus 
suggesting that food proteins and peptides originated during digestion (or from in vitro 
proteolysis) may play important roles in preventing or treating diseases associated with 
malnutrition, pathogens and injuries [71-72].  

 

Protein/Peptide Treatment Biological function Reference 
Whole whey protein  Prevention of cancer [74] 

         Breast and intestinal cancer; [14, 75] 
         Chemically-induced cancer [76-77] 
 Increment of gluthatione levels [64] 
         Increase of tumour cell vulnerability [78-79] 
 Antimicrobial activities [80] 
 Increment of satiety response  
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         Prostaglandin production [83-85]  
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-Lactoglobulin  Transporter  
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 Cellular defence against oxidative stress 

and detoxification 
 [31, 65, 91-93] 

 Enhancement of pregastic esterase 
activity 

 [94] 

 Transfer of passive immunity  [95] 
 Regulation of mammary gland 

phosphorus metabolism 
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Enzyme hydrolysis; 
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ACEa-inhibitor  [97-107] 
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Enzyme hydrolysis Antimicrobial (bactericidal)  [112-113] 
Enzyme hydrolysis Hypocholesterolemic  [113-114] 
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Protein/Peptide Treatment Biological function Reference 
Enzyme hydrolysis Opioid agonist  [73, 97, 115] 
Enzyme hydrolysis Antihypertensive  [99, 116-117] 
Enzyme hydrolysis Ileum contracting  [97, 99] 
Enzyme hydrolysis Antinociceptive  [118] 
 Prevention of cancer  
Enzyme hydrolysis         Intestinal cancer  [14] 

-Lactalbumin  Prevention of cancer  [119] 
         Apoptosis of tumoral cells  [120-122] 
 Lactose synthesis  [25, 123] 
 Treatment of chronic stress-induced 

disease 
 [124] 

 Antimicrobial (bactericidal)  
         Streptococcus pneumonia  [125] 
 Stress reduction  [123, 126] 
 Immunomodulation  [127] 
Enzyme hydrolysis Antimicrobial against several gram-

positive bacteria 
 [108-110] 

Enzyme hydrolysis Opioid agonist  [97, 115, 128] 
Enzyme hydrolysis ACEa-inhibitor  [26, 97-98, 101, 

107] 
Enzyme hydrolysis Antihypertensive  [117, 129] 
Enzyme hydrolysis Ileum contracting  [97] 
 Antiulcerative  
         Prostaglandin production  [130-132] 

Bovine serum albumin
 

 Fatty acid binding  [13] 
 Antioxidant  [133-134] 
 Prevention of cancer  [135] 
Enzyme hydrolysis ACEa-inhibitor  [136-137] 
Enzyme hydrolysis Ileum contracting  [138] 
Enzyme hydrolysis Opioid agonist  [97, 128, 139] 

Immunoglobulins  Immunomodulation  [140] 
 Disease protection through passive 

immunity 
 [141-142] 

 Antibacterial  [143-145] 
 Antifungal  [146] 
 Opioid agonist  [147] 

Caseinomacropeptide  Antithrombotic  [148-153] 
 ACEa-inhibitor  [154-156] 
 Antimicrobial  [56, 111, 157-

160] 
Enzyme hydrolysis Prebiotic  [161] 
 Increment in plasma amino acids and 

cholecystokinin peptide 
 [162-165] 

ACEa- angiotensin-converting enzyme 

 

Table 3. Biological functions of whey proteins/peptides (adapted from Madureira et al. [87]) 
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Although inactive within the primary structure of their source proteins, hydrolysis (e.g. 
mediated by a protease) may release peptides with specific amino acid sequences possessing 
biological activity. A number of chemical and biological methods of screening have 
accordingly been developed to aid in search for specific health effects; however, only some 
of those found in vitro have eventually been confirmed in studies encompassing human 
volunteers [73]. 

Scientific evidence has shown that whey proteins contain a wide range of peptides that can 
play crucial physiological functions and modulate some regulatory processes (see Table 3). 
Due to its high biological value, coupled with excellent functional properties and clean 
flavor, whey has earned the status of a recommended source of functional ingredients [71] – 
designed to reduce or control chronic diseases and promote health, thus eventually reducing 
the costs of health care [3, 166].  

Favorable health effects have indeed been claimed for some peptides derived from food 
proteins – being able to affect the cardiovascular, nervous, digestive or immune systems; these 
encompass antimicrobial properties, blood pressure-lowering (or angiotensin-converting 
enzyme (ACE)-inhibitory) effects, cholesterol-lowering ability, antithrombotic and antioxidant 
activities, enhancement of mineral absorption and/or bioavailability thereof, cyto- or 
immunomodulatory effects, and opioid features. With regard to the mechanisms underlying 
the physiological roles of bioactive peptides, a few involve action only upon certain receptors, 
whereas others are enzyme inhibitors; they may also regulate intestinal absorption, and exhibit 
antimicrobial or antioxidant activities. Recall that oxidative metabolism is essential for survival 
of cells, but it generates free radicals (and other reactive oxygen species) as side effect – which 
may cause oxidative damage. Antioxidant activity has been found specifically in whey 
proteins, probably via scavenging of such radicals via Tyr and Cys amino acid residues – 
which is predominantly based on proton-coupled single electron or hydrogen atom transfer 
mechanisms; or else chelation of transition metals [167-168]. 

On the other hand, bioactive peptides derived from food proteins differ in general from 
endogenous bioactive peptides in that they can entail multifunctional features [98]. 
Furthermore, bioactive peptides that cannot be absorbed though the gastrointestinal tract 
may exert a direct role upon the intestinal lumen, or through interaction with receptors in 
the intestinal wall itself; some of these receptors have been implicated in such diseases as 
cancer, diabetes, osteoporosis, stress, obesity and cardiovascular complications.  

3. Production of bioactive peptides in whey 

Bioactive peptides derived from whey proteins constitute a new concept, and have open up 
a wide range of possibilities within the market for functional foods [4, 169]; of special 
interest are those released via enzymatic action – as happens during clotting in 
cheesemaking. 

The enzymes used to bring about milk coagulation are selected protein preparations that 
provide in general a high clotting activity – i.e. a considerable, but selective proteolytic 



 
Bioactive Food Peptides in Health and Disease 82 

Protein/Peptide Treatment Biological function Reference 
Enzyme hydrolysis Opioid agonist  [73, 97, 115] 
Enzyme hydrolysis Antihypertensive  [99, 116-117] 
Enzyme hydrolysis Ileum contracting  [97, 99] 
Enzyme hydrolysis Antinociceptive  [118] 
 Prevention of cancer  
Enzyme hydrolysis         Intestinal cancer  [14] 

-Lactalbumin  Prevention of cancer  [119] 
         Apoptosis of tumoral cells  [120-122] 
 Lactose synthesis  [25, 123] 
 Treatment of chronic stress-induced 

disease 
 [124] 

 Antimicrobial (bactericidal)  
         Streptococcus pneumonia  [125] 
 Stress reduction  [123, 126] 
 Immunomodulation  [127] 
Enzyme hydrolysis Antimicrobial against several gram-

positive bacteria 
 [108-110] 

Enzyme hydrolysis Opioid agonist  [97, 115, 128] 
Enzyme hydrolysis ACEa-inhibitor  [26, 97-98, 101, 

107] 
Enzyme hydrolysis Antihypertensive  [117, 129] 
Enzyme hydrolysis Ileum contracting  [97] 
 Antiulcerative  
         Prostaglandin production  [130-132] 

Bovine serum albumin
 

 Fatty acid binding  [13] 
 Antioxidant  [133-134] 
 Prevention of cancer  [135] 
Enzyme hydrolysis ACEa-inhibitor  [136-137] 
Enzyme hydrolysis Ileum contracting  [138] 
Enzyme hydrolysis Opioid agonist  [97, 128, 139] 

Immunoglobulins  Immunomodulation  [140] 
 Disease protection through passive 

immunity 
 [141-142] 

 Antibacterial  [143-145] 
 Antifungal  [146] 
 Opioid agonist  [147] 

Caseinomacropeptide  Antithrombotic  [148-153] 
 ACEa-inhibitor  [154-156] 
 Antimicrobial  [56, 111, 157-

160] 
Enzyme hydrolysis Prebiotic  [161] 
 Increment in plasma amino acids and 

cholecystokinin peptide 
 [162-165] 

ACEa- angiotensin-converting enzyme 

 

Table 3. Biological functions of whey proteins/peptides (adapted from Madureira et al. [87]) 

 
Whey Proteins as Source of Bioactive Peptides Against Hypertension 83 

Although inactive within the primary structure of their source proteins, hydrolysis (e.g. 
mediated by a protease) may release peptides with specific amino acid sequences possessing 
biological activity. A number of chemical and biological methods of screening have 
accordingly been developed to aid in search for specific health effects; however, only some 
of those found in vitro have eventually been confirmed in studies encompassing human 
volunteers [73]. 

Scientific evidence has shown that whey proteins contain a wide range of peptides that can 
play crucial physiological functions and modulate some regulatory processes (see Table 3). 
Due to its high biological value, coupled with excellent functional properties and clean 
flavor, whey has earned the status of a recommended source of functional ingredients [71] – 
designed to reduce or control chronic diseases and promote health, thus eventually reducing 
the costs of health care [3, 166].  

Favorable health effects have indeed been claimed for some peptides derived from food 
proteins – being able to affect the cardiovascular, nervous, digestive or immune systems; these 
encompass antimicrobial properties, blood pressure-lowering (or angiotensin-converting 
enzyme (ACE)-inhibitory) effects, cholesterol-lowering ability, antithrombotic and antioxidant 
activities, enhancement of mineral absorption and/or bioavailability thereof, cyto- or 
immunomodulatory effects, and opioid features. With regard to the mechanisms underlying 
the physiological roles of bioactive peptides, a few involve action only upon certain receptors, 
whereas others are enzyme inhibitors; they may also regulate intestinal absorption, and exhibit 
antimicrobial or antioxidant activities. Recall that oxidative metabolism is essential for survival 
of cells, but it generates free radicals (and other reactive oxygen species) as side effect – which 
may cause oxidative damage. Antioxidant activity has been found specifically in whey 
proteins, probably via scavenging of such radicals via Tyr and Cys amino acid residues – 
which is predominantly based on proton-coupled single electron or hydrogen atom transfer 
mechanisms; or else chelation of transition metals [167-168]. 

On the other hand, bioactive peptides derived from food proteins differ in general from 
endogenous bioactive peptides in that they can entail multifunctional features [98]. 
Furthermore, bioactive peptides that cannot be absorbed though the gastrointestinal tract 
may exert a direct role upon the intestinal lumen, or through interaction with receptors in 
the intestinal wall itself; some of these receptors have been implicated in such diseases as 
cancer, diabetes, osteoporosis, stress, obesity and cardiovascular complications.  

3. Production of bioactive peptides in whey 

Bioactive peptides derived from whey proteins constitute a new concept, and have open up 
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activity. Animal rennet obtained from the calf stomach, composed by 88-94 % and 6-12 % 
chymosin and pepsin, respectively, has been the coagulant of choice for cheesemaking. 
However, due to increased world production of cheese, the supply of animal rennet has lied 
below its demand; the increased prices have driven a search for alternative coagulants 
(including plant and microbial sources). With regard to animal rennet substitutes, pig 
pepsin has enjoyed a remarkable commercial success; with regard to rennet from microbial 
origin, the proteases from Mucor miehei, Mucor pusillus and Endothia parasitica are the most 
successful [170]. Recombinant bovine chymosin is, nowadays, one of the proteinases with 
greater commercial expression – even though its use is still prohibited in certain countries 
[171]. 

Chymosin and the other rennet substitutes are aspartic proteases, with optimal activity at 
acidic pH, and possessing high degree of homology in primary and 3-dimensional 
structures, 3-dimensional structure and catalytic mechanism. The specificity towards the 
substrate is, however, rather variable; although they have a greater tendency to break 
peptide bonds between hydrophobic amino acids having bulky side residues, they 
hydrolyze a large number of bond types [172]. Of particular interest is vegetable rennet, 
which – with few exceptions, enjoys a still limited use worldwide. Many plant enzyme 
preparations proved indeed to be excessively proteolytic for manufacture of cheese, causing 
defects in terms of flavor and texture of the final product. These difficulties arise from the 
presence of non-specific enzymes that belong to complex enzyme systems (which, as such, 
are difficult to control). An exception to the poor suitability of vegetable coagulants is the 
proteinases in aqueous extracts of plants of the Cynara genus – which have been employed 
for traditional cheesemaking in Portugal and Spain since the Roman period.  

Bioactive peptides derived from whey proteins can be released at industrial scale via 
enzyme-mediated hydrolysis with digestive enzymes – and pepsin, trypsin and 
chymotrypsin have been the most frequent vectors therefor [4, 169, 173]. However, whey 
proteins are not easily broken down by proteases in general – a realization that also explains 
their tendency to cause allergies upon ingestion [174]. Hence, less conventional sources of 
proteolytic enzymes have been sought that can cleave the whey protein backbone at specific 
and usual sites. This is the case of aspartic proteinases present in the flowers of Cynara 
cardunculus – a plant related to the (common) globe artichoke. They can cleave the whey 
protein backbone next to hydrophobic amino acid residues, especially Phe, Leu, Thr and Tyr 
[82, 175], and act mainly on α-La, either in whole whey or following concentration to whey 
protein concentrate (WPC) [176-178]; conversely β-Lg appears not to be hydrolyzed thereby 
to a significant extent [82, 175].  

4. Recovery of proteins/peptides from whey 

The relatively low concentration of proteins in whey requires concentration processes to 
assure high hydrolysis productivity. Development of membrane separation techniques has 
been essential toward this endeavor – and food industry has taken advantage of its 
relatively easy scale-up, as well as its being inexpensive when compared with preparative 
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chromatographic techniques [41]. Furthermore, the absence of heat treatment allows the 
bioactive components to remain intact (or become only slightly affected) during processing. 
Recall that membrane separation allows differential concentration of a liquid, provided that 
the solute of interest is larger in molecular diameter than the membrane pores – so the liquid 
that percolates the membrane (filtrate) contains only components smaller than that size 
threshold [179].  

The dairy industry has pioneered development of equipment and techniques for membrane 
filtration, which recovers whey proteins in a non-denatured state. Typical procedures 
include: (i) basic membrane separation, e.g. reverse osmosis, ultrafiltration and diafiltration 
[180-186], that permits fractionation of proteins, as well as concentration and purification 
thereof; (ii) nanofiltration (or ultraosmosis) that allows removal of salts or low MW 
contaminants; and (iii) microfiltration to remove suspended solid particles or 
microorganisms [179, 187]. Note that isolation of individual whey proteins on laboratory 
scale has resorted chiefly to salting out, ion exchange chromatography and/or crystallization 
[188]; such a fractionation allows fundamental studies of their immunological properties to 
be carried out, which are necessary to establish and support industrial interest [189-190]. 

5. Activity of peptides from whey upon hypertension 

Hypertension is a major public health issue worldwide that affects nearly one fourth of the 
population; and it is usually associated with such other disorders as obesity, pre-diabetes, 
renal disease, atherosclerosis and heart stroke [191-194]. Its specific treatment will likely 
reduce the risk of incidence of cardiovascular diseases, which currently account for 30 % of 
all causes of death [195].  

Blood pressure can be regulated through diet changes and physical exercise, as well as 
administration of calcium T channel antagonists, angiotensin II receptor antagonists, 
diuretics and ACE inhibitors [104]. A few mechanisms have been described that rationalize 
how peptides lower blood pressure. Traditionally, control of hypertension has focused on 
the renin-angiotensin system, via inhibition of ACE [173]. Captopril, enalapril and lisinopril 
have accordingly been used as antihypertensive drugs that act essentially as ACE inhibitors; 
they found a widespread application in treatment of patients with hypertension, heart 
failure or diabetic nephropathies [193, 196-197]. However, they bring about undesirable side 
effects, so safer (and, hopefully, less expensive) alternatives are urged [198-199].  

In fact, increasing evidence has been provided that mechanisms other than ACE inhibition 
may be involved in blood pressure decrease arising from consumption of many food-
derived peptides [200]; although there are few studies to date with antihypertensive 
peptides obtained from whey. One of them corresponds to interaction with opioid receptors 
that are present in the central nervous system and in peripheral tissues, while another is 
based on release of nitric oxide (NO) that causes vasodilatation and thus affects blood 
pressure. Those peptides hold the advantage of no side effects, unlike happens with such 
other opiates as morphine [102]. One example is α-lactorfin, a tetrapeptide derived from α-
La [129, 201], for which studies showed that antihypertensive effects are mediated through 
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activity. Animal rennet obtained from the calf stomach, composed by 88-94 % and 6-12 % 
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Chymosin and the other rennet substitutes are aspartic proteases, with optimal activity at 
acidic pH, and possessing high degree of homology in primary and 3-dimensional 
structures, 3-dimensional structure and catalytic mechanism. The specificity towards the 
substrate is, however, rather variable; although they have a greater tendency to break 
peptide bonds between hydrophobic amino acids having bulky side residues, they 
hydrolyze a large number of bond types [172]. Of particular interest is vegetable rennet, 
which – with few exceptions, enjoys a still limited use worldwide. Many plant enzyme 
preparations proved indeed to be excessively proteolytic for manufacture of cheese, causing 
defects in terms of flavor and texture of the final product. These difficulties arise from the 
presence of non-specific enzymes that belong to complex enzyme systems (which, as such, 
are difficult to control). An exception to the poor suitability of vegetable coagulants is the 
proteinases in aqueous extracts of plants of the Cynara genus – which have been employed 
for traditional cheesemaking in Portugal and Spain since the Roman period.  

Bioactive peptides derived from whey proteins can be released at industrial scale via 
enzyme-mediated hydrolysis with digestive enzymes – and pepsin, trypsin and 
chymotrypsin have been the most frequent vectors therefor [4, 169, 173]. However, whey 
proteins are not easily broken down by proteases in general – a realization that also explains 
their tendency to cause allergies upon ingestion [174]. Hence, less conventional sources of 
proteolytic enzymes have been sought that can cleave the whey protein backbone at specific 
and usual sites. This is the case of aspartic proteinases present in the flowers of Cynara 
cardunculus – a plant related to the (common) globe artichoke. They can cleave the whey 
protein backbone next to hydrophobic amino acid residues, especially Phe, Leu, Thr and Tyr 
[82, 175], and act mainly on α-La, either in whole whey or following concentration to whey 
protein concentrate (WPC) [176-178]; conversely β-Lg appears not to be hydrolyzed thereby 
to a significant extent [82, 175].  

4. Recovery of proteins/peptides from whey 

The relatively low concentration of proteins in whey requires concentration processes to 
assure high hydrolysis productivity. Development of membrane separation techniques has 
been essential toward this endeavor – and food industry has taken advantage of its 
relatively easy scale-up, as well as its being inexpensive when compared with preparative 
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chromatographic techniques [41]. Furthermore, the absence of heat treatment allows the 
bioactive components to remain intact (or become only slightly affected) during processing. 
Recall that membrane separation allows differential concentration of a liquid, provided that 
the solute of interest is larger in molecular diameter than the membrane pores – so the liquid 
that percolates the membrane (filtrate) contains only components smaller than that size 
threshold [179].  

The dairy industry has pioneered development of equipment and techniques for membrane 
filtration, which recovers whey proteins in a non-denatured state. Typical procedures 
include: (i) basic membrane separation, e.g. reverse osmosis, ultrafiltration and diafiltration 
[180-186], that permits fractionation of proteins, as well as concentration and purification 
thereof; (ii) nanofiltration (or ultraosmosis) that allows removal of salts or low MW 
contaminants; and (iii) microfiltration to remove suspended solid particles or 
microorganisms [179, 187]. Note that isolation of individual whey proteins on laboratory 
scale has resorted chiefly to salting out, ion exchange chromatography and/or crystallization 
[188]; such a fractionation allows fundamental studies of their immunological properties to 
be carried out, which are necessary to establish and support industrial interest [189-190]. 

5. Activity of peptides from whey upon hypertension 

Hypertension is a major public health issue worldwide that affects nearly one fourth of the 
population; and it is usually associated with such other disorders as obesity, pre-diabetes, 
renal disease, atherosclerosis and heart stroke [191-194]. Its specific treatment will likely 
reduce the risk of incidence of cardiovascular diseases, which currently account for 30 % of 
all causes of death [195].  

Blood pressure can be regulated through diet changes and physical exercise, as well as 
administration of calcium T channel antagonists, angiotensin II receptor antagonists, 
diuretics and ACE inhibitors [104]. A few mechanisms have been described that rationalize 
how peptides lower blood pressure. Traditionally, control of hypertension has focused on 
the renin-angiotensin system, via inhibition of ACE [173]. Captopril, enalapril and lisinopril 
have accordingly been used as antihypertensive drugs that act essentially as ACE inhibitors; 
they found a widespread application in treatment of patients with hypertension, heart 
failure or diabetic nephropathies [193, 196-197]. However, they bring about undesirable side 
effects, so safer (and, hopefully, less expensive) alternatives are urged [198-199].  

In fact, increasing evidence has been provided that mechanisms other than ACE inhibition 
may be involved in blood pressure decrease arising from consumption of many food-
derived peptides [200]; although there are few studies to date with antihypertensive 
peptides obtained from whey. One of them corresponds to interaction with opioid receptors 
that are present in the central nervous system and in peripheral tissues, while another is 
based on release of nitric oxide (NO) that causes vasodilatation and thus affects blood 
pressure. Those peptides hold the advantage of no side effects, unlike happens with such 
other opiates as morphine [102]. One example is α-lactorfin, a tetrapeptide derived from α-
La [129, 201], for which studies showed that antihypertensive effects are mediated through 
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the vasodilatory action of binding to opioid receptors. Furthermore, endothelium-
dependent relaxation of mesenteric arteries in spontaneously hypertensive rats (SHR, which 
is the animal model normally accepted to study human hypertension) that was inhibited by 
an endothelial nitric oxide synthase (eNOS) inhibitor was also observed [202]. That peptide 
may even chelate minerals, and thus facilitates calcium absorption [200].  

Alternative mechanisms are other routes of vasoregulator substance synthesis – e.g. 
kallikrein-kinin, neutral endopeptidase and endothelin-converting enzyme systems. The 
release of vasodilator substances like prostaglandin I2 or carbon monoxide could be implied 
in dependent and independent mechanisms of ACE inhibition responsible for 
antihypertensive effects [203-205]; an example is the peptide ALPMHIR, which inhibits 
release of an endothelial factor (ET-1) that causes contractions in smooth muscle cells [206].  

In the last decade, production of antioxidant peptides from whey has been reported [207]. 
Experimental evidence – including SHR and human studies, claimed that oxidative stress is 
one of the causes of hypertension and several vascular diseases, via increase production of 
reactive oxygen species and reduction of NO synthesis and bioavailability of antioxidants 
[208].  

Nevertheless, the most intensively studied peptides – i.e. VPP and IPP derived from 
caseins, showed possible mechanisms of action that could be found also in other peptides. 
In studies performed with rats, VPP and IPP increased plasma renin levels and activity 
[202]; and decreased ACE activity in the serum; they also showed endothelial function 
protection in mesenteric arteries [208]. The influence of VPP and IPP on gene expression 
of SHR abdominal aorta unfolded a significant increase of genes related with blood 
pressure regulation – the eNOS and connexin 40 genes [208]. Other studies have 
highlighted the peptide effects on the vasculature itself, showing that the antihypertensive 
activity of the peptide rapakinin is induced mainly by CCK1 and IP-receptor-dependent 
vasorelaxation; this peptide relaxes the mesenteric artery of SHR via prostaglandin I2-IP 
receptor, followed by CCK-CCK1 receptor pathway; other peptides improve aorta and 
mesenteric acetylcholine relaxation, and decrease left ventricular hypertrophy, 
accompanied by significant decrease in interstitial fibrosis [209]. In order to prevent 
hypertension, two alternative enzyme inhibitors were suggested: renin (a protease 
recognized as the initial compound of the renin–angiotensin system) and platelet-
activating factor acetylhydrolase (PAF-AH) (a circulating enzyme secreted by 
inflammatory cells and involved in atherosclerosis) [208]. 

5.1. Inhibition of angiotensin-converting enzyme (ACE) 

Since diet has a direct relationship to hypertension, the food industry (in association with 
research and public health institutions) has promoted development of novel functional 
ingredients that can contribute to keep a normal blood pressure – thus avoiding the need to 
take antihypertensive drugs [73, 173, 209-212]. Various investigators have accordingly 
hypothesized that certain peptides formed through hydrolysis of food proteins have the 
ability to inhibit ACE; López-Fandiño [173], FitzGerald [104, 137], Gobetti [213], Meisel 
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[214], Korhonen and Pihlanto [4], Silva and Malcata [215], Vermeirssen [216], and Martínez-
Maqueda [208] have comprehensively reviewed this subject. In general, it has been claimed 
that a diet rich in foods containing antihypertensive peptides is effective toward prevention 
and treatment of hypertension [173, 201]. 

ACE-inhibitory peptides may be obtained from precursor food proteins via enzymatic 
hydrolysis, using viable or lysed microorganisms or specific proteases [3, 73, 137, 169]. 
Although in vitro studies are useful at screening stages, the efficacy and safety of such 
peptides requires in vivo testing – first in animals, and then in human volunteers [217]. This 
issue is particularly relevant because in vitro ACE inhibition does not necessarily correlate 
with in vivo antihypertensive features, as peptides often undergo breakdown during 
gastrointestinal digestion that hampers manifestation of their potential physiological 
function. Conversely, antihypertensive activity may be promoted after long-chain peptide 
precursors release bioactive fragments by gastrointestinal enzymes [73]. 

In the latest two decades, various active peptides have been identified from animal proteins, 
including some with antihypertensive effects in animals (e.g. SHR) and even in humans [3, 
73, 137, 169, 173, 201, 208, 212, 217, 299]: bovine plasma proteins [218], egg proteins [203, 
219] and tuna proteins [220]; but also plant proteins, e.g. from soy [221], wine [222] and 
maize [223]. Nevertheless, milk proteins still appear to be the best source of ACE-inhibitory 
peptides. 

Recall that caseins are the most abundant proteins in milk, and have an open and flexible 
structure that makes them susceptible to attack by proteases; hence, many ACE-inhibitors 
have been obtained via enzyme-mediated approaches [224-225] – e.g. casokinins. Studies on 
peptides with ACE-inhibitory activity obtained from whey proteins (called lactokinins) are 
more limited – which may be due to the rigid structure of -Lg (the major whey protein) 
that makes it particularly resistant to digestive enzymes. However, bioactive protein 
fragments with ACE-inhibitory activity have been found in whey protein hydrolyzates [107, 
217, 226-228]; and Manso and López-Fandiño [155] also identified this activity in CMP 
hydrolyzates. Characterization of hydrolyzates of the main whey proteins – including the 
amino acid sequences of peptides therein that exhibit in vitro ACE-inhibiting activity, is 
provided in Table 4.  

The ACE-inhibitory activity depends on the protein substrate and the proteolytic enzymes 
used to break it down. ACE (i.e. a dipeptidyl carboxypeptidase) is an enzyme ubiquitous in 
tissues and biological fluids – where it plays an important physiological role upon 
regulation of the cardiovascular function, including a basic role in regulation of peripheral 
blood pressure via the renin-angiotensin system [229-230]. ACE inhibitors and angiotensin II 
receptor blockers [231-232] have been therapeutically important, since they act as efficient 
drugs and bring about very few collateral effects. 

ACE-inhibitor peptide can reduce blood pressure in a process regulated (in part) by the 
renin-angiotensin system: renin — a protease secreted in response to various physiological 
stimuli, cleaves the protein angiotensinogen to produce the inactive decapeptide 
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the vasodilatory action of binding to opioid receptors. Furthermore, endothelium-
dependent relaxation of mesenteric arteries in spontaneously hypertensive rats (SHR, which 
is the animal model normally accepted to study human hypertension) that was inhibited by 
an endothelial nitric oxide synthase (eNOS) inhibitor was also observed [202]. That peptide 
may even chelate minerals, and thus facilitates calcium absorption [200].  

Alternative mechanisms are other routes of vasoregulator substance synthesis – e.g. 
kallikrein-kinin, neutral endopeptidase and endothelin-converting enzyme systems. The 
release of vasodilator substances like prostaglandin I2 or carbon monoxide could be implied 
in dependent and independent mechanisms of ACE inhibition responsible for 
antihypertensive effects [203-205]; an example is the peptide ALPMHIR, which inhibits 
release of an endothelial factor (ET-1) that causes contractions in smooth muscle cells [206].  

In the last decade, production of antioxidant peptides from whey has been reported [207]. 
Experimental evidence – including SHR and human studies, claimed that oxidative stress is 
one of the causes of hypertension and several vascular diseases, via increase production of 
reactive oxygen species and reduction of NO synthesis and bioavailability of antioxidants 
[208].  

Nevertheless, the most intensively studied peptides – i.e. VPP and IPP derived from 
caseins, showed possible mechanisms of action that could be found also in other peptides. 
In studies performed with rats, VPP and IPP increased plasma renin levels and activity 
[202]; and decreased ACE activity in the serum; they also showed endothelial function 
protection in mesenteric arteries [208]. The influence of VPP and IPP on gene expression 
of SHR abdominal aorta unfolded a significant increase of genes related with blood 
pressure regulation – the eNOS and connexin 40 genes [208]. Other studies have 
highlighted the peptide effects on the vasculature itself, showing that the antihypertensive 
activity of the peptide rapakinin is induced mainly by CCK1 and IP-receptor-dependent 
vasorelaxation; this peptide relaxes the mesenteric artery of SHR via prostaglandin I2-IP 
receptor, followed by CCK-CCK1 receptor pathway; other peptides improve aorta and 
mesenteric acetylcholine relaxation, and decrease left ventricular hypertrophy, 
accompanied by significant decrease in interstitial fibrosis [209]. In order to prevent 
hypertension, two alternative enzyme inhibitors were suggested: renin (a protease 
recognized as the initial compound of the renin–angiotensin system) and platelet-
activating factor acetylhydrolase (PAF-AH) (a circulating enzyme secreted by 
inflammatory cells and involved in atherosclerosis) [208]. 

5.1. Inhibition of angiotensin-converting enzyme (ACE) 

Since diet has a direct relationship to hypertension, the food industry (in association with 
research and public health institutions) has promoted development of novel functional 
ingredients that can contribute to keep a normal blood pressure – thus avoiding the need to 
take antihypertensive drugs [73, 173, 209-212]. Various investigators have accordingly 
hypothesized that certain peptides formed through hydrolysis of food proteins have the 
ability to inhibit ACE; López-Fandiño [173], FitzGerald [104, 137], Gobetti [213], Meisel 
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[214], Korhonen and Pihlanto [4], Silva and Malcata [215], Vermeirssen [216], and Martínez-
Maqueda [208] have comprehensively reviewed this subject. In general, it has been claimed 
that a diet rich in foods containing antihypertensive peptides is effective toward prevention 
and treatment of hypertension [173, 201]. 

ACE-inhibitory peptides may be obtained from precursor food proteins via enzymatic 
hydrolysis, using viable or lysed microorganisms or specific proteases [3, 73, 137, 169]. 
Although in vitro studies are useful at screening stages, the efficacy and safety of such 
peptides requires in vivo testing – first in animals, and then in human volunteers [217]. This 
issue is particularly relevant because in vitro ACE inhibition does not necessarily correlate 
with in vivo antihypertensive features, as peptides often undergo breakdown during 
gastrointestinal digestion that hampers manifestation of their potential physiological 
function. Conversely, antihypertensive activity may be promoted after long-chain peptide 
precursors release bioactive fragments by gastrointestinal enzymes [73]. 

In the latest two decades, various active peptides have been identified from animal proteins, 
including some with antihypertensive effects in animals (e.g. SHR) and even in humans [3, 
73, 137, 169, 173, 201, 208, 212, 217, 299]: bovine plasma proteins [218], egg proteins [203, 
219] and tuna proteins [220]; but also plant proteins, e.g. from soy [221], wine [222] and 
maize [223]. Nevertheless, milk proteins still appear to be the best source of ACE-inhibitory 
peptides. 

Recall that caseins are the most abundant proteins in milk, and have an open and flexible 
structure that makes them susceptible to attack by proteases; hence, many ACE-inhibitors 
have been obtained via enzyme-mediated approaches [224-225] – e.g. casokinins. Studies on 
peptides with ACE-inhibitory activity obtained from whey proteins (called lactokinins) are 
more limited – which may be due to the rigid structure of -Lg (the major whey protein) 
that makes it particularly resistant to digestive enzymes. However, bioactive protein 
fragments with ACE-inhibitory activity have been found in whey protein hydrolyzates [107, 
217, 226-228]; and Manso and López-Fandiño [155] also identified this activity in CMP 
hydrolyzates. Characterization of hydrolyzates of the main whey proteins – including the 
amino acid sequences of peptides therein that exhibit in vitro ACE-inhibiting activity, is 
provided in Table 4.  

The ACE-inhibitory activity depends on the protein substrate and the proteolytic enzymes 
used to break it down. ACE (i.e. a dipeptidyl carboxypeptidase) is an enzyme ubiquitous in 
tissues and biological fluids – where it plays an important physiological role upon 
regulation of the cardiovascular function, including a basic role in regulation of peripheral 
blood pressure via the renin-angiotensin system [229-230]. ACE inhibitors and angiotensin II 
receptor blockers [231-232] have been therapeutically important, since they act as efficient 
drugs and bring about very few collateral effects. 

ACE-inhibitor peptide can reduce blood pressure in a process regulated (in part) by the 
renin-angiotensin system: renin — a protease secreted in response to various physiological 
stimuli, cleaves the protein angiotensinogen to produce the inactive decapeptide 
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Source 
protein 

Enzyme Peptide 
fragment 

Amino acid 
sequence 

IC50

(µM)a 
Reduction in SBPb 
(mm Hg) 
(Dose (mg kg-1bw)) 

Refe-
rences 

Whole whey 
protein 

Fermentation + trypsin 
+ chymotrypsin 

-Lg f9-14  GLDIQK 580  [104, 233] 

Yogurt starter + 
trypsin + pepsin 

-Lg f15-20  VAGTWY 1682  [100] 

Fermentation with 
lactic acid bacteria + 
prozyme 6 

-Lg f17-19 GTW 464.4  [105] 

Cardosins -Lg f33-42 DAQSAPLR
VYc 

12.2 10 (5) [107, 117] 

Proteinase K -Lg f78-80  IPAc 141 31 (8) [136]  
Cardosins -La f16-26 KGYGGVSL

PEWc 
0.7 20 (5) [107, 117] 

Cardosins -La f97-103 DKVGINYc 99.9  [107] 
Cardosins -La f97-104 DKVGINY

Wc 
25.4 15 (5) [107, 117] 

Fermentation + trypsin 
+ chymotrypsin 

-La f105-110 LAHKAL 621  [100] 

Fermentation by 
cheese microflora 

-La f104-108  WLAHK 77  [233] 

Neutrase -La f105-110 INYWL 11  [234] 
-
Lactoglobulin 

Trypsin f7-9 MKG 71.8  [103] 
Trypsin f10-14 LDIQK 27.6  [103] 
Pepsin + trypsin + 
chymotrypsin 

f15-19 VAGTW 1054  [233] 

Trypsin f22-25 LAMA 556  [233] 
Trypsin f32-40 LDAQSAPL

R 
635  [233] 

Protease N Amano f36-42 SAPLRVY 8  [235] 
Thermolysin f58-61 LQKWc 34.7 18.1 (10) [103, 236]  
Trypsin f81-83 VKF 1029  [233] 
Pepsin + trypsin + 
chymotrypsin 

f94-100 VLDTDYK 946  [106, 233] 

Pepsin + trypsin + 
chymotrypsin 

f102-103 YLc 122  [214] 

Pepsin + trypsin + 
chymotrypsin 

f102-105 YLLFc 172  [113] 

Thermolysin f103-105 LLFc 79.8 29 (10) [113, 236]  
Pepsin + trypsin + 
chymotrypsin 

f106-111 CMENSA 788  [233] 

Pepsin + trypsin + 
chymotrypsin 

f142-145 ALPMc 928 21.4 (8) [116] 

Pepsin + trypsin + 
chymotrypsin 

f142-146 ALPMHc 521  [233] 

Trypsin f142-148 ALPMHIRc 43  [226] 
-Lactalbumin Thermolysin f15-26 LKGYGGVS

LPEW 
83  [237] 

Thermolysin f18-26 YGGVSLPE
W 

16  [237] 

Thermolysin f20-26 GVSLPEW 30  [237] 
Thermolysin f21-26 VSLPEW 57  [237] 
Synthetic f50-51 or f18- YGc 1522  [98] 

 
Whey Proteins as Source of Bioactive Peptides Against Hypertension 89 

Source 
protein 

Enzyme Peptide 
fragment 

Amino acid 
sequence 

IC50

(µM)a 
Reduction in SBPb 
(mm Hg) 
(Dose (mg kg-1bw)) 

Refe-
rences 

19 
Pepsin + trypsin + 
chymotrypsin 

f50-52 YGL 409  [233] 

Pepsin  f50-53 YGLFc 733 23.4 (0.1) [129, 233]  
Synthetic f52-53 LFc 349  [26] 
Trypsin f99-108 VGINYWLA

HK 
327  [233] 

Trypsin f104-108 WLAHK 77  [233] 
Bovine serum 
albumin 

Proteinase K f208-216 ALKAWSV
ARc 

3  [238]  

Proteinase K f221-222 FP 315 27 (8) [136]  
Caseinomacrop
eptide 

Trypsin f106-112 MAIPPKK  28 (10) [239] 

Lactoferrin Pepsin f20-25 RRWQWR  16.7 (10) [240] 
Pepsin f22-23 WQ  11.4 (10) [240] 

a Concentration of peptide needed to inhibit 50 % of original ACE activity. 
b Systolic blood pressure. 
c Synhetic peptides used. 

Table 4. Primary structural characteristics of whey peptides with ACE-inhibitory activity and 
antihypertensive activity in spontaneously hypertensive rats, and vectors of generation thereof. 

angiotensin I. Cleavage of angiotensin I – via removal of two amino acid residues from the 
C-terminal end by ACE, produces the active octapeptide angiotensin II that is a potent 
vasoconstrictor; however, there are alternative routes to generate angiotensin II [198, 241-
242]. Angiotensin II activates angiotensin II type 1 (AT1) receptor — a member of the G-
protein-coupled-receptor superfamily, which plays various roles, e.g. vasoconstriction, as 
well as stimulation of aldosterone synthesis and release (which leads to sodium retention, 
and thus increases blood pressure) [198, 217, 242]. In addition, ACE acts on the kallikrein-
kinin system, catalyzing degradation of the nonapeptide bradykinin – which is a vasodilator 
[241]. ACE-inhibitor peptides exert a hypotensive effect by preventing angiotensin II 
formation and degradation of bradykinin, thus reducing blood pressure in hypertensive 
patients [217].  

Several tests on SHRs – probably the best experimental model for antihypertensive studies 
because they exhibit vascular reactivity and renal function similar to those in human beings 
[243], have been described that prove control of arterial blood pressure following a single 
oral administration of known ACE-inhibitory hydrolyzates or/and peptides derived from 
whey proteins. The antihypertensive effect associated with some of those peptides is 
comparable to that exhibited by VPP – an antihypertensive peptide included in functional 
foods that is already available in the market [117, 129, 137, 154, 201, 210-212, 242, 244-247]. 
To measure ACE-inhibitory activity, distinct biological, radiochromatographic, colorimetric 
and radioimmunologic methods have been employed – using angiotensin I as substrate. 
Chemical methods are sensitive, and resort to a tripeptide with a substituted amino-
terminus, Z-Phe-His-Leu, as ACE-substrate – from which the dipeptide His-Leu is released 
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Source 
protein 

Enzyme Peptide 
fragment 

Amino acid 
sequence 

IC50

(µM)a 
Reduction in SBPb 
(mm Hg) 
(Dose (mg kg-1bw)) 

Refe-
rences 

Whole whey 
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Fermentation + trypsin 
+ chymotrypsin 

-Lg f9-14  GLDIQK 580  [104, 233] 

Yogurt starter + 
trypsin + pepsin 

-Lg f15-20  VAGTWY 1682  [100] 

Fermentation with 
lactic acid bacteria + 
prozyme 6 

-Lg f17-19 GTW 464.4  [105] 

Cardosins -Lg f33-42 DAQSAPLR
VYc 

12.2 10 (5) [107, 117] 

Proteinase K -Lg f78-80  IPAc 141 31 (8) [136]  
Cardosins -La f16-26 KGYGGVSL

PEWc 
0.7 20 (5) [107, 117] 

Cardosins -La f97-103 DKVGINYc 99.9  [107] 
Cardosins -La f97-104 DKVGINY
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25.4 15 (5) [107, 117] 

Fermentation + trypsin 
+ chymotrypsin 

-La f105-110 LAHKAL 621  [100] 

Fermentation by 
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-La f104-108  WLAHK 77  [233] 

Neutrase -La f105-110 INYWL 11  [234] 
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Lactoglobulin 

Trypsin f7-9 MKG 71.8  [103] 
Trypsin f10-14 LDIQK 27.6  [103] 
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Trypsin f32-40 LDAQSAPL
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f102-105 YLLFc 172  [113] 

Thermolysin f103-105 LLFc 79.8 29 (10) [113, 236]  
Pepsin + trypsin + 
chymotrypsin 

f106-111 CMENSA 788  [233] 

Pepsin + trypsin + 
chymotrypsin 

f142-145 ALPMc 928 21.4 (8) [116] 
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f142-146 ALPMHc 521  [233] 

Trypsin f142-148 ALPMHIRc 43  [226] 
-Lactalbumin Thermolysin f15-26 LKGYGGVS

LPEW 
83  [237] 

Thermolysin f18-26 YGGVSLPE
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16  [237] 

Thermolysin f20-26 GVSLPEW 30  [237] 
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Source 
protein 

Enzyme Peptide 
fragment 

Amino acid 
sequence 

IC50
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Reduction in SBPb 
(mm Hg) 
(Dose (mg kg-1bw)) 

Refe-
rences 

19 
Pepsin + trypsin + 
chymotrypsin 

f50-52 YGL 409  [233] 

Pepsin  f50-53 YGLFc 733 23.4 (0.1) [129, 233]  
Synthetic f52-53 LFc 349  [26] 
Trypsin f99-108 VGINYWLA

HK 
327  [233] 

Trypsin f104-108 WLAHK 77  [233] 
Bovine serum 
albumin 

Proteinase K f208-216 ALKAWSV
ARc 

3  [238]  

Proteinase K f221-222 FP 315 27 (8) [136]  
Caseinomacrop
eptide 

Trypsin f106-112 MAIPPKK  28 (10) [239] 

Lactoferrin Pepsin f20-25 RRWQWR  16.7 (10) [240] 
Pepsin f22-23 WQ  11.4 (10) [240] 

a Concentration of peptide needed to inhibit 50 % of original ACE activity. 
b Systolic blood pressure. 
c Synhetic peptides used. 

Table 4. Primary structural characteristics of whey peptides with ACE-inhibitory activity and 
antihypertensive activity in spontaneously hypertensive rats, and vectors of generation thereof. 

angiotensin I. Cleavage of angiotensin I – via removal of two amino acid residues from the 
C-terminal end by ACE, produces the active octapeptide angiotensin II that is a potent 
vasoconstrictor; however, there are alternative routes to generate angiotensin II [198, 241-
242]. Angiotensin II activates angiotensin II type 1 (AT1) receptor — a member of the G-
protein-coupled-receptor superfamily, which plays various roles, e.g. vasoconstriction, as 
well as stimulation of aldosterone synthesis and release (which leads to sodium retention, 
and thus increases blood pressure) [198, 217, 242]. In addition, ACE acts on the kallikrein-
kinin system, catalyzing degradation of the nonapeptide bradykinin – which is a vasodilator 
[241]. ACE-inhibitor peptides exert a hypotensive effect by preventing angiotensin II 
formation and degradation of bradykinin, thus reducing blood pressure in hypertensive 
patients [217].  

Several tests on SHRs – probably the best experimental model for antihypertensive studies 
because they exhibit vascular reactivity and renal function similar to those in human beings 
[243], have been described that prove control of arterial blood pressure following a single 
oral administration of known ACE-inhibitory hydrolyzates or/and peptides derived from 
whey proteins. The antihypertensive effect associated with some of those peptides is 
comparable to that exhibited by VPP – an antihypertensive peptide included in functional 
foods that is already available in the market [117, 129, 137, 154, 201, 210-212, 242, 244-247]. 
To measure ACE-inhibitory activity, distinct biological, radiochromatographic, colorimetric 
and radioimmunologic methods have been employed – using angiotensin I as substrate. 
Chemical methods are sensitive, and resort to a tripeptide with a substituted amino-
terminus, Z-Phe-His-Leu, as ACE-substrate – from which the dipeptide His-Leu is released 



 
Bioactive Food Peptides in Health and Disease 90 

and quantified by specific fluorometric procedures. A similar tripeptide used as substrate of 
ACE is Bz-Gly-His-Leu, or Hippuryl-His-Leu (HHL); upon incubation with the enzyme, 
hippuric acid is formed and the dipeptide His-Leu is released, which is subsequently 
measured by one of several colorimetric [248] or fluorometric methods [249], or even by 
capillary electrophoresis [250].  

One of the most performing methods to measure ACE-inhibitory activity was developed by 
Cushman and Cheung [251], and is based on spectrophotometric measurement at 228 nm of 
hippuric acid formed by incubating the substrate HHL with ACE – in the presence of 
selected inhibitory substances. More recently, a modified tripeptide, furanacriloil Gly-Phe-
Gly, has been chosen as substrate for a spectrophotometric method [252]. The ACE-
inhibitory activity is usually measured in terms of IC50 (i.e. the concentration of inhibitory 
substance required to inhibit 50 % of ACE activity); a low IC50 value means that a small 
concentration of inhibitory substance is required to produce enzyme inhibition, so that 
substance displays a potent inhibitory activity. 

As shown in Table 4, ACE-inhibitor peptides are produced mainly by enzymatic hydrolysis, 
but active sequences have also been obtained via chemical synthesis [253]. Starter and non-
starter bacteria are commonly used in cheese manufacture – taking advantage namely of 
their proteolytic system, which contains at least 16 different peptidases that have already 
been characterized. Some of these bacteria were found to have ACE-inhibitory activity, or 
release peptides with this activity. For instance, Lactobacillus helveticus is able to release ACE-
inhibitory peptides; the best-known ACE-inhibitory peptides – viz. VPP and IPP, have 
indeed been identified in milk fermented with L. helveticus strains [154, 244, 254]. More 
recently, an ACE-inhibitory peptide derived from -CN – FFVAPFPEVFGK, was 
successfully expressed by genetic engineering in Escherichia coli [255]. 

5.1.1. Structure/activity relationships 

ACE-inhibitor peptides contain usually between 2 and 12 amino acid residues – even 
though larger peptides may also exhibit such an activity [173]. Ondetti [229] rationalized the 
interaction of competitive inhibitors for the ACE active site based on enzyme homology 
with carboxypeptidase A; the first ACE-inhibitor (i.e. captopril), which is one of the oral 
drugs widely used to treat hypertension, was designed based on this model. Recently, this 
model was reviewed and used to design even more potent ACE inhibitors [229, 256-257]. 
The base model proposes that residues of the carboxy-terminal (C-terminal) tripeptide 
interact with the S1, S'1 and S'2 subunits of the enzyme active site. One of the subunits has a 
positively charged group that forms an ionic bond with the C-terminal peptide group. The 
following subunit contains a group capable of interacting with the peptidic bond of the C-
terminal amino acid – probably through hydrogen bonding. The third subunit has a Zn2+ 
atom able to carry the carbonyl group of the peptidic bond between the one before the last 
and the last amino acid residue of the substrate – thus making it more susceptible to 
hydrolysis [256]. 
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Although the relationships between structure and activity have not been fully elucidated, 
ACE-inhibitory peptides possess a number of analogies with each other. The tripeptide at 
the C-terminus is crucial – because this is where the peptide binds to the active site of the 
enzyme [256]. ACE prefers substrates (or competitive inhibitors) with hydrophobic residues 
(e.g. Trp, Tyr, Phe and Pro) at the C-terminus, and shows poorer affinity to substrates 
containing dicarboxylic amino acids in the final position, or those that have a Pro residue in 
the one before the last position. However, presence of Pro as the last residue [258], or in the 
third position from the terminus [259] favors binding of peptide to enzyme, in much the 
same way as when Leu appears in the last position [260,261]. 

Bioinformatics has been used more recently to find the structural requirements of ACE-
inhibitor peptides; these are termed quantitative structure/activity relationship (QSAR) 
models. Through a QSAR model, Pripp [262] concluded – for milk-derived peptides up to 
six amino acids in length, that there is a relationship between ACE-inhibitory activity and 
presence of a hydrophobic (or positively charged) amino acid residue in the last position of 
the sequence; however, no special relation was found with the structure of the N-terminus. 
Based on the QSAR model for peptides containing between 4 and 10 amino acid residues, 
Wu [263] claimed that the residue of the C-terminal tetrapeptide may determine the potency 
of ACE inhibition – with preference for Tyr and Cys in the first C-terminal position; His, Trp 
and Met in the second; Ile, Leu, Val and Met in the third; and Trp in the fourth position. 
Results from other QSAR-based studies aimed at finding ACE-inhibitory activity of di- and 
tripeptides derived from food proteins have shown that dipeptides with hydrophobic 
chains, as well as tripeptides with an aromatic amino acid residue at the C-terminus, a 
positively charged residue at the intermediate position and a hydrophobic amino acid 
residue at the N-terminus are likely to exhibit ACE-inhibitory power [263].  

On the other hand, a biopeptide may adopt a different configuration depending on the 
prevailing environmental conditions; but the final structural conformation may be crucial 
for its ACE-inhibitory activity. The fact that the catalytic center of ACE has different 
structural requirements may unfold the need to develop complex mixtures of peptides, with 
different structural conformations, so as to produce more complete inhibition than a single 
peptide [264]. Meisel [265] postulated that the mechanism of ACE inhibition may involve 
interaction of inhibitor with the subunits that are not normally occupied by substrate, or 
with the anionic bond site that is different from the enzyme catalytic center. Moreover, 
somatic ACE has two homologous domains – each of which has an active site with distinct 
biochemical characteristics. In vitro ACE-inhibition studies showed that it is necessary to 
block the two active centers for complete inhibition of its action upon angiotensin I and 
bradykinin. Nevertheless, in vivo studies in rats showed that the selective inhibition of the 
N- or C-terminal domains of ACE prevents conversion of angiotensin I to II, but not of 
bradykinin [266]. 

Despite the importance arising from the three amino acids in their C-terminus, it was shown 
that peptides with identical sequences at the C-terminus may exhibit quite different ACE-
inhibitory activities from each other. One example is VRYL and VPSERYL, both identified in 
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and quantified by specific fluorometric procedures. A similar tripeptide used as substrate of 
ACE is Bz-Gly-His-Leu, or Hippuryl-His-Leu (HHL); upon incubation with the enzyme, 
hippuric acid is formed and the dipeptide His-Leu is released, which is subsequently 
measured by one of several colorimetric [248] or fluorometric methods [249], or even by 
capillary electrophoresis [250].  

One of the most performing methods to measure ACE-inhibitory activity was developed by 
Cushman and Cheung [251], and is based on spectrophotometric measurement at 228 nm of 
hippuric acid formed by incubating the substrate HHL with ACE – in the presence of 
selected inhibitory substances. More recently, a modified tripeptide, furanacriloil Gly-Phe-
Gly, has been chosen as substrate for a spectrophotometric method [252]. The ACE-
inhibitory activity is usually measured in terms of IC50 (i.e. the concentration of inhibitory 
substance required to inhibit 50 % of ACE activity); a low IC50 value means that a small 
concentration of inhibitory substance is required to produce enzyme inhibition, so that 
substance displays a potent inhibitory activity. 

As shown in Table 4, ACE-inhibitor peptides are produced mainly by enzymatic hydrolysis, 
but active sequences have also been obtained via chemical synthesis [253]. Starter and non-
starter bacteria are commonly used in cheese manufacture – taking advantage namely of 
their proteolytic system, which contains at least 16 different peptidases that have already 
been characterized. Some of these bacteria were found to have ACE-inhibitory activity, or 
release peptides with this activity. For instance, Lactobacillus helveticus is able to release ACE-
inhibitory peptides; the best-known ACE-inhibitory peptides – viz. VPP and IPP, have 
indeed been identified in milk fermented with L. helveticus strains [154, 244, 254]. More 
recently, an ACE-inhibitory peptide derived from -CN – FFVAPFPEVFGK, was 
successfully expressed by genetic engineering in Escherichia coli [255]. 

5.1.1. Structure/activity relationships 

ACE-inhibitor peptides contain usually between 2 and 12 amino acid residues – even 
though larger peptides may also exhibit such an activity [173]. Ondetti [229] rationalized the 
interaction of competitive inhibitors for the ACE active site based on enzyme homology 
with carboxypeptidase A; the first ACE-inhibitor (i.e. captopril), which is one of the oral 
drugs widely used to treat hypertension, was designed based on this model. Recently, this 
model was reviewed and used to design even more potent ACE inhibitors [229, 256-257]. 
The base model proposes that residues of the carboxy-terminal (C-terminal) tripeptide 
interact with the S1, S'1 and S'2 subunits of the enzyme active site. One of the subunits has a 
positively charged group that forms an ionic bond with the C-terminal peptide group. The 
following subunit contains a group capable of interacting with the peptidic bond of the C-
terminal amino acid – probably through hydrogen bonding. The third subunit has a Zn2+ 
atom able to carry the carbonyl group of the peptidic bond between the one before the last 
and the last amino acid residue of the substrate – thus making it more susceptible to 
hydrolysis [256]. 
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Although the relationships between structure and activity have not been fully elucidated, 
ACE-inhibitory peptides possess a number of analogies with each other. The tripeptide at 
the C-terminus is crucial – because this is where the peptide binds to the active site of the 
enzyme [256]. ACE prefers substrates (or competitive inhibitors) with hydrophobic residues 
(e.g. Trp, Tyr, Phe and Pro) at the C-terminus, and shows poorer affinity to substrates 
containing dicarboxylic amino acids in the final position, or those that have a Pro residue in 
the one before the last position. However, presence of Pro as the last residue [258], or in the 
third position from the terminus [259] favors binding of peptide to enzyme, in much the 
same way as when Leu appears in the last position [260,261]. 

Bioinformatics has been used more recently to find the structural requirements of ACE-
inhibitor peptides; these are termed quantitative structure/activity relationship (QSAR) 
models. Through a QSAR model, Pripp [262] concluded – for milk-derived peptides up to 
six amino acids in length, that there is a relationship between ACE-inhibitory activity and 
presence of a hydrophobic (or positively charged) amino acid residue in the last position of 
the sequence; however, no special relation was found with the structure of the N-terminus. 
Based on the QSAR model for peptides containing between 4 and 10 amino acid residues, 
Wu [263] claimed that the residue of the C-terminal tetrapeptide may determine the potency 
of ACE inhibition – with preference for Tyr and Cys in the first C-terminal position; His, Trp 
and Met in the second; Ile, Leu, Val and Met in the third; and Trp in the fourth position. 
Results from other QSAR-based studies aimed at finding ACE-inhibitory activity of di- and 
tripeptides derived from food proteins have shown that dipeptides with hydrophobic 
chains, as well as tripeptides with an aromatic amino acid residue at the C-terminus, a 
positively charged residue at the intermediate position and a hydrophobic amino acid 
residue at the N-terminus are likely to exhibit ACE-inhibitory power [263].  

On the other hand, a biopeptide may adopt a different configuration depending on the 
prevailing environmental conditions; but the final structural conformation may be crucial 
for its ACE-inhibitory activity. The fact that the catalytic center of ACE has different 
structural requirements may unfold the need to develop complex mixtures of peptides, with 
different structural conformations, so as to produce more complete inhibition than a single 
peptide [264]. Meisel [265] postulated that the mechanism of ACE inhibition may involve 
interaction of inhibitor with the subunits that are not normally occupied by substrate, or 
with the anionic bond site that is different from the enzyme catalytic center. Moreover, 
somatic ACE has two homologous domains – each of which has an active site with distinct 
biochemical characteristics. In vitro ACE-inhibition studies showed that it is necessary to 
block the two active centers for complete inhibition of its action upon angiotensin I and 
bradykinin. Nevertheless, in vivo studies in rats showed that the selective inhibition of the 
N- or C-terminal domains of ACE prevents conversion of angiotensin I to II, but not of 
bradykinin [266]. 

Despite the importance arising from the three amino acids in their C-terminus, it was shown 
that peptides with identical sequences at the C-terminus may exhibit quite different ACE-
inhibitory activities from each other. One example is VRYL and VPSERYL, both identified in 
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Manchego cheese; despite having the same C-terminal tripeptide sequence, they exhibit IC50 
values of 24.1 M and 249.5 M, respectively – i.e. the latter is 10-fold less active than the 
former. If Val were replaced by a dicarboxylic amino acid at the fourth position of the C-
terminus, e.g. via synthesis of ERVL, the IC50 measured would be 200.3 M, which 
corresponds to an ACE-inhibitory activity 8-fold lower than VRYL – hence demonstrating 
the crucial role of Val in that position for the intended bioactivity [261]. 

5.1.2. Bioavailability 

Among the several bioactive peptides studied to date, ACE-inhibitory peptides have 
received particular attention because of their beneficial effects upon hypertension [226, 233, 
267]. Note that such effects depend on their ability to reach the target organs without having 
undergone decay or transformation. Tests encompassing hypertensive animals and human 
clinical trials have shown that certain sequences can lower blood pressure; however, it is 
difficult to establish a direct link between the ability to inhibit ACE in vitro and the actual 
antihypertensive activity in vivo. Knowledge of the mechanism of action of such bioactive 
peptides is obviously crucial before manufacture of functional foods with physiological 
properties is in order [268]. 

Some peptides with ACE-inhibitory and antihypertensive activities can be transported 
through the intestinal mucosa via the PepT1 transporter [269]; likewise, there is evidence 
that other peptides may exert a direct role upon the intestinal lumen [151, 270-271]. 
Digestive enzymes, absorption through the intestinal tract and blood proteases can bring 
about hydrolysis of ACE-inhibitor peptides, thus producing fragments with lower or greater 
activity than their precursor sequences [216]. Hence, for ACE-inhibitor peptides exert an in 
vivo effect, they should not act as substrates of the enzyme. Peptides may accordingly be 
classified into three groups based on their behavior regarding ACE: (1) true inhibitors, for 
which IC50 is not modified when incubated with the enzyme; (2) ACE-substrates, which are 
hydrolyzed during incubation, thus giving rise to fragments with a lower ACE-inhibition 
activity; and (3) peptides that are converted to real inhibitors by ACE and gastrointestinal 
protease action. Note that only sequences belonging to groups 1 and 3 may show an 
antihypertensive effect [245]. 

Effective inclusion of ACE-inhibitory peptides in the diet consequently requires them to 
somehow resist the strong stomach hydrolysis that may cause loss of bioactivity [104], and 
afterwards be able to pass into the blood stream – where they should be resistant to 
peptidases therein, so as to eventually reach the target sites where they are supposed to 
exert their physiological effects in vivo. The structure and bioactivity of short-chain peptides 
are more easily preserved through gastrointestinal passage than those of their long-chain 
counterparts [272] – whereas sequences containing Pro residue(s) are generally more 
resistant to degradation by digestive enzymes [273]. Furthermore, peptides absorbed 
following digestion may accumulate in specific organs, and then exert their action in a 
systematic and gradual manner [274, 275]. However, antihypertensive peptides that cannot 

 
Whey Proteins as Source of Bioactive Peptides Against Hypertension 93 

be absorbed from the digestive tract may still exert their function directly in the intestinal 
lumen – e.g. via interaction with receptors on the intestinal wall [97, 265, 276].  

Besides carrying out protein degradation to varying extents, gastrointestinal digestion plays 
a key role in formation of ACE-inhibitory peptides [216, 277]; hence, it is relevant to assess 
the gastrointestinal bioavailability of any potentially interesting peptides. Several studies 
have accordingly provided evidence for this realization – as happened with Manchego 
cheese, as well as with other fermented solutions and infant formulae [100, 261, 278-281]; for 
instance, a potent antihypertensive peptide was released via gastrointestinal digestion from 
a precursor with poor ACE-inhibitory activity in vitro [282] – and some peptides possess a 
remarkable intrinsic stability, whereas others are susceptible to unwanted degradation [136, 
261, 281]; however, whether of any of those options will apply cannot be known in advance. 

Animal and human trials are therefore nuclear when assessing bioactivity of peptides; 
peptides that do not show in vitro activity may exhibit in vivo antihypertensive activity, and 
vice versa. For instance, YKVPQL identified in a casein hydrolyzate and released by a 
proteinase from L. helveticus CP790, had a high in vivo ACE-inhibitory activity (IC50 22 M) 
but did not show any antihypertensive one [282] – probably as a consequence of 
degradation during the digestion process [137]. When the hydrolyzate was purified, another 
peptide sequence (KVLPVPQ) was found. Unlike the previous case – with a low in vitro 
ACE-inhibitory activity (IC50 > 1000 M), the latter showed a potent in vivo antihypertensive 
activity. It was claimed that this was due to pancreatic digestion that releases Gln, thus 
forming KVLPVP; furthermore, this fragment showed ACE-inhibitory activity in vitro, 
characterized by an IC50 of only 5 M. Finally, there are reports on peptides with a low ACE-
inhibitory activity in vitro that possess antihypertensive activity in vivo – owing to a 
hypotensive mechanism of action distinct from that of ACE inhibition. One example is YP, 
the IC50 of which is 720 M; however, it significantly decreases blood pressure between 2 
and 8 h after oral administration to SHR [283]. It should be emphasized that in vivo tests of 
(putatively) promising bioactive peptides should not come into play before careful in vitro 
models have been checked – as they can provide useful preliminary information on the 
stability of such peptides upon exposure to the various peptidases and proteinases that they 
will likely find in the gastrointestinal tract, prior to eventual transport across the intestinal 
barrier [278-279].  

Simulated (physiological) digestion is a useful tool to assess the stability of peptides with 
ACE-inhibitory activity against digestive enzymes. However, the degree of hydrolysis of a 
given peptide depends not only on its size and nature, but also on the presence of other 
peptides in its vicinity [272] – which would make it difficult to test the required number of 
possibilities in a rather limited experimental program. Several in vitro studies were carried 
out that show the importance of digestion upon formation and degradation of ACE-
inhibitor peptides [107, 272, 278-280, 284]. In these studies, peptides were subjected to two 
stages of hydrolysis that mimic digestion in the body. First, hydrolysis with pepsin, at acidic 
pH, intended to simulate the digestion process prevailing in the stomach; and second, 
digestion with a pancreatic extract, at basic pH as prevailing during intestinal digestion. 
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Manchego cheese; despite having the same C-terminal tripeptide sequence, they exhibit IC50 
values of 24.1 M and 249.5 M, respectively – i.e. the latter is 10-fold less active than the 
former. If Val were replaced by a dicarboxylic amino acid at the fourth position of the C-
terminus, e.g. via synthesis of ERVL, the IC50 measured would be 200.3 M, which 
corresponds to an ACE-inhibitory activity 8-fold lower than VRYL – hence demonstrating 
the crucial role of Val in that position for the intended bioactivity [261]. 

5.1.2. Bioavailability 

Among the several bioactive peptides studied to date, ACE-inhibitory peptides have 
received particular attention because of their beneficial effects upon hypertension [226, 233, 
267]. Note that such effects depend on their ability to reach the target organs without having 
undergone decay or transformation. Tests encompassing hypertensive animals and human 
clinical trials have shown that certain sequences can lower blood pressure; however, it is 
difficult to establish a direct link between the ability to inhibit ACE in vitro and the actual 
antihypertensive activity in vivo. Knowledge of the mechanism of action of such bioactive 
peptides is obviously crucial before manufacture of functional foods with physiological 
properties is in order [268]. 

Some peptides with ACE-inhibitory and antihypertensive activities can be transported 
through the intestinal mucosa via the PepT1 transporter [269]; likewise, there is evidence 
that other peptides may exert a direct role upon the intestinal lumen [151, 270-271]. 
Digestive enzymes, absorption through the intestinal tract and blood proteases can bring 
about hydrolysis of ACE-inhibitor peptides, thus producing fragments with lower or greater 
activity than their precursor sequences [216]. Hence, for ACE-inhibitor peptides exert an in 
vivo effect, they should not act as substrates of the enzyme. Peptides may accordingly be 
classified into three groups based on their behavior regarding ACE: (1) true inhibitors, for 
which IC50 is not modified when incubated with the enzyme; (2) ACE-substrates, which are 
hydrolyzed during incubation, thus giving rise to fragments with a lower ACE-inhibition 
activity; and (3) peptides that are converted to real inhibitors by ACE and gastrointestinal 
protease action. Note that only sequences belonging to groups 1 and 3 may show an 
antihypertensive effect [245]. 

Effective inclusion of ACE-inhibitory peptides in the diet consequently requires them to 
somehow resist the strong stomach hydrolysis that may cause loss of bioactivity [104], and 
afterwards be able to pass into the blood stream – where they should be resistant to 
peptidases therein, so as to eventually reach the target sites where they are supposed to 
exert their physiological effects in vivo. The structure and bioactivity of short-chain peptides 
are more easily preserved through gastrointestinal passage than those of their long-chain 
counterparts [272] – whereas sequences containing Pro residue(s) are generally more 
resistant to degradation by digestive enzymes [273]. Furthermore, peptides absorbed 
following digestion may accumulate in specific organs, and then exert their action in a 
systematic and gradual manner [274, 275]. However, antihypertensive peptides that cannot 
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be absorbed from the digestive tract may still exert their function directly in the intestinal 
lumen – e.g. via interaction with receptors on the intestinal wall [97, 265, 276].  

Besides carrying out protein degradation to varying extents, gastrointestinal digestion plays 
a key role in formation of ACE-inhibitory peptides [216, 277]; hence, it is relevant to assess 
the gastrointestinal bioavailability of any potentially interesting peptides. Several studies 
have accordingly provided evidence for this realization – as happened with Manchego 
cheese, as well as with other fermented solutions and infant formulae [100, 261, 278-281]; for 
instance, a potent antihypertensive peptide was released via gastrointestinal digestion from 
a precursor with poor ACE-inhibitory activity in vitro [282] – and some peptides possess a 
remarkable intrinsic stability, whereas others are susceptible to unwanted degradation [136, 
261, 281]; however, whether of any of those options will apply cannot be known in advance. 

Animal and human trials are therefore nuclear when assessing bioactivity of peptides; 
peptides that do not show in vitro activity may exhibit in vivo antihypertensive activity, and 
vice versa. For instance, YKVPQL identified in a casein hydrolyzate and released by a 
proteinase from L. helveticus CP790, had a high in vivo ACE-inhibitory activity (IC50 22 M) 
but did not show any antihypertensive one [282] – probably as a consequence of 
degradation during the digestion process [137]. When the hydrolyzate was purified, another 
peptide sequence (KVLPVPQ) was found. Unlike the previous case – with a low in vitro 
ACE-inhibitory activity (IC50 > 1000 M), the latter showed a potent in vivo antihypertensive 
activity. It was claimed that this was due to pancreatic digestion that releases Gln, thus 
forming KVLPVP; furthermore, this fragment showed ACE-inhibitory activity in vitro, 
characterized by an IC50 of only 5 M. Finally, there are reports on peptides with a low ACE-
inhibitory activity in vitro that possess antihypertensive activity in vivo – owing to a 
hypotensive mechanism of action distinct from that of ACE inhibition. One example is YP, 
the IC50 of which is 720 M; however, it significantly decreases blood pressure between 2 
and 8 h after oral administration to SHR [283]. It should be emphasized that in vivo tests of 
(putatively) promising bioactive peptides should not come into play before careful in vitro 
models have been checked – as they can provide useful preliminary information on the 
stability of such peptides upon exposure to the various peptidases and proteinases that they 
will likely find in the gastrointestinal tract, prior to eventual transport across the intestinal 
barrier [278-279].  

Simulated (physiological) digestion is a useful tool to assess the stability of peptides with 
ACE-inhibitory activity against digestive enzymes. However, the degree of hydrolysis of a 
given peptide depends not only on its size and nature, but also on the presence of other 
peptides in its vicinity [272] – which would make it difficult to test the required number of 
possibilities in a rather limited experimental program. Several in vitro studies were carried 
out that show the importance of digestion upon formation and degradation of ACE-
inhibitor peptides [107, 272, 278-280, 284]. In these studies, peptides were subjected to two 
stages of hydrolysis that mimic digestion in the body. First, hydrolysis with pepsin, at acidic 
pH, intended to simulate the digestion process prevailing in the stomach; and second, 
digestion with a pancreatic extract, at basic pH as prevailing during intestinal digestion. 
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Results encompassing prior or subsequent hydrolysis of peptides showed that in vitro 
digestion controls bioavailability of ACE-inhibitor peptides [162, 278]  

Some authors used whey proteins, fermented (or not at all) with L. helveticus and 
Saccharomyces cerevisiae, and then subjected them to gastrointestinal digestion; they reached 
a maximum ACE-inhibitory activity, and unfermented samples were the most active. 
However, some peptides with in vivo antihypertensive activity – as is the sequence 
KVLPVPQ, and which did not show in vitro ACE-inhibitory activity, could be transformed 
to active forms via gastrointestinal digestion [282]. Simulation of digestion is also useful in 
studies of the mechanism of action of antihypertensive peptides with demonstrated in vivo 
activity. For example, Miguel [277] found that YAEERYPIL derived from ovalbumin – 
which is a powerful ACE-inhibitor (IC50 = 4.7 M) and exhibits antihypertensive activity, 
was susceptible to degradation by digestive enzymes; that peptide was indeed fully 
hydrolyzed during simulated gastrointestinal digestion, thus giving rise to fragments 
YAEER and YPI. Tests on mice showed that YAEER could not significantly lower blood 
pressure, but the peptide YPI exhibited a significant antihypertensive effect. This fragment 
may possibly be the active form hidden in the sequence YAEERYPIL, and may exert its 
action via a different mechanism of ACE-inhibition [285]. 

In vitro models provide useful information to assess the stability of bioactive peptides to 
different peptidases and proteinases of the body, yet transport across the intestinal barrier 
raises an extra resistance – so they have limitations. In vitro simulated digestion is in fact not 
entirely reliable; the degree of hydrolysis depends on the size, nature and neighborhood of 
the peptide [272], so in vivo studies (with laboratory animals and human volunteers) are 
eventually necessary to ascertain in full the behavior of the peptide. Another example is the 
release of potent ACE-inhibitory peptides from WPC brought about by aqueous extracts 
from the plant C. cardunculus. A peptide mixture – in which 3 peptides were pinpointed:  α-
La f(16-26), with the sequence KGYGGVSLPEW; α-La f(97-104), with the sequence 
DKVGINYW; and β-Lg f(33-42), with the sequence DAQSAPLRVY, produced ACE-
inhibition (see Table 4). Such peptides were then exposed to simulated gastrointestinal 
digestion: no peptide was able to keep its integrity, but even total hydrolysis to smaller 
peptides did not significantly compromise the overall ACE-inhibitory activity observed. In 
view of their ACE-inhibitory activities, both in the absence or following gastrointestinal 
digestion, peptides KGYGGVSLPEW and DAQSAPLRVY are expected to eventually exhibit 
notable antihypertensive activities in vivo [107]. 

6. Concluding remarks 

Processing of whey proteins yields several bioactive peptides able to trigger physiological 
effects in the human body. Such peptides, in concentrated form, can be commercially 
appealing because their claimed health-promoting features are nowadays an important 
driver for consumers’ food choices. Hence, they may constitute an excellent alternative for 
whey upgrade. Use of selective membranes to isolate, and eventually purify whey 
proteins and peptides has substantially increased the number and depth of studies 
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encompassing those molecules and their hydrolysates. The technology developed is not 
excessively expensive, and can easily be implemented in dairy plants – of either small or 
large dimension. Most whey peptides bearing biological activity are released by 
enzymatic hydrolysis, so new alternatives to enzymes of animal origin have been under 
scrutiny.  

This chapter focused on studies of whey peptides with antihypertensive activity – including 
their mechanisms of action (especially ACE inhibition), as well as the bioavailability of these 
peptides, and highlighting the main in vitro and in vivo results, as well as clinical trials in 
humans.  

Although a good deal of data have been generated encompassing food bioactive peptides, 
much is still left to do with whey peptides. Hence, several opportunities for further research 
exist, on incorporation of said ingredients in food products for human consumption. 
However, several scientific, technological and regulatory issues should be addressed before 
such peptide concentrates (and pure peptides) will have a chance to be marketed at large, 
aiming at both human nutrition and health. 

More detailed studies are indeed welcome for a better understanding of antihypertensive 
mechanisms. In particular, the antihypertensive activity should be checked with extra 
detail – including deep studies on the blood pressure-reducing mechanisms, such as the 
effects of peptides on neutral endopeptidases and their putative beneficial activity upon 
cardiovascular diseases. The pharmacological effect of said peptides should be 
determined both on post- and prejunctional receptors. More extensive clinical 
trials should also be performed – after thorough bioavailability studies in vitro, such as 
stability to gastrointestinal digestion and passage through the blood barrier, have taken 
place.  
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Results encompassing prior or subsequent hydrolysis of peptides showed that in vitro 
digestion controls bioavailability of ACE-inhibitor peptides [162, 278]  

Some authors used whey proteins, fermented (or not at all) with L. helveticus and 
Saccharomyces cerevisiae, and then subjected them to gastrointestinal digestion; they reached 
a maximum ACE-inhibitory activity, and unfermented samples were the most active. 
However, some peptides with in vivo antihypertensive activity – as is the sequence 
KVLPVPQ, and which did not show in vitro ACE-inhibitory activity, could be transformed 
to active forms via gastrointestinal digestion [282]. Simulation of digestion is also useful in 
studies of the mechanism of action of antihypertensive peptides with demonstrated in vivo 
activity. For example, Miguel [277] found that YAEERYPIL derived from ovalbumin – 
which is a powerful ACE-inhibitor (IC50 = 4.7 M) and exhibits antihypertensive activity, 
was susceptible to degradation by digestive enzymes; that peptide was indeed fully 
hydrolyzed during simulated gastrointestinal digestion, thus giving rise to fragments 
YAEER and YPI. Tests on mice showed that YAEER could not significantly lower blood 
pressure, but the peptide YPI exhibited a significant antihypertensive effect. This fragment 
may possibly be the active form hidden in the sequence YAEERYPIL, and may exert its 
action via a different mechanism of ACE-inhibition [285]. 

In vitro models provide useful information to assess the stability of bioactive peptides to 
different peptidases and proteinases of the body, yet transport across the intestinal barrier 
raises an extra resistance – so they have limitations. In vitro simulated digestion is in fact not 
entirely reliable; the degree of hydrolysis depends on the size, nature and neighborhood of 
the peptide [272], so in vivo studies (with laboratory animals and human volunteers) are 
eventually necessary to ascertain in full the behavior of the peptide. Another example is the 
release of potent ACE-inhibitory peptides from WPC brought about by aqueous extracts 
from the plant C. cardunculus. A peptide mixture – in which 3 peptides were pinpointed:  α-
La f(16-26), with the sequence KGYGGVSLPEW; α-La f(97-104), with the sequence 
DKVGINYW; and β-Lg f(33-42), with the sequence DAQSAPLRVY, produced ACE-
inhibition (see Table 4). Such peptides were then exposed to simulated gastrointestinal 
digestion: no peptide was able to keep its integrity, but even total hydrolysis to smaller 
peptides did not significantly compromise the overall ACE-inhibitory activity observed. In 
view of their ACE-inhibitory activities, both in the absence or following gastrointestinal 
digestion, peptides KGYGGVSLPEW and DAQSAPLRVY are expected to eventually exhibit 
notable antihypertensive activities in vivo [107]. 

6. Concluding remarks 

Processing of whey proteins yields several bioactive peptides able to trigger physiological 
effects in the human body. Such peptides, in concentrated form, can be commercially 
appealing because their claimed health-promoting features are nowadays an important 
driver for consumers’ food choices. Hence, they may constitute an excellent alternative for 
whey upgrade. Use of selective membranes to isolate, and eventually purify whey 
proteins and peptides has substantially increased the number and depth of studies 
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encompassing those molecules and their hydrolysates. The technology developed is not 
excessively expensive, and can easily be implemented in dairy plants – of either small or 
large dimension. Most whey peptides bearing biological activity are released by 
enzymatic hydrolysis, so new alternatives to enzymes of animal origin have been under 
scrutiny.  

This chapter focused on studies of whey peptides with antihypertensive activity – including 
their mechanisms of action (especially ACE inhibition), as well as the bioavailability of these 
peptides, and highlighting the main in vitro and in vivo results, as well as clinical trials in 
humans.  

Although a good deal of data have been generated encompassing food bioactive peptides, 
much is still left to do with whey peptides. Hence, several opportunities for further research 
exist, on incorporation of said ingredients in food products for human consumption. 
However, several scientific, technological and regulatory issues should be addressed before 
such peptide concentrates (and pure peptides) will have a chance to be marketed at large, 
aiming at both human nutrition and health. 

More detailed studies are indeed welcome for a better understanding of antihypertensive 
mechanisms. In particular, the antihypertensive activity should be checked with extra 
detail – including deep studies on the blood pressure-reducing mechanisms, such as the 
effects of peptides on neutral endopeptidases and their putative beneficial activity upon 
cardiovascular diseases. The pharmacological effect of said peptides should be 
determined both on post- and prejunctional receptors. More extensive clinical 
trials should also be performed – after thorough bioavailability studies in vitro, such as 
stability to gastrointestinal digestion and passage through the blood barrier, have taken 
place.  
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1. Introduction 
Hen’s egg has long history as a food. It contains a great variety of nutrients to sustain both 
life and growth. Egg provides an excellent, inexpensive and low calorie source of high-
quality proteins. Moreover, Eggs are a good source of several important nutrients including 
protein, total fat, monounsaturated fatty acids, polyunsaturated fatty acids, cholesterol, 
choline, folate, iron, calcium, phosphorus, selenium, zinc and vitamins A, B2, B6, B12, D, E 
and K [1]. Eggs are also a good source of the antioxidant carotenoids, lutein and zeaxanthin 
[2]. The high nutritional properties of eggs make them ideal for many people with special 
dietary requirements. 

Egg proteins are nutritionally complete with a good balance of essential amino acids which 
are needed for building and repairing the cells in muscles and other body tissues [3]. Egg 
proteins are distributed in all parts of the egg, but most of them are present in the egg white 
and egg yolk amounting to 50% and 40%, respectively. The remaining amount of protein is 
in the egg shell and egg shell membranes. 

In addition to excellent nutritional value, egg proteins have unique biological activities. 
Hyperimmunized hens could provide a convenient and economic source of specific 
immunoglobulin in their yolks (IgY) that have been found to be effective in preventing 
many bacteria and viruses infections [4]. Proteins in the egg white as lysozyme, 
ovotransferrin, and avidin have proven to exert numerous biological activities. Moreover, a 
specific protein in eggshell matrix shows unique activity; enhancement of calcium 
transportation in the human intestinal epithelial cells. 

It is well-known that egg proteins are a source of biologically active peptides. Many 
researches are aiming to unlock the hidden biological functions of peptides hidden in egg 
proteins. These peptides are inactive within the sequence of parent proteins and can be 
released during gastrointestinal digestion or food processing and exerting biological 
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[2]. The high nutritional properties of eggs make them ideal for many people with special 
dietary requirements. 
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are needed for building and repairing the cells in muscles and other body tissues [3]. Egg 
proteins are distributed in all parts of the egg, but most of them are present in the egg white 
and egg yolk amounting to 50% and 40%, respectively. The remaining amount of protein is 
in the egg shell and egg shell membranes. 

In addition to excellent nutritional value, egg proteins have unique biological activities. 
Hyperimmunized hens could provide a convenient and economic source of specific 
immunoglobulin in their yolks (IgY) that have been found to be effective in preventing 
many bacteria and viruses infections [4]. Proteins in the egg white as lysozyme, 
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activities. Once bioactive peptides are liberated, they may act as regulatory compounds, and 
exhibit various activities such as anti-hypertensive, bone growth promoting, anticancer or 
exaggerated antimicrobial activities. 

For development of bioactive peptides from parent proteins, following techniques have 
been conventionally used; the establishment of an assay system of biological activities, 
hydrolysis of proteins by digestive enzymes, isolation of peptides, determination of 
structures and synthesis of peptides. Recently, bioengineer technique; synthesis of peptides 
within egg proteins based on sequence similarities of peptides having known biological 
activity, has been used. The functional characteristics of either natural or modified egg 
proteins and the use of eggs components as “functional ingredients” are relatively new 
applications. A truly impressive volume of researches is now available for the egg industry 
to apply these new applications. Herein, some aspects concerning biologically functional 
egg proteins or peptides, biochemical and physiological properties as well as possible 
applications of egg proteins or peptides are discussed. 

2. Egg yolk bio proteins 

The major portion of egg yolk exists as lipoproteins, which can be separated by 
centrifugation into a plasma fraction (which remains soluble) and a granular fraction (which 
precipitates). Lipovitellenin, lipovitellin, phosvitin, livetin, yolk immunoglobulins (IgY), and 
some minor components have been isolated and identified in egg yolk. 

2.1. Lipoproteins 

Low density lipoprotein (LDL), which contains between 80 and 90% lipids, characterized by 
its emulsifying capacity. LDL is the major protein in egg yolk, accounting for 70% of yolk 
proteins. When LDL is treated with ether, residual fraction is referred to lipovitellenin 
containing 40% lipid. [5]. Shinohara et al. (1993) studied the effect of some constituents of 
egg yolk lipoprotein on the growth and IgM production of human-human hybridoma cells 
and other human-derived cells [6]. LDL-rich fractions were found to enhance the growth 
and IgM secretion of HB4C5 cells. The promoting activity was found in the commercial 
LDL. 

High density lipoprotein (HDL) or lipovitellin comprise about one sixth of egg yolk solids in 
the granular yolk proteins. It has a molecular weight of 4X105 and composed of 80% protein 
and 20% lipid. HDL exists as a complex with a phosphoprotein referred to phosvitin [5]. The 
addition of one or two eggs a day to a healthy person's diet does not adversely affect 
lipoprotein levels, and can actually increase plasma HDL levels [1]. 

2.2. Phosvitin 

The name phosvitin comes from both its high phosphorus content (10%) and its source in 
the egg yolk. The emulsification properties of phosvitin, particularly emulsion-stabilizing 
activity, were found to be higher than those of other food proteins. Phosvitin is water 
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insoluble but under low ionic strength and acidic conditions, it becomes soluble and can 
become complex with various metal ions (e.g. Ca++, Mg++, Mn++, Co++, Fe++ and Fe+++) [5]. It 
could be used as a potent natural antioxidant on the basis of its potential to inhibit metal-
catalyzed lipid oxidation [7]. The conjugation of egg yolk phosvitin with galactomannan 
produces a novel macromolecular antioxidant with significantly improved emulsifying 
activity and emulsion-stabilizing activity [8]. The antibacterial activity of phosvitin has been 
investigated against Escherichia coli and suggested that a significant part of the bactericidal 
activity of phosvitin could be attributed to the synergistic effects of the high metal-chelating 
ability and the high surface activity under the influence of thermal stress [9]. Phosvitin and 
the phosvitin-galactomannan conjugate may represent safe anti-bacterial agents for foods. 

2.3. Vitamin-binding protein 

A riboflavin-binding protein exists in the egg yolk. It is a hydrophilic phosphoglycoprotein 
with a molecular weight of 3.6x106 Da, and it can conjugate one mole of riboflavin per mole 
of apoprotein. Also, biotin and cobalamin-binding proteins could be found in egg yolk. 

2.4. Livetin 

Livetin is a water-soluble, non-lipid, globular glycoprotein, which is immunologically 
analogous to the plasma proteins of mammals. α-Livetin is analogous to serum albumin, β-
livetin to 2-glycoprotein and γ-livetin to γ-globulin [10]. Most of the research effort has been 
focused on the immune proteins found in the egg yolk (IgY). Recent advances in IgY 
technology will be discussed. 

2.5. Egg yolk immunoglobulin (IgY) 

Immunoglobulin from yolk (IgY) is the major antibody found in hen eggs. In 1893, 
Klemperer first described the acquisition of passive immunity in birds, by demonstrating 
the transfer of immunity against tetanus toxin from the hen to the chick [11]. Three 
immunoglobulin classes analogues to the mammalian immunoglobulin classes; IgA, IgM, 
and IgG, have been shown to exist in chicken. In the egg, IgA and IgM are present in the egg 
white, while IgG is present in the egg yolk [12]. IgG in egg yolk has been referred to as IgY 
to distinguish it from its mammalian counterpart [13].    

The concentration of IgY in the yolk is essentially constant (10-20 mg/mL) through the 
oocyte maturation. Approximately 100-400 mg IgY is packed in an egg. The concentration of 
IgY in the yolk is 1.23 times to the serum concentration [14]. A delay of 3 to 4 days is 
observed for the appearance of specific IgY in yolk after first appearance of specific IgG in 
the serum of a hen. 

2.5.1. Structure and Characteristics of Avian IgY Versus Mammalian IgG 

Composition differences. General structure of IgY molecule is the same as mammalian IgG 
with 2 heavy (Hv) chains with a molecular mass of 67–70 kDa each and two light (L) chains 
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insoluble but under low ionic strength and acidic conditions, it becomes soluble and can 
become complex with various metal ions (e.g. Ca++, Mg++, Mn++, Co++, Fe++ and Fe+++) [5]. It 
could be used as a potent natural antioxidant on the basis of its potential to inhibit metal-
catalyzed lipid oxidation [7]. The conjugation of egg yolk phosvitin with galactomannan 
produces a novel macromolecular antioxidant with significantly improved emulsifying 
activity and emulsion-stabilizing activity [8]. The antibacterial activity of phosvitin has been 
investigated against Escherichia coli and suggested that a significant part of the bactericidal 
activity of phosvitin could be attributed to the synergistic effects of the high metal-chelating 
ability and the high surface activity under the influence of thermal stress [9]. Phosvitin and 
the phosvitin-galactomannan conjugate may represent safe anti-bacterial agents for foods. 

2.3. Vitamin-binding protein 

A riboflavin-binding protein exists in the egg yolk. It is a hydrophilic phosphoglycoprotein 
with a molecular weight of 3.6x106 Da, and it can conjugate one mole of riboflavin per mole 
of apoprotein. Also, biotin and cobalamin-binding proteins could be found in egg yolk. 

2.4. Livetin 

Livetin is a water-soluble, non-lipid, globular glycoprotein, which is immunologically 
analogous to the plasma proteins of mammals. α-Livetin is analogous to serum albumin, β-
livetin to 2-glycoprotein and γ-livetin to γ-globulin [10]. Most of the research effort has been 
focused on the immune proteins found in the egg yolk (IgY). Recent advances in IgY 
technology will be discussed. 

2.5. Egg yolk immunoglobulin (IgY) 

Immunoglobulin from yolk (IgY) is the major antibody found in hen eggs. In 1893, 
Klemperer first described the acquisition of passive immunity in birds, by demonstrating 
the transfer of immunity against tetanus toxin from the hen to the chick [11]. Three 
immunoglobulin classes analogues to the mammalian immunoglobulin classes; IgA, IgM, 
and IgG, have been shown to exist in chicken. In the egg, IgA and IgM are present in the egg 
white, while IgG is present in the egg yolk [12]. IgG in egg yolk has been referred to as IgY 
to distinguish it from its mammalian counterpart [13].    

The concentration of IgY in the yolk is essentially constant (10-20 mg/mL) through the 
oocyte maturation. Approximately 100-400 mg IgY is packed in an egg. The concentration of 
IgY in the yolk is 1.23 times to the serum concentration [14]. A delay of 3 to 4 days is 
observed for the appearance of specific IgY in yolk after first appearance of specific IgG in 
the serum of a hen. 

2.5.1. Structure and Characteristics of Avian IgY Versus Mammalian IgG 

Composition differences. General structure of IgY molecule is the same as mammalian IgG 
with 2 heavy (Hv) chains with a molecular mass of 67–70 kDa each and two light (L) chains 
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with the molecular mass of 25 kDa each (Figure 1). The major difference is the number of 
constant regions (C) in H chains: IgG has 3 C regions (Cy1–Cy3), while IgY has 4 C regions 
(Cv1–Cv4). Due to occurrence of one additional C region with two corresponding 
carbohydrate chains, molecular mass of IgY (180 kDa) is larger than mammalian IgG (150 
kDa). IgY is less flexible than mammalian IgG due to the absence of the hinge between Cy1 
and Cy2. There are some regions in IgY (near the boundaries of Cv1–Cv2 and Cv2–Cv3) 
containing proline and glycine residues enabling only limited flexibility. IgY has isoelectric 
point 5.7–7.6 and is more hydrophobic than IgG [13, 15].  

 
Figure 1. Structure of IgG and IgY. 

Advantage of IgY. Most biological effectors’ functions of immunoglobulin are activated by the 
Fc region, where the major structural difference between IgG and IgY is located. Therefore, 
Fc-dependent functions of IgY are essentially different from those of mammalian IgG. First, 
IgY does not activate the complement system[16], second, IgY does not bind to protein-A 
and G [17], third, IgY is not recognized by mammalian antibodies [18] i.e. rheumatoid 
factors (RF, an autoantibody reacting with the Fc portion of IgG) or HAMA (human anti-
murine antibodies), and fourth, it does not bind to cell surface Fc receptor [19]. These 
differences in molecular interactions bring great advantages to the application of IgY 
antibodies. Then that were IgY has been successfully applied into a variety of methods in 
different areas of research, diagnostics, and medical areas. For these applications, IgY can 
successfully compete with antibodies (IgG) isolated from the blood of mammals [20]. The 
advantage of usage of the immunized hen is that it produces a large number of eggs. 
Approximately 40g of IgY could be collected from egg of one hen each year, compared with 
about 1.3g from blood of one rabbit [21]. An industrial scale production of IgY is possible 
because of the availability of large number of chicken farms and automation of egg breaking 
and processing. 

2.5.2. Applications and uses of IgY 

Oral administration of antibodies specific to host pathogens is an attractive approach to 
establish protective immunity, especially against gastrointestinal pathogens both in human 
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and animals. Eggs are normal dietary components and there is practically no risk of toxic 
side effects of IgY given orally. As mentioned above, IgY does not activate mammalian 
complement system nor interact with mammalian Fc-receptors that could mediate 
inflammatory response in the gastrointestinal tract.  

On the basis of these facts, IgY has been used for suppression of growth of food-bone 
pathogens [11]. Whole egg yolks and water soluble fractions were prepared from the egg of 
the hens that had been immunized with pathogens such as E. coli O157:H7, Salmonella 
enteritidis, Salmonella typhimurium, Campylobacter jejuni, Staphylococcus aureus, and Listeria 
monocytogenes. It has been demonstrated that pathogen-specific IgY is bound to the surface 
of bacteria, resulting in structural alterations of cell wall and consequently kills bacteria. 
Sarker et al. (2001) performed a study for children with proven rotavirus diarrhea. The 
patients were treated with IgY from the eggs of chickens immunized with human rotavirus 
strains [22]. The treatment moderated diarrhea, which was characterized by an earlier 
clearance of rotavirus from the stools. Recently, IgY has been applied to cancer therapy. 
Hens were immunized with an antigen purified from human stomach cancer cells. The 
purified IgY recognized gastrointestinal cancer cells. Conjugation of antibodies and drugs 
may be an important agent for cancer treatment [23].  

These IgY treatments have been shown to provide a safer, more efficient and less expensive 
method than those using conventional mammalian antibiotics for managing disease-causing 
pathogens. Recently, successful progresses in industrialization of IgY has been achieved in 
Japan, where IgY as a bioactive ingredient in food, nutraceuticals, cosmetics and other 
sectors is applied . The followings are the most recent applications. 

2.5.2.1. Anti-Helicobacter pylori IgY 

Helicobacter pylori, a spiral gram-negative microaerophilic pathogen, has been shown to be a 
common inhabitant of the gastric and duodenal mucosa. The microorganism is recognized 
as one of the most prevalent human pathogens. It infects over 50% of the population 
worldwide [24], and is recognized as the etiologic agent of gastritis, peptic ulcer, and has 
been linked to the development of gastric adenocarcinoma and mucosa associated lymphoid 
tissue lymphoma [25, 26]. The eradication of H. pylori by administration of oral 
antimicrobials is not always successful and may be associated with adverse effects [27]. For 
colonization in gastric mucosa, H. pylori abundantly produces urease enzyme, which 
degrades urea into ammonia. Helicobacter pylori organism uses the ammonia to neutralize 
microenvironment in gastric mucosa. Accordingly, a novel approach in prevention and 
reduction of H. pylori infection using urease-specific IgY has been developed. It has been 
reported that oral administration of anti-H. pylori urease IgY (IgY-urease) could suppress the 
bacterial colonization. 

Preparation of IgY-Urease Yogurt. Today, consumers prefer foods that promote good health 
and could reduce risk of diseases. Dairy products are excellent media to generate an array of 
products that fit into the current consumer demand for functional foods [28]. Scientific and 
clinical evidence is mounting to corroborate the consumer perception of health from yogurt. 
Designing a yogurt fortified with IgY-urease could supply passive immunization with a 
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and animals. Eggs are normal dietary components and there is practically no risk of toxic 
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inflammatory response in the gastrointestinal tract.  

On the basis of these facts, IgY has been used for suppression of growth of food-bone 
pathogens [11]. Whole egg yolks and water soluble fractions were prepared from the egg of 
the hens that had been immunized with pathogens such as E. coli O157:H7, Salmonella 
enteritidis, Salmonella typhimurium, Campylobacter jejuni, Staphylococcus aureus, and Listeria 
monocytogenes. It has been demonstrated that pathogen-specific IgY is bound to the surface 
of bacteria, resulting in structural alterations of cell wall and consequently kills bacteria. 
Sarker et al. (2001) performed a study for children with proven rotavirus diarrhea. The 
patients were treated with IgY from the eggs of chickens immunized with human rotavirus 
strains [22]. The treatment moderated diarrhea, which was characterized by an earlier 
clearance of rotavirus from the stools. Recently, IgY has been applied to cancer therapy. 
Hens were immunized with an antigen purified from human stomach cancer cells. The 
purified IgY recognized gastrointestinal cancer cells. Conjugation of antibodies and drugs 
may be an important agent for cancer treatment [23].  

These IgY treatments have been shown to provide a safer, more efficient and less expensive 
method than those using conventional mammalian antibiotics for managing disease-causing 
pathogens. Recently, successful progresses in industrialization of IgY has been achieved in 
Japan, where IgY as a bioactive ingredient in food, nutraceuticals, cosmetics and other 
sectors is applied . The followings are the most recent applications. 
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Helicobacter pylori, a spiral gram-negative microaerophilic pathogen, has been shown to be a 
common inhabitant of the gastric and duodenal mucosa. The microorganism is recognized 
as one of the most prevalent human pathogens. It infects over 50% of the population 
worldwide [24], and is recognized as the etiologic agent of gastritis, peptic ulcer, and has 
been linked to the development of gastric adenocarcinoma and mucosa associated lymphoid 
tissue lymphoma [25, 26]. The eradication of H. pylori by administration of oral 
antimicrobials is not always successful and may be associated with adverse effects [27]. For 
colonization in gastric mucosa, H. pylori abundantly produces urease enzyme, which 
degrades urea into ammonia. Helicobacter pylori organism uses the ammonia to neutralize 
microenvironment in gastric mucosa. Accordingly, a novel approach in prevention and 
reduction of H. pylori infection using urease-specific IgY has been developed. It has been 
reported that oral administration of anti-H. pylori urease IgY (IgY-urease) could suppress the 
bacterial colonization. 

Preparation of IgY-Urease Yogurt. Today, consumers prefer foods that promote good health 
and could reduce risk of diseases. Dairy products are excellent media to generate an array of 
products that fit into the current consumer demand for functional foods [28]. Scientific and 
clinical evidence is mounting to corroborate the consumer perception of health from yogurt. 
Designing a yogurt fortified with IgY-urease could supply passive immunization with a 
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natural and highly specific attempt to decrease the H. pylori infection. In order to suppress 
H. pylori infection, a yogurt fortified with IgY-urease has been designed and developed. 
Three clinical studies were done to examine the efficacy of a specially designed functional 
yogurt containing IgY-urease on the suppression of H. pylori in humans. IgY-urease 
containing yogurt (plain and drinking) have been prepared and in markets in Japan, Korea, 
and Taiwan (Figure 2). IgY-urease was pasteurized and then added to yogurt mix at specific 
dose after all heat-treatment steps. Yogurts were cooled and stored at 4° C for up to 3 weeks. 
IgY-urease activity remained in the product throughout the 3 weeks of storage.  

 
Figure 2. Different IgY-urease yogurt products in Japan, Korea, and Taiwan.   

 
Figure 3. UBT Value Change of volunteers（clinical study in Japan). 
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Clinical studies. Plain yogurt containing 2g IgY-urease egg yolk was produced 
commercially in Japan. A clinical study was conducted to determine the effect of IgY-
urease yogurt to decrease H. pylori in humans [29]. To assess presence of H. pylori in 
stomach, UBT method has been extensively used. This method based on the invasive 
detection of exhaled 13C-labeled carbon dioxide resulting from H. pylori urease activity 
[30]. One hundred seventy-four volunteers were screened using a 13C-urea breath test 
(UBT). Heavily infected volunteers (with UBT values over 30‰) were selected (16 
subjects) and recruited. Each volunteer consumed 1 cups of yogurt twice daily (4 g/d egg 
yolk containing 40 mg IgY-urease) for 12 wk. Volunteers were tested after 4, 8 and 12 
weeks. The UBT values obtained at week 8 and 12 were significantly different from those 
obtained at week 0 (P < 0.001), showing a 55.1% and 57.2% reduction in UBT values after 8 
and 12 weeks, respectively (Figure 4). Other clinical studies using IgY-urease containing 
drinking yogurt were carried out in Taiwan [31] and Korea [32] showed nearly similar 
results. 

The three different studies demonstrated that administration of a specially designed yogurt 
with highly specific antibodies from egg yolk could effectively decreases number of H. pylori 
in humans. During the study period of the three clinical studies, the ingestion regimen was 
well-tolerated and no adverse effects or any complications were observed.  

The use of probiotics for the suppression of H. pylori in humans has been studied by some 
investigators [33, 34]. However, none of these studies were able to show a significant 
suppression of H. pylori in humans, and others showed a slight but no significant trend 
toward a suppressive effect of drinking yogurt containing specific lactic acid bacteria. Anti-
H. pylori effect of yogurt containing specific lactic acid bacteria has been examined. 
However, no significant reduction of H. pylori in human stomach has been observed, 
although trend for decrease was observed [35, 36]. 

The use of IgY against a pathogenic factor of H. pylori would be a prudent way to 
suppress the infection. It was demonstrated that IgY-urease was highly specific and had a 
significant effectiveness against H. pylori because of its ability to inhibit H. pylori from 
adhering to the gastric mucosa [4, 37, 38]. Because IgY-urease binds urease only, the 
functional efficacy observed was presumably via capture of bacterium-associated urease 
within the gastric mucus layer, which resulting in bacterial aggregation and clearance via 
the constant washing action of the gut. By such a mechanism, consumption of IgY-urease 
yogurt may play a dual role in suppression and prophylaxis against H. pylori in humans 
(Figure 4). 

These findings opened new gate of applications of IgY-urease against H. pylori in the food 
industry to prevent H. pylori. Recently, a specially designed egg containing IgY-urease was 
produced in Japan. This egg has been on the Japanese market under a trade name of 
“stomach friendly egg”. Moreover, IgY-urease was incorporated in neutraceutical 
formulations that launched recently in the Japanese market aiming to prevent and reduce H. 
pylori infection.  
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Figure 4. Suppressive mechanism of anti-H. pylori urease IgY. 

2.5.2.2. Anti-Streptococcus mutans IgY 

Dental caries is still one of the most widespread diseases of mankind. Human are frequently 
infected with cariogenic microorganisms in early life. The cariogenic microorganisms 
survive in dental biofilm and can emerge under favorable environmental condition and 
consequently cause dental disease [39]. Streptococcus mutans is the main etiologic agent of 
dental caries and that infection is transmissible [40]. Abilities of mutants’ streptococci to 
adhere tooth surface in the presence of sucrose and release acids by fermention play a 
significant role in development of dental caries [41]. Initial attachment of S. mutans to the 
saliva-coated enamel surface occurs through the surface protein of S. mutans.  For the 
colonization of S. mutans, synthesis of water-insoluble and adherent glucan from sucrose by 
the glucosyl transferases (GTases) is essential.  Streptococcus mutans produces both cell-
associated (CA) and cell-free (CF) forms of GTase; the former primarily synthesizes water-
insoluble glucan, while the latter produces water soluble glucan. The combined action of 
these two GTases on the cell surface of   S. mutans during its growth in the presence of 
sucrose is critically important in allowing firm adherence. The GTase system of S. mutans 
has therefore been considered an important virulence factor promoting caries development. 
Administration of IgY against S. mutans CA-GTase specifically inhibited insoluble glucan-
synthesizing CA-GTase, resulting in a significant reduction in the development of dental 
caries. Otake et al. (1991) reported that anti-S. mutans CA-GTase IgY suppressed 
development of dental carries in rat model [42]. Hatta et al. (1997) reported that the 
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effectiveness of IgY with specificity to S. mutans prevented the colonization of mutans 
streptococci in the oral cavity of humans [43]. Recently, food products such as candies, 
chocolates and gums containing fourth- or anti-S. mutans IgY have been launched in the 
Japanese market for oral care [37]. 

2.5.2.3. Anti-Influenza virus IgY (Anti-influenza biofilter) 

Influenza caused by a virus is called the influenza virus. Influenza or "flu" is an infection of 
the respiratory tract that can affect millions of people every year. It is highly contagious and 
occurs mainly in the late fall, winter, or early spring. Influenza is spread from person-to-
person through mists or sprays of infectious respiratory secretions caused by coughing and 
sneezing. Influenza affects all age groups and causes severe illness, loss of school and work, 
and complications such as pneumonia, hospitalization, and death. 

Recently, specific anti-influenza IgY was successfully produced from hens immunized with 
inactivated influenza virus strain. This specific IgY significantly reacts virus in vitro [44]. 
Subsequently, an anti-influenza IgY biofilter which trap the influenza virus has been 
developed by Daikin Environment Laboratories, Japan, a research arm of Daikin Industries, 
in cooperation with five Japanese research institutions. It was found that 99.99% of the 
influenza virus sprayed over the biofilter was captured within 10 minutes. An air cleaner 
with anti-influenza filter is recently launched in Japan (Figure 5 and 6). Moreover, a 
facemask with anti-influenza IgY was developed and will be available in the Japanese 
market. 

 
Figure 5. Diagram for the Anti-influenza IgY biofilter. 
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Figure 6. An air cleaner with anti-Influenza virus biofilter available in Japanese market. 

2.5.2.4. Future prospects of IgY applications 

Many research activities and proposals are going on in order to provide new applications 
for IgY technology. An anti-Bacteriodes gengivalis is under development for improving the 
oral health. For cosmetics sector, IgY against Propionibacterium acnes and its lipases has been 
developed to prevent and treat acne that is the most common skin disease [45]. For the 
medical sector, many researchers are working on using transgenic chicken to produce 
human antibodies in the transgenic hen's eggs in the form of IgY to help for treating human 
diseases.  

3. Egg yolk bio peptides 

Recently, it has become clear that proteins are a source for biologically active peptides. 
These peptides are inactive within the sequence of parent protein and can be released 
during gastrointestinal digestion or food processing. Egg yolk proteins could be an 
important source of bioactive peptides. The resultant peptides could show biologically new 
function with improved stability and/or solubility. In this section, some biologically 
functional egg yolk derived peptides are introduced and their underlying mechanisms are 
discussed. 

3.1. Lipovitellenin peptide 

Vitellenin is the apoprotein of lipovitellenin. Digestion of vitellenin with pronase gives two 
glycopeptides. Glycopeptide A has high content of sialic acid and glycopeptide B contains 
most of the carbohydrates of vitellenin but devoid of sialic acid (N-Acetylneuraminic acid). 
Sialic acid is naturally occurring carbohydrate with numerous biological functions, 
including blood protein half-life regulation, variety of toxin neutralization, regulation of 
cellular adhesion and glycoprotein lytic protection. 
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3.2. Phosvitin peptide 

Phosvitin phosphopeptides are new functional bioactive peptides derived from egg yolk 
with molecular masses of 1-3 kDa prepared from tryptic hydrolysate by partial 
dephosphorylation [46]. The phosvitin phosphopeptides were shown to be effective for 
enhancing the calcium binding capacity and inhibiting the formation of insoluble calcium 
phosphate. The results suggest a potential application of phosvitin peptides as novel 
functional peptides for the prevention of osteoporosis. 

3.3. Egg yolk bone peptides (Bonepep®) 

Hen egg turns into a full skeleton chick within 3 weeks; based on this fact, some 
investigations were carried out to explore the biologically active substances in hen egg that 
would initiate and enhance bone growth. It has been found that a specific yolk water-soluble 
protein (YSP) has a bone growth promotion activity in vitro [47] and in vivo [48]. These 
findings encouraged to search the functional yolk peptides that would promote bone 
growth. Different enzymes were used to hydrolyze YSP and the effect of the peptide 
preparations on osteoblast MC3T3-E1 cell proliferation was investigated. A novel peptides 
preparation (Bonepep®) with bone growth promotion activity was obtained. An in vitro 
study showed that Bonepep enhances the osteoblast MC3T3-E1 cell proliferation (Figure 7). 
Furthermore, an in vivo study showed that it promotes the elongation of rat tibia bone [49]. 
Compared with control and YSP fed rats; rats fed on Bonepep® showed marked and 
significant increase of chondrocytes proliferation and the bone formation in the tibia and 
consequently significantly increased elongation of their bone.  
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Figure 7. Promotion of osteoblast MC3T3-E1 cell proliferation by Bonepep®. 
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Figure 6. An air cleaner with anti-Influenza virus biofilter available in Japanese market. 
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most of the carbohydrates of vitellenin but devoid of sialic acid (N-Acetylneuraminic acid). 
Sialic acid is naturally occurring carbohydrate with numerous biological functions, 
including blood protein half-life regulation, variety of toxin neutralization, regulation of 
cellular adhesion and glycoprotein lytic protection. 
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4. Egg white bio proteins 

Well-known biological functions of egg white proteins are the prevention of 
microorganisms’ penetration into the yolk and supply of nutrients to the embryo during the 
late stages of development. Most of the egg white proteins appear to possess antimicrobial 
properties or certain physiological functions to interfere with the growth and spread of 
invading microorganisms.  

Most of egg white proteins are soluble and can easily be isolated. Egg white contains 
approximately 40 different proteins. Egg white proteins possess unique functional 
properties, such as antimicrobial, enzymatic and anti-enzymatic, cell growth stimulatory, 
metal binding, vitamin binding, and immunological activities [50]. 

4.1. Ovalbumin 

Ovalbumin is a predominant protein contributing to the functional properties of egg white 
[51]. Ovalbumin is a monomeric phosphoglycoprotein with a molecular weight of 44.5 kDa 
and an isoelectric point of 4.5. Ovalbumin is a key reference protein in biochemistry. As a 
carrier, stabilizer, blocking agent or standard, highly purified ovalbumin has served the 
fundamentalists as well as the food industry. It has long been the subject of physical and 
chemical studies as a convenient protein model. 

It is believed that ovalbumin, especially its unphosphorylated form, serves as a source of 
amino acids for the developing embryo. Despite the intensive investigations undertaken on 
ovalbumin, its function remains largely unknown. Ovalbumin is the only egg white protein 
which contains free sulfhydryl groups. The complete amino acid sequence of hen ovalbumin 
(which comprises 385 residues) and its crystal structure have been reported [52]. The 
unexpected finding that this protein belongs to the serpin superfamily has stimulated new 
interest in the structure and function of ovalbumin. The serpins are a family of more than 
300 homologous proteins with diverse functions found in animals, plants, insects and 
viruses, but not in prokaryotes [53]. They include the major serine protease inhibitors of 
human plasma that control enzymes of the coagulation, fibrinolytic, complement and kinin 
cascades, as well as proteins without any known inhibitory properties such as hormone 
binding globulins, angiotensinogen and ovalbumin [54].  

4.2. Ovotransferrin 

Ovotransferrin (also known as conalbumin) has been identified as the iron-binding protein 
from avian egg white. Ovotransferrin, which constitutes 12% of the egg white protein, has a 
molecular weight of 77.7 kDa and a pI of about 6.1. It contains 686 amino acid residues and 
has 15 disulfide bridges [55]. It is glycosylated and contains a single glycan chain (composed 
of mannose and N-acetylglucosamine residues) in the C-terminal domain. Ovotransferrin is 
a neutral glycoprotein synthesized in the hen oviduct and deposited in the albumen fraction 
of eggs. Furthermore, it has two similar domains in N and C terminal regions, each one 
binding one atom of transition metal (Fe+++, Cu++, Al+++) very tightly and specifically [55]. It is 
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implicated in the transport of iron in a soluble form to the target cells. The recognition of 
transferrin molecules by the target cells is mediated by membrane-bound transferrin 
receptors [56]. The significant structural similarities between lactoferrin and ovotransferrin 
justify the similarity of their biological roles. Ovotransferrin can be used as a nutritional 
ingredient in iron fortified products such as iron supplements, iron-fortified mixes for 
instant drinks, sport bars, protein supplements and iron-fortified beverages. 

There is also extensive evidence of an antibacterial effect of ovotransferrin based on iron 
deprivation, iron being an essential growth factor for most microorganisms. The high 
affinity of transferrins for iron means that, in the presence of unsaturated transferrin 
(apotransferrin), iron will be sequestered and rendered unavailable for the growth of 
microorganisms. In vivo, ovotransferrin has been shown to have therapeutic properties 
against acute enteritis in infants [57]. 

4.3. Lysozyme 

The name lysozyme was originally used to describe an enzyme which had lytic action 
against bacterial cells. Lysozyme is one of the oldest egg components to be utilized 
commercially after it was discovered by Alexander Fleming in 1922. It is a bacteriolytic 
enzyme commonly found in nature and is present in almost all secreted body fluids and 
tissues of humans and animals. It has also been isolated from some plants, bacteria and 
bacteriophages. Avian egg white is a rich and easily available source of lysozyme. 

The lysozyme content of a laying hen’s blood is 10-fold higher than in mammals because it 
is being transferred to the egg white. Lysozyme constitutes approximately 3.5% of hen egg 
white [50]. Egg white lysozyme consists of 129 amino acid residues with a molecular weight 
of 14.4 kDa. Because of its basic character, lysozyme binds to ovomucin, transferrin or 
ovalbumin in egg white [58]. In nature, lysozyme is found mainly as a monomer but it has 
been reported to also exist as a reversible dimer, which can be evoked by pH, concentration 
and/or temperature-dependent phase transition of the molecule. 

It has long been believed that lysozyme’s antimicrobial action could only be attributed to its 
catalytic effect on certain Gram-positive bacteria, by splitting the bond between N-
acetylmuramic acid and N-acetyl-glucosamine of peptidoglycan in the bacterial cell wall 
[59]. Beside this well-known inactivation mechanism, a non enzymatic antibacterial mode of 
action of lysozyme was achieved by denatured form of lysozyme without enzymatic action. 

Lysozyme demonstrates antimicrobial activity against a limited spectrum of bacteria and 
fungi [60]. However, the antimicrobial activity of lysozyme is greater for certain Gram-
positive bacteria. On the other hand, Gram-negative bacteria are less susceptible to the 
bacteriolytic action of the enzyme [61]. The cell walls of different bacteria show varying 
degrees of susceptibility to digestion with hen egg white lysozyme. The walls of Micrococcus 
lysodeikticus were the most sensitive and the walls of Staphylococci were the less sensitive to 
the bacteriolytic action of lysozyme. Among Gram-negative bacteria, the walls of Salmonella 
and Shigella were the most sensitive whereas those of E.coli, Vibrio and Proteus were much 
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implicated in the transport of iron in a soluble form to the target cells. The recognition of 
transferrin molecules by the target cells is mediated by membrane-bound transferrin 
receptors [56]. The significant structural similarities between lactoferrin and ovotransferrin 
justify the similarity of their biological roles. Ovotransferrin can be used as a nutritional 
ingredient in iron fortified products such as iron supplements, iron-fortified mixes for 
instant drinks, sport bars, protein supplements and iron-fortified beverages. 

There is also extensive evidence of an antibacterial effect of ovotransferrin based on iron 
deprivation, iron being an essential growth factor for most microorganisms. The high 
affinity of transferrins for iron means that, in the presence of unsaturated transferrin 
(apotransferrin), iron will be sequestered and rendered unavailable for the growth of 
microorganisms. In vivo, ovotransferrin has been shown to have therapeutic properties 
against acute enteritis in infants [57]. 

4.3. Lysozyme 

The name lysozyme was originally used to describe an enzyme which had lytic action 
against bacterial cells. Lysozyme is one of the oldest egg components to be utilized 
commercially after it was discovered by Alexander Fleming in 1922. It is a bacteriolytic 
enzyme commonly found in nature and is present in almost all secreted body fluids and 
tissues of humans and animals. It has also been isolated from some plants, bacteria and 
bacteriophages. Avian egg white is a rich and easily available source of lysozyme. 

The lysozyme content of a laying hen’s blood is 10-fold higher than in mammals because it 
is being transferred to the egg white. Lysozyme constitutes approximately 3.5% of hen egg 
white [50]. Egg white lysozyme consists of 129 amino acid residues with a molecular weight 
of 14.4 kDa. Because of its basic character, lysozyme binds to ovomucin, transferrin or 
ovalbumin in egg white [58]. In nature, lysozyme is found mainly as a monomer but it has 
been reported to also exist as a reversible dimer, which can be evoked by pH, concentration 
and/or temperature-dependent phase transition of the molecule. 

It has long been believed that lysozyme’s antimicrobial action could only be attributed to its 
catalytic effect on certain Gram-positive bacteria, by splitting the bond between N-
acetylmuramic acid and N-acetyl-glucosamine of peptidoglycan in the bacterial cell wall 
[59]. Beside this well-known inactivation mechanism, a non enzymatic antibacterial mode of 
action of lysozyme was achieved by denatured form of lysozyme without enzymatic action. 

Lysozyme demonstrates antimicrobial activity against a limited spectrum of bacteria and 
fungi [60]. However, the antimicrobial activity of lysozyme is greater for certain Gram-
positive bacteria. On the other hand, Gram-negative bacteria are less susceptible to the 
bacteriolytic action of the enzyme [61]. The cell walls of different bacteria show varying 
degrees of susceptibility to digestion with hen egg white lysozyme. The walls of Micrococcus 
lysodeikticus were the most sensitive and the walls of Staphylococci were the less sensitive to 
the bacteriolytic action of lysozyme. Among Gram-negative bacteria, the walls of Salmonella 
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less sensitive [59]. The susceptibility differences are believed to be due to the complex 
envelope structure of Gram-negative bacteria such as E.coli or Salmonella typhimurium. The 
outer membrane serves to reduce the access of lysozyme to its site of action (peptidoglycan 
layer). 

4.3.1. Molecular modification for functional improvement 

Lipophilization. A number of chemical modifications of lysozyme have been undertaken to 
increase its efficacy as an antimicrobial agent. The effect of lipophilization with long chain 
fatty acids (palmitic or stearic acid) and shorter chain saturated fatty acids (caproic, capric or 
myristic acid) on the bactericidal action of lysozyme was investigated [62]. Lipophilization 
broadened the bactericidal action of lysozyme to Gram-negative bacteria with little loss of 
enzymatic activity [63]. 

Glycosylation. It is one of the most promising techniques, involves the attachment of 
carbohydrate chains to lysozyme. Glycosylation produces more stable proteins with 
improved conformational stability, protease resistance, modulated charge effects and water-
binding capacity [64]. Conjugation of lysozyme with dextran by Maillard reaction increases 
antimicrobial activity. In addition, emulsifying activity of the conjugate was approximately 
30 times that of native lysozyme [65]. Extending the function of lysozyme by conjugation 
with food compounds gives a novel and potentially useful bi-functional food additive. 
Similarly, hen egg lysozyme conjugated with xyloglucan hydrolysates; totally conserved 
enzymatic activity of lysozyme and increased the emulsifying properties 5 times higher than 
that of the native protein [66]. An antibacterial emulsifier was prepared by conjugating a 
fatty acylated saccharide with lysozyme through the Maillard reaction; the conjugate 
exhibited considerable resistance to proteolysis and much enhanced emulsifying activity 
and emulsion stability. The conjugate maintained approximately 70% of the bactericidal 
activity of native hen egg lysozyme without significant conformational changes of the 
protein [67]. 

Combination of lipophilization and glycosylation. An egg white lysozyme, which had been 
modified using the Maillard-type glycosylation method prior to lipophilization with 
palmitic acid, was prepared [68]. The yield of lipophilized lysozyme was increased 
significantly by pre-glycosylation of the protein and showed strong antimicrobial activity 
against Escherichia coli. Lipophilization of lysozyme combined with glycosylation is a 
promising method for potential industrial applications of lysozyme due to its enhanced 
antimicrobial activity towards Gram-negative bacteria and improved yield. 

4.3.2. Applications 

The bacteriostatic and bactericidal properties of lysozyme have been used to preserve 
various food items, as well as in pharmacy, medicine and veterinary medicine. 

Natural food preservative. Lysozyme has been used as an antimicrobial agent in various foods. 
In 1992, the Joint FAO/WHO Expert Committee on Food Additives declared that lysozyme 
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was safe to be used in food [69]. The enzyme shows a number of properties important for 
food application. It is a heat stable protein, active in a broad range of temperatures (from 
1oC to nearly 100oC), withstands boiling for 1-2 min, and stable in freeze-drying and thermal 
drying. Moreover, lysozyme is not inactivated by solvents and it maintains its activity when 
re-dissolved in water. It has optimum activity at pH 5.3 to 6.4 (i.e. typical for low-acidic 
food). 

In cheese making, lysozyme has been used to prevent growth of Clostridium tyrobutyricum, 
which causes off-flavors and late blowing in some cheeses [70]. Another application of 
lysozyme may be the possible acceleration of cheese ripening, because lysis of starter 
bacteria would cause release of cytoplasmic enzymes which play a key role in proteolysis 
during cheese ripening [71]. Moreover, egg white lysozyme was used as an antimicrobial 
agent to control lactic acid bacteria in some fermented beverages [72]. 

Pharmaceuticals. In the pharmaceutical industry, avian egg white lysozyme can protect the 
body against bacterial, viral or inflammatory diseases [73]. It has been used in aerosols for 
the treatment of broncho pulmonary diseases, prophylactically for dental caries, for nasal 
tissue protection and is incorporated into various therapeutic creams for the protection and 
topical preparation of certain dystrophic and inflammatory lesions of the skin and soft 
tissues (e.g. burns and viral diseases). 

Regardless of the direct bacteriolytic action, many other biological functions of lysozyme 
have recently been reported. These include anti-viral action by forming an insoluble 
complex with acidic viruses, enhanced antibiotic effects, anti-inflammatory and anti-
histaminic actions, direct activation of immune cells and anti-tumor action [74-77]. 

4.4. Ovomucoid 

Ovomucoid is a glycoprotein with heat stable trypsin inhibitor activity. Ovomucoid, which 
constitutes about 11% of the egg white protein, has a molecular weight of approximately 28 
kDa and a pI of 4.1. It has nine disulfides and no free sulfydryl groups. The molecule 
consists of three tandem domains, each of which is homologous to pancreatic secretory 
trypsin inhibitor (Kazal-type). It has a putative reactive site for the inhibition of serine 
proteases. A large proportion of the carbohydrate present in this glycoprotein (about 25%) is 
joined to the polypeptide chain through asparginyl residues [78]. Ovomucoid can be heated 
at 100o C under acidic conditions for long periods without any apparent changes in its 
physical or chemical properties. Ovomucoid may play a more important role in the 
pathogenesis of allergic reactions to egg white than other egg white proteins [79]. 

4.5. Ovomucin 

Ovomucin comprises 1.5-3.5% of the total egg white solids. It is a highly viscous 
glycoprotein with an extremely large molecular weight (8300-23000 kDa). The specific 
jellying property of egg white is attributed to ovomucin. It consists of two subunits; α-
subunit and a β-subunit which are bound by disulfide bonds. The biological function of 
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less sensitive [59]. The susceptibility differences are believed to be due to the complex 
envelope structure of Gram-negative bacteria such as E.coli or Salmonella typhimurium. The 
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antimicrobial activity. In addition, emulsifying activity of the conjugate was approximately 
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with food compounds gives a novel and potentially useful bi-functional food additive. 
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that of the native protein [66]. An antibacterial emulsifier was prepared by conjugating a 
fatty acylated saccharide with lysozyme through the Maillard reaction; the conjugate 
exhibited considerable resistance to proteolysis and much enhanced emulsifying activity 
and emulsion stability. The conjugate maintained approximately 70% of the bactericidal 
activity of native hen egg lysozyme without significant conformational changes of the 
protein [67]. 

Combination of lipophilization and glycosylation. An egg white lysozyme, which had been 
modified using the Maillard-type glycosylation method prior to lipophilization with 
palmitic acid, was prepared [68]. The yield of lipophilized lysozyme was increased 
significantly by pre-glycosylation of the protein and showed strong antimicrobial activity 
against Escherichia coli. Lipophilization of lysozyme combined with glycosylation is a 
promising method for potential industrial applications of lysozyme due to its enhanced 
antimicrobial activity towards Gram-negative bacteria and improved yield. 

4.3.2. Applications 

The bacteriostatic and bactericidal properties of lysozyme have been used to preserve 
various food items, as well as in pharmacy, medicine and veterinary medicine. 

Natural food preservative. Lysozyme has been used as an antimicrobial agent in various foods. 
In 1992, the Joint FAO/WHO Expert Committee on Food Additives declared that lysozyme 
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was safe to be used in food [69]. The enzyme shows a number of properties important for 
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drying. Moreover, lysozyme is not inactivated by solvents and it maintains its activity when 
re-dissolved in water. It has optimum activity at pH 5.3 to 6.4 (i.e. typical for low-acidic 
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In cheese making, lysozyme has been used to prevent growth of Clostridium tyrobutyricum, 
which causes off-flavors and late blowing in some cheeses [70]. Another application of 
lysozyme may be the possible acceleration of cheese ripening, because lysis of starter 
bacteria would cause release of cytoplasmic enzymes which play a key role in proteolysis 
during cheese ripening [71]. Moreover, egg white lysozyme was used as an antimicrobial 
agent to control lactic acid bacteria in some fermented beverages [72]. 

Pharmaceuticals. In the pharmaceutical industry, avian egg white lysozyme can protect the 
body against bacterial, viral or inflammatory diseases [73]. It has been used in aerosols for 
the treatment of broncho pulmonary diseases, prophylactically for dental caries, for nasal 
tissue protection and is incorporated into various therapeutic creams for the protection and 
topical preparation of certain dystrophic and inflammatory lesions of the skin and soft 
tissues (e.g. burns and viral diseases). 

Regardless of the direct bacteriolytic action, many other biological functions of lysozyme 
have recently been reported. These include anti-viral action by forming an insoluble 
complex with acidic viruses, enhanced antibiotic effects, anti-inflammatory and anti-
histaminic actions, direct activation of immune cells and anti-tumor action [74-77]. 

4.4. Ovomucoid 

Ovomucoid is a glycoprotein with heat stable trypsin inhibitor activity. Ovomucoid, which 
constitutes about 11% of the egg white protein, has a molecular weight of approximately 28 
kDa and a pI of 4.1. It has nine disulfides and no free sulfydryl groups. The molecule 
consists of three tandem domains, each of which is homologous to pancreatic secretory 
trypsin inhibitor (Kazal-type). It has a putative reactive site for the inhibition of serine 
proteases. A large proportion of the carbohydrate present in this glycoprotein (about 25%) is 
joined to the polypeptide chain through asparginyl residues [78]. Ovomucoid can be heated 
at 100o C under acidic conditions for long periods without any apparent changes in its 
physical or chemical properties. Ovomucoid may play a more important role in the 
pathogenesis of allergic reactions to egg white than other egg white proteins [79]. 

4.5. Ovomucin 

Ovomucin comprises 1.5-3.5% of the total egg white solids. It is a highly viscous 
glycoprotein with an extremely large molecular weight (8300-23000 kDa). The specific 
jellying property of egg white is attributed to ovomucin. It consists of two subunits; α-
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ovomucin is shown to inhibition of haemagglutination by viruses. Its affinity with viruses 
such as bovine rotavirus, hen Newcastle disease virus and human influenza virus was 
already proved [80]. Moreover, the β-subunit from ovomucin was shown to have a cytotoxic 
effect on the cultured tumor cells [81]. 

4.6. Avidin 

Avidin is a strongly basic glycoprotein synthesized in the hen oviduct and deposited in the 
albumen fraction of eggs. Avidin is a tetrameric protein, composed of subunits of identical 
amino acid composition and sequence (15.6 kDa and 128 amino acids each). Avidin is a trace 
component (0.05%) of egg white, but it has been well studied because of its ability to tightly 
and specifically bind biotin, one of Vitamin B group. Each subunit of avidin binds to a 
molecule of biotin. The high affinity of avidin for biotin has been widely used as a 
biochemical tool in molecular biology, affinity chromatography, molecular recognition and 
labeling, Enzyme Linked Immuno Sorbent Assay (ELISA), histochemistry and 
cytochemistry [82]. 

4.7. Ovoglobulin 

In early studies, six globulin fractions were thought to be present in egg white. They are 
macroglobulin, ovoglobulins G1, G2 and G3 and two other globulins. However, the two 
globulins were later classified as ovoinhibitors and ovoglobulin G1 was identified as 
lysozyme. Currently, the name ovoglobulin is given only to ovoglobulins G2 and G3, which 
have molecular weights of 36 and 45 kDa, respectively. The biological function of these 
proteins has not been clearly elucidated, but they appear to be important in the foaming 
capacity of egg white [5]. 

4.8. Ovomacroglobulin 

Ovomacroglobulin is the second largest egg glycoprotein after ovomucin and its molecular 
weight is 760-900 kDa. Ovomacroglobulin, like ovomucin, has the ability to inhibit 
hemagglutination [5]. 

4.9. Ovoflavoprotein 

Ovoflavoprotein is acidic protein with a molecular weight of 32-36 kDa, and contains a 
carbohydrate moiety (14%) made up of mannose, galactose and glucosamines, 7-8 
phosphate groups and 8 disulfide bonds. After being transported from the blood to the 
egg white, most of the riboflavin (Vitamin B2) is stored in the egg white bound to an 
apoprotein called flavoprotein. One mole of apoprotein binds one mole of riboflavin, but 
this binding ability is lost when the protein is exposed to a pH below its isoelectric pH 4.2 
[5]. It has antimicrobial properties due to depriving the microorganisms from its 
riboflavin content [50]. 
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4.10. Ovoinhibitor 

This trypsin inhibitor was discovered by Matsushima in 1958. While it is a Kazal-type 
inhibitor (like ovomucoid), ovoinhibitor functions as a multi-headed inhibitor and inhibits 
bacterial serine proteinase, fungal serine proteinase and mammalian chymotrypsin [5]. 

4.11. Cystatin 

It is the third proteinase inhibitor in egg white (also called ficin-papain inhibitor). In contrast 
to ovomucin, cystatin is a small molecule (12.7 kDa) and it has no carbohydrates and a high 
thermal stability. The potential of their broad application in medical treatments has been 
reported in the literature, which includes antimicrobial and antiviral activities [83], the 
prevention of cerebral hemorrhage [84] and control of cancer cell metastasis [85]. 

4.12. Ovoglycoprotein 

Ovoglycoprotein is an acidic glycoprotein with a molecular weight of 24.4 kDa. This protein 
contains hexoses 13.6%, glucosamine 13.8%, and N-acetylneuraminic acid 3%. The biological 
functions of ovoglycoprotein are still unclear [5]. 

5. Egg white bio peptides 

5.1. Ovoalbumin peptide (Ovokinin) 

Ovokinin, a vasorelaxing octapeptide derived from pepsin digest of ovalbumin, has been 
shown to significantly lower the systolic blood pressure of spontaneously hypertensive rats 
[86]. Oral vailability of ovokinin is improved after emulsification. When we eat whole egg, 
ovalbumin peptides will be released by the action of pepsin in the stomach, and the peptide 
will be instantly emulsified with egg yolk and effectively absorbed from the intestines.  

A vasorelaxing peptide – ovokinin (2-7) – was isolated from chymotryptic digest of 
ovalbumin [87]. However, the mechanisms for the relaxation were different from ovokinin. 
More anti-hypertensive peptide was obtained by modifying the amino acid residues of 
ovokinin (2-7). The minimum effective dose of [Pro2, Phe3]-ovokinin (2-7) was about one-
thirtieth of that of ovokinin (2-7). [Pro2, Phe3]-ovokinin (2-7) proved to be a potent anti-
hypertensive peptide with little effect on normal blood pressure when administered orally 
[88]. 

5.2. Ovotransferrin peptides 

The ovotransferrin antimicrobial peptide (OTAP-92) is a 92 amino acid cationic fragment of 
hen ovotransferrin located (109-299) in the N-lobe of ovotransferrin. The peptide OTAP-92 
showed strong bactericidal activity against both Gram-positive S.aureus and Gram-negative 
E.coli strains [89]. OTAP-92 has also been shown to possess a unique structural motif similar 
to the insect defensins. Furthermore, this cationic antimicrobial peptide is capable of killing 
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ovomucin is shown to inhibition of haemagglutination by viruses. Its affinity with viruses 
such as bovine rotavirus, hen Newcastle disease virus and human influenza virus was 
already proved [80]. Moreover, the β-subunit from ovomucin was shown to have a cytotoxic 
effect on the cultured tumor cells [81]. 

4.6. Avidin 

Avidin is a strongly basic glycoprotein synthesized in the hen oviduct and deposited in the 
albumen fraction of eggs. Avidin is a tetrameric protein, composed of subunits of identical 
amino acid composition and sequence (15.6 kDa and 128 amino acids each). Avidin is a trace 
component (0.05%) of egg white, but it has been well studied because of its ability to tightly 
and specifically bind biotin, one of Vitamin B group. Each subunit of avidin binds to a 
molecule of biotin. The high affinity of avidin for biotin has been widely used as a 
biochemical tool in molecular biology, affinity chromatography, molecular recognition and 
labeling, Enzyme Linked Immuno Sorbent Assay (ELISA), histochemistry and 
cytochemistry [82]. 

4.7. Ovoglobulin 

In early studies, six globulin fractions were thought to be present in egg white. They are 
macroglobulin, ovoglobulins G1, G2 and G3 and two other globulins. However, the two 
globulins were later classified as ovoinhibitors and ovoglobulin G1 was identified as 
lysozyme. Currently, the name ovoglobulin is given only to ovoglobulins G2 and G3, which 
have molecular weights of 36 and 45 kDa, respectively. The biological function of these 
proteins has not been clearly elucidated, but they appear to be important in the foaming 
capacity of egg white [5]. 

4.8. Ovomacroglobulin 

Ovomacroglobulin is the second largest egg glycoprotein after ovomucin and its molecular 
weight is 760-900 kDa. Ovomacroglobulin, like ovomucin, has the ability to inhibit 
hemagglutination [5]. 

4.9. Ovoflavoprotein 

Ovoflavoprotein is acidic protein with a molecular weight of 32-36 kDa, and contains a 
carbohydrate moiety (14%) made up of mannose, galactose and glucosamines, 7-8 
phosphate groups and 8 disulfide bonds. After being transported from the blood to the 
egg white, most of the riboflavin (Vitamin B2) is stored in the egg white bound to an 
apoprotein called flavoprotein. One mole of apoprotein binds one mole of riboflavin, but 
this binding ability is lost when the protein is exposed to a pH below its isoelectric pH 4.2 
[5]. It has antimicrobial properties due to depriving the microorganisms from its 
riboflavin content [50]. 
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hypertensive peptide with little effect on normal blood pressure when administered orally 
[88]. 

5.2. Ovotransferrin peptides 

The ovotransferrin antimicrobial peptide (OTAP-92) is a 92 amino acid cationic fragment of 
hen ovotransferrin located (109-299) in the N-lobe of ovotransferrin. The peptide OTAP-92 
showed strong bactericidal activity against both Gram-positive S.aureus and Gram-negative 
E.coli strains [89]. OTAP-92 has also been shown to possess a unique structural motif similar 
to the insect defensins. Furthermore, this cationic antimicrobial peptide is capable of killing 
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Gram-negative bacteria by crossing the outer membrane by a self-promoted uptake 
pathway and damaging the cytoplasmic membrane by channel formation. Knowledge of the 
structure-function relationship may allow combinations of antimicrobial agents with 
different mechanisms to be designed for pharmaceutical applications. OTAP-92 may 
represent a novel antimicrobial agent for the food and pharmaceutical industries [55]. 

5.3. Ovomucoid and ovomucin peptides 

A pepsin-digest of egg white ovomucoid was prepared to enhance digestibility and lower 
allergenicity [90]. A highly glycosylated peptide fragments (220 and 120 kDa) was separated 
from pronase digest of avian egg white ovomucin; It was derived from the β-subunit. Both 
fragments inhibited the growth of tumors [91]. 

5.4. Egg white peptides (Runpep®) 

Egg white hydrolysate (Runpep®) has been produced by standardized technology to 
provide a highly nutritive source of peptides. Runpep® contains all essential amino acids 
with amino acid score of 100 [5, 50]. It is rich in branched chain amino acids (BCAA); these 
are the essential amino acids leucine, isoleucine, and valine. BCAA's are of special 
importance for athletes because they are metabolized in the muscle, rather than in the liver. 
Moreover, it is a rich source of sulpher containing amino acids as methionine and cysteine. 
It is in the form of small peptides (less than 3000 Da) and contains more than 91% protein 
providing easily absorbable amino acids source (Figure 8). An in vitro study showed that 
Runpep® has anticoagulant activity (reduce the formation of coagulum in blood vessels, 
reduce the risk of embolism) and helps in lowering the blood platelets aggregations [92, 93].  

 
Figure 8. Runpep® profile by GPC. 
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In vitro, it showed dose-dependent vasorelaxant activity of both aortic and mesenteric 
vascular smooth muscle. In vivo, Runpep® exhibited dose-dependent hypotensive effect on 
both systolic and diastolic blood pressures with more pronounced effect on the systolic one 
by ingestion. Runpep® has been proved to have anti-hypertensive effect and has been 
shown to significantly lower the systolic blood pressure (Figure 9) of spontaneously 
hypertensive rats [94]. 

The hydrolysate of egg white with pepsin was found to exhibit a strong angiotensin I–
converting enzyme (ACE) inhibitory activity in vitro [95]. Other work reports the 
antioxidant activity of peptides produced by pepsin hydrolysis of egg white; four peptides 
included in the protein sequence of ovalbumin possessed radical scavenging activity higher 
than that of Trolox. The combined antioxidant and ACE inhibition properties make it a very 
useful multifunctional preparation for the control of cardiovascular diseases, particularly 
hypertension. No correlation was found between antioxidant and ACE inhibitory activities 
of pepsin digest of egg white [96]. 

 
Figure 9. Antihypertensive activity of Runpep® after oral administration to SHR rats using cuff method 
(Sphygmomanometer). 

5.5. Lysozyme peptides  

Lysozyme is known to have a variety of folding topologies around the active site cleft [97]. 
Enzymatic hydrolysis of lysozyme is a novel technology that uses proteolytic enzymes for 

0
20

100

120

140

160
180

////

SHR control 1 2 3 4

B
lo

od
 p

re
ss

ur
e 

(m
m

/H
g)

Time after 300 mg RunPep oral administration  (hour)

Systolic blood pressure
Mean blood pressure
Diastolic blood pressure

Systolic blood pressure
Mean blood pressure
Diastolic blood pressure



 
Bioactive Food Peptides in Health and Disease 132 

Gram-negative bacteria by crossing the outer membrane by a self-promoted uptake 
pathway and damaging the cytoplasmic membrane by channel formation. Knowledge of the 
structure-function relationship may allow combinations of antimicrobial agents with 
different mechanisms to be designed for pharmaceutical applications. OTAP-92 may 
represent a novel antimicrobial agent for the food and pharmaceutical industries [55]. 
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fragments inhibited the growth of tumors [91]. 
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Runpep® has anticoagulant activity (reduce the formation of coagulum in blood vessels, 
reduce the risk of embolism) and helps in lowering the blood platelets aggregations [92, 93].  
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In vitro, it showed dose-dependent vasorelaxant activity of both aortic and mesenteric 
vascular smooth muscle. In vivo, Runpep® exhibited dose-dependent hypotensive effect on 
both systolic and diastolic blood pressures with more pronounced effect on the systolic one 
by ingestion. Runpep® has been proved to have anti-hypertensive effect and has been 
shown to significantly lower the systolic blood pressure (Figure 9) of spontaneously 
hypertensive rats [94]. 

The hydrolysate of egg white with pepsin was found to exhibit a strong angiotensin I–
converting enzyme (ACE) inhibitory activity in vitro [95]. Other work reports the 
antioxidant activity of peptides produced by pepsin hydrolysis of egg white; four peptides 
included in the protein sequence of ovalbumin possessed radical scavenging activity higher 
than that of Trolox. The combined antioxidant and ACE inhibition properties make it a very 
useful multifunctional preparation for the control of cardiovascular diseases, particularly 
hypertension. No correlation was found between antioxidant and ACE inhibitory activities 
of pepsin digest of egg white [96]. 
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hydrolyzing native lysozyme to produce potent antimicrobial peptides that hidden within 
its folds. Lysozyme was digested by different proteolytic enzymes, such as clostripain [58, 
60], pepsin, and trypsin [97, 98, 99]. All these researchers proved that the resulting peptides 
lost the enzymatic activities of lysozyme, but exhibited strong bactericidal activities against 
both Gram-negative (E.coli, Salmonella, Pseudomonas, and Aeromonas) and Gram-positive 
bacteria (Listeria monocytogenes, Staph aureus, Bacillus spp., and Leuconostics spp.) as well as 
yeasts (Saccharomyces). Scanning electron microscopy clearly demonstrated that cell 
membrane of both Gram-negative and –positive bacteria was damaged by these peptides. 
Thus these peptides probably have a different mechanism of action than native lysozyme 
[58, 99]. Mine et al (2004) could isolation, purification, and characterization of novel 
antimicrobial peptides from chicken egg white lysozyme hydrolysate, obtained by peptic 
digestion and subsequent tryptic digestion. The hydrolysate was composed of over 20 small 
peptides of less than 1000 Da, and had no enzymatic activity. The water-soluble peptide 
mixture showed bacteriostatic activity against Gram-positive     bacteria (Staphylococcus 
aureus 23-394) and Gram-negative bacteria (E. coli K-12). Two bacteriostatic peptides were 
purified and sequenced. One peptide, with the sequence Ile-Val-Ser-Asp-Gly-Asp-Gly-Met-
Asn-Ala-Trp, inhibited Gram-negative bacteria E. coli K-12 and corresponded to amino acid 
residues 98-108, which are located in the middle part of the helix-loop-helix. Another novel 
antimicrobial peptide inhibited S. aureus and was identified as His-Gly-Leu-Asp-Asn-Tyr-
Arg, corresponding to amino acid residues 15-21 of lysozyme. These peptides have 
broadened the antimicrobial activity of lysozyme to Gram-negative bacteria. The results 
obtained in this study indicate that lysozyme possesses nonenzymatic bacteriostatic 
domains in its primary sequence and they are released by proteolytic hydrolysis [99]. 

Consumers are increasingly demanding food that is free from pathogens, but with less 
preservatives and additives. As a response to these conflicting demands, current trends in 
the food industry include the investigation of alternative natural preservative in foods. Six 
Gram-negative bacteria (Escherichia coli, Salmonella enteritidis NBRC 3313, Salmonella 
typhimurium, Pseudomonas fluorescens, Pseudomonas aeruginosa, Aeromonas hydrophila) were 
checked for sensitivity to native hen egg white lysozyme and hydrolysate preparation of 
lysozyme derived peptides. Generally, lysozyme peptides preparation acts on the tested 
organisms and on different strains of Bacillus spp. with much more potency comparing to 
native lysozyme [100, 101]. The resulting peptides lost the enzymatic activities of lysozyme, 
but exhibited strong bactericidal activities against both Gram-negative and Gram-positive 
bacteria [97, 102]. Being natural antimicrobial, lysozyme peptides preparation will find its 
way as a safe shelf-life extender in the food industry.  

6. Egg shell membrane bio proteins 

The egg shell membrane has been thought to be beneficial in the treatment of some injuries. 
For example, in Japan, when Sumo wrestlers get flesh abrasions, they will often peel the egg 
membrane from the egg shell and cover their injuries. They believe that it facilitates their 
recovery. Peptides product which are stable in water have been prepared from hydrolyzed 
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egg membrane. The effects of this egg shell membrane protein on cell growth have been 
studied. The growth of normal human skin fibroblasts on egg membrane protein-coated 
tissue cultures increased in relation to increasing egg membrane protein concentration. 

The egg shell membranes contain several bacteriolytic enzymes (e.g. lysozyme and N-
acetylglucosaminidase) and other membrane components which may alter the thermal 
resistance of Gram-positive and Gram-negative bacterial pathogens (Salmonella Enteritidis, 
Escherichia coli 0157:H7, Listeria monocytogenes and Staphylococcus aureus).  

The presence of hydroxyproline in hydrolysates of the egg shell membrane layers has 
suggested that the membrane layers contain collagen [103]. This has been confirmed using 
biochemical and immunological tests. It has been established that about 10% of the total 
proteinaceous content of the membrane structure of an egg shell is collagen. The outer shell 
membrane contains predominately Type I collagen and the inner shell membrane contains 
Types I and V collagen. In addition, Type X collagen has been found in both the inner and 
outer shell membranes using immunohistochemical analysis. It is important to recognize the 
presence of collagen in egg shell membranes because of its potential value. 

7. Egg shell bio proteins 

Different Non-collagenous proteins have been identified in the organic matrix of the hen’s 
egg shell. Ovocleidin-17 is a soluble matrix protein component and distributed in palisade 
and mammillary layers [104].  

Ovocalyxin-32 has been identified as a novel 32-kDa protein. It is expressed at high levels in 
the uterine and isthmus regions of the oviduct, and concentrated in the eggshell. In the 
eggshell, ovocalyxin-32 localizes to the outer palisade layer, the vertical crystal layer, and the 

cuticle of the eggshell, in agreement with its demonstration by Western blotting at high 
levels in the uterine fluid during the termination phase of eggshell formation. Ovocalyxin-32 
is therefore identified as a novel protein synthesized in the distal oviduct where hen eggshell 
formation occurs [105]. 

Osteopontin, a phosphorylated bone glycoprotein involved in formation and remodeling of 
the mineralised tissue, has also been demonstrated in the hen egg shell. Gene expression for 
this protein has been shown to be higher during the period of calcification [106]. 

Ovalbumin, lysozyme and ovotransferrin, as egg white proteins, have been identified in 
hen’s egg shell. The organic matrix also contains several proteoglycan molecules [107]. 

Chicken eggshell powder has been proposed as an attractive source of calcium for human 
health to increase bone mineral density in an elderly population with osteoporosis. 
However, factors affecting calcium transport of eggshell calcium have not yet been 
evaluated. Chicken eggshell contains about 1.0% (w/w) matrix proteins in addition to a 
major form of calcium carbonate (95%, w/w). It was found that soluble eggshell matrix 
proteins remarkably enhance calcium transport using in vitro Caco-2 cell monolayers grown 
on a permeable support. The total calcium transport across Caco-2 monolayers showed an 
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hydrolyzing native lysozyme to produce potent antimicrobial peptides that hidden within 
its folds. Lysozyme was digested by different proteolytic enzymes, such as clostripain [58, 
60], pepsin, and trypsin [97, 98, 99]. All these researchers proved that the resulting peptides 
lost the enzymatic activities of lysozyme, but exhibited strong bactericidal activities against 
both Gram-negative (E.coli, Salmonella, Pseudomonas, and Aeromonas) and Gram-positive 
bacteria (Listeria monocytogenes, Staph aureus, Bacillus spp., and Leuconostics spp.) as well as 
yeasts (Saccharomyces). Scanning electron microscopy clearly demonstrated that cell 
membrane of both Gram-negative and –positive bacteria was damaged by these peptides. 
Thus these peptides probably have a different mechanism of action than native lysozyme 
[58, 99]. Mine et al (2004) could isolation, purification, and characterization of novel 
antimicrobial peptides from chicken egg white lysozyme hydrolysate, obtained by peptic 
digestion and subsequent tryptic digestion. The hydrolysate was composed of over 20 small 
peptides of less than 1000 Da, and had no enzymatic activity. The water-soluble peptide 
mixture showed bacteriostatic activity against Gram-positive     bacteria (Staphylococcus 
aureus 23-394) and Gram-negative bacteria (E. coli K-12). Two bacteriostatic peptides were 
purified and sequenced. One peptide, with the sequence Ile-Val-Ser-Asp-Gly-Asp-Gly-Met-
Asn-Ala-Trp, inhibited Gram-negative bacteria E. coli K-12 and corresponded to amino acid 
residues 98-108, which are located in the middle part of the helix-loop-helix. Another novel 
antimicrobial peptide inhibited S. aureus and was identified as His-Gly-Leu-Asp-Asn-Tyr-
Arg, corresponding to amino acid residues 15-21 of lysozyme. These peptides have 
broadened the antimicrobial activity of lysozyme to Gram-negative bacteria. The results 
obtained in this study indicate that lysozyme possesses nonenzymatic bacteriostatic 
domains in its primary sequence and they are released by proteolytic hydrolysis [99]. 

Consumers are increasingly demanding food that is free from pathogens, but with less 
preservatives and additives. As a response to these conflicting demands, current trends in 
the food industry include the investigation of alternative natural preservative in foods. Six 
Gram-negative bacteria (Escherichia coli, Salmonella enteritidis NBRC 3313, Salmonella 
typhimurium, Pseudomonas fluorescens, Pseudomonas aeruginosa, Aeromonas hydrophila) were 
checked for sensitivity to native hen egg white lysozyme and hydrolysate preparation of 
lysozyme derived peptides. Generally, lysozyme peptides preparation acts on the tested 
organisms and on different strains of Bacillus spp. with much more potency comparing to 
native lysozyme [100, 101]. The resulting peptides lost the enzymatic activities of lysozyme, 
but exhibited strong bactericidal activities against both Gram-negative and Gram-positive 
bacteria [97, 102]. Being natural antimicrobial, lysozyme peptides preparation will find its 
way as a safe shelf-life extender in the food industry.  

6. Egg shell membrane bio proteins 

The egg shell membrane has been thought to be beneficial in the treatment of some injuries. 
For example, in Japan, when Sumo wrestlers get flesh abrasions, they will often peel the egg 
membrane from the egg shell and cover their injuries. They believe that it facilitates their 
recovery. Peptides product which are stable in water have been prepared from hydrolyzed 
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egg membrane. The effects of this egg shell membrane protein on cell growth have been 
studied. The growth of normal human skin fibroblasts on egg membrane protein-coated 
tissue cultures increased in relation to increasing egg membrane protein concentration. 

The egg shell membranes contain several bacteriolytic enzymes (e.g. lysozyme and N-
acetylglucosaminidase) and other membrane components which may alter the thermal 
resistance of Gram-positive and Gram-negative bacterial pathogens (Salmonella Enteritidis, 
Escherichia coli 0157:H7, Listeria monocytogenes and Staphylococcus aureus).  

The presence of hydroxyproline in hydrolysates of the egg shell membrane layers has 
suggested that the membrane layers contain collagen [103]. This has been confirmed using 
biochemical and immunological tests. It has been established that about 10% of the total 
proteinaceous content of the membrane structure of an egg shell is collagen. The outer shell 
membrane contains predominately Type I collagen and the inner shell membrane contains 
Types I and V collagen. In addition, Type X collagen has been found in both the inner and 
outer shell membranes using immunohistochemical analysis. It is important to recognize the 
presence of collagen in egg shell membranes because of its potential value. 

7. Egg shell bio proteins 

Different Non-collagenous proteins have been identified in the organic matrix of the hen’s 
egg shell. Ovocleidin-17 is a soluble matrix protein component and distributed in palisade 
and mammillary layers [104].  

Ovocalyxin-32 has been identified as a novel 32-kDa protein. It is expressed at high levels in 
the uterine and isthmus regions of the oviduct, and concentrated in the eggshell. In the 
eggshell, ovocalyxin-32 localizes to the outer palisade layer, the vertical crystal layer, and the 

cuticle of the eggshell, in agreement with its demonstration by Western blotting at high 
levels in the uterine fluid during the termination phase of eggshell formation. Ovocalyxin-32 
is therefore identified as a novel protein synthesized in the distal oviduct where hen eggshell 
formation occurs [105]. 

Osteopontin, a phosphorylated bone glycoprotein involved in formation and remodeling of 
the mineralised tissue, has also been demonstrated in the hen egg shell. Gene expression for 
this protein has been shown to be higher during the period of calcification [106]. 

Ovalbumin, lysozyme and ovotransferrin, as egg white proteins, have been identified in 
hen’s egg shell. The organic matrix also contains several proteoglycan molecules [107]. 

Chicken eggshell powder has been proposed as an attractive source of calcium for human 
health to increase bone mineral density in an elderly population with osteoporosis. 
However, factors affecting calcium transport of eggshell calcium have not yet been 
evaluated. Chicken eggshell contains about 1.0% (w/w) matrix proteins in addition to a 
major form of calcium carbonate (95%, w/w). It was found that soluble eggshell matrix 
proteins remarkably enhance calcium transport using in vitro Caco-2 cell monolayers grown 
on a permeable support. The total calcium transport across Caco-2 monolayers showed an 
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increase of 64% in the presence of 100 microg/well soluble eggshell matrix proteins. The 
active enhancer with a molecular mass of 21 kDa was isolated by reversed phase high-
performance liquid chromatography and did not match to any previously identified protein. 
The N-terminal sequence was determined to be Met-Ala-Val-Pro-Gln-Thr-Met-Val-Gln. The 
possible mechanisms of eggshell matrix protein-mediated increase in calcium transport and 
the potential significance of eggshell calcium as a nutraceutical are discussed [108]. 

Experimental and clinical studies performed to date have shown a number of positive 
properties of eggshell powder, such as antirachitic effects in rats and humans. A positive 
effect was observed on bone density in animal models of postmenopausal osteoporosis in 
ovariectomized female rats. In vitro eggshell powder stimulates chondrocyte differentiation 
and cartilage growth. Clinical studies in postmenopausal women and women with senile 
osteoporosis showed that eggshell powder reduces pain and osteoresorption and increases 
mobility and bone density or arrests its loss. The bioavailability of calcium from this source, 
as tested in piglets, was similar or better than that of food grade purified calcium carbonate. 
Clinical and experimental studies showed that eggshell powder has positive effects on bone 
and cartilage and that it is suitable in the prevention and treatment of osteoporosis [109]. 
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increase of 64% in the presence of 100 microg/well soluble eggshell matrix proteins. The 
active enhancer with a molecular mass of 21 kDa was isolated by reversed phase high-
performance liquid chromatography and did not match to any previously identified protein. 
The N-terminal sequence was determined to be Met-Ala-Val-Pro-Gln-Thr-Met-Val-Gln. The 
possible mechanisms of eggshell matrix protein-mediated increase in calcium transport and 
the potential significance of eggshell calcium as a nutraceutical are discussed [108]. 

Experimental and clinical studies performed to date have shown a number of positive 
properties of eggshell powder, such as antirachitic effects in rats and humans. A positive 
effect was observed on bone density in animal models of postmenopausal osteoporosis in 
ovariectomized female rats. In vitro eggshell powder stimulates chondrocyte differentiation 
and cartilage growth. Clinical studies in postmenopausal women and women with senile 
osteoporosis showed that eggshell powder reduces pain and osteoresorption and increases 
mobility and bone density or arrests its loss. The bioavailability of calcium from this source, 
as tested in piglets, was similar or better than that of food grade purified calcium carbonate. 
Clinical and experimental studies showed that eggshell powder has positive effects on bone 
and cartilage and that it is suitable in the prevention and treatment of osteoporosis [109]. 
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1. Introduction 

Cardiovascular diseases (CVD) are a major health problem in the industrialized countries, 
representing the main cause of death in the world. It is estimated that 17 million people 
globally die of CVD every year and these diseases are responsible for more than half of all 
deaths in Europe [1]. Therefore, primary prevention is becoming an increasing part of public 
health strategies aimed at reducing societal burden due to CVD-related morbidity and 
mortality worldwide. There are several behavioural factors such as tobacco use, ethanol 
consumption, unhealthy diet and physical inactivity that can lead to hypertension, 
hyperlipidemia, diabetes, overweight and obesity, and thereby contribute to CVD 
development. The World Health Organisation emphasises the importance of improved 
nutrition as means of controlling the expected rise in global CVD incidence over the next 
decades. 

Angiotensin I-converting enzyme (ACE: EC 3.4.15.1) is a peptidyldipeptide hydrolase that 
plays an important physiological role in both the regulation of blood pressure and 
cardiovascular function [2] through two different reactions. First, ACE catalyzes the 
hydrolysis of angiotensin I, an inactive decapeptide, to angiotensin II, a powerful 
vasoconstrictor and salt-retaining octapeptide. Thus, ACE-inhibition has a hypotensive 
effect. Secondly, ACE catalyzes the inactivation of the vasodilator bradykinin that regulates 
different biological processes including vascular endothelial nitric oxide (NO) release [3]. 

Oxidative stress has a well documented role in CVD development. Oxidative stress is 
defined as the situation characterized by increased generation of free radicals (reactive 
oxygen species, ROS), resulting in increased oxidative damage of biological structures. 
Within the cell, physiologic levels of some ROS are involved as key intermediates in 
signalling pathways to maintain basal cellular functions. In contrast, when ROS are 
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generated in the absence of a physiological stimulus, small-molecule antioxidants are 
depleted, or antioxidant enzymatic systems are overwhelmed. This leads to a net increase in 
biologically active ROS and oxidant stress ensues. In blood vessels, oxidant stress has 
deleterious consequences for basal vascular function. Then, the cellular mechanisms that 
result in vascular redox imbalance leading to an increase in oxidant stress are implicated in 
the pathogenesis of vascular disease [4]. 

The search for dietary compounds that prevent the development of CVD is deemed crucial 
to tackle this major health problem worldwide, and recent observational studies and clinical 
trials have suggested that increased protein consumption, particularly from plant sources, 
might reduce blood pressure and prevent CVD. Recently, interest has been emerging to 
identify and characterize bioactive peptides from plant and animal sources. Bioactive 
peptides are considered specific protein fragments that are inactive within the sequence of 
the parent protein. After they are released they may exert various physiological functions. 
The type of bioactive peptides generated from a particular protein is dependent on two 
factors: (a) the primary sequence of the source protein and (b) the specificity of the 
enzyme(s) used to generate such peptides. The hydrolysis of plant proteins has led to the 
production of a variety of biologically active peptides, such as opioid, antihypertensive, 
antioxidative, immunomodulatory or antimicrobial peptides [5, 6]. Bioactivity of peptides 
depend on the structure, however, the structure activity relationship is not yet fully 
understood for all biological activities described. This present paper focuses on the peptides 
beneficial to CVD derived from plant proteins.  

2. Biological activities of plant proteins  

Potato tuber proteins are classified into three major groups: patatins, protease inhibitors, 
and other proteins. Patatin is the major storage protein and an allergen for some people. The 
second major potato tuber storage protein is a diverse group of low molecular weight 
protease inhibitors [7]. The majority of the patatin and proteinase inhibitor isoforms possess 
enzymatic and inhibitory activities, respectively, which might be of physiological relevance. 
Activities are associated with the defense mechanisms of potato against pathogens and they 
inhibit a variety of proteases and some other enzymes, for example invertase [8]. Low 
molecular weight antimicrobial potato peptides from potato tubers have recently been 
reported to exhibit antibiotic/antifungal activity also against human pathogenic fungal and 
microbial strains [9]. The broad phospholipase activity of patatin has been characterized and 
documented rather extensively [10, 11]. The results indicate that the patatin-related enzymes 
are, in addition to fat metabolism, involved in the stress responses and signal transduction 
in the potato tubers. Patatin has also been shown to possess antioxidant or antiradical 
activity. Liu and colleagues [12] found that purified patatin exert antioxidant or antiradical 
activity in various in vitro tests, such as radical, scavenging activity assay and protection 
against hydroxyl radical-induced calf thymus DNA damage. Potato protein hydrolysates 
showed antioxidant activity [13] and enhanced oxidative stability of soybean oil emulsions 
[14]. Two peptides derived from metallocarboxypeptidase inhibitor and lipoxygenase 1 
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were identified. Potatoes may have a role in controlling appetite and therefore weight gain, 
by contributing to satiety. Gastrointestinal hormones such as cholecystokinin (CCK) are key 
factors in the regulation of food intake and maintaining energy homeostasis. Hill and 
colleagues [15] reported reduced energy intake and increased CCK release, when protease 
inhibitors extracted from potatoes were tested in 11 lean subjects.  

The protein content of defatted rapeseed meal is high, approximately 32%, making it a 
potential food ingredient. Rapeseed protein has recently been demonstrated to be of high 
nutritional value in human subjects and substituting Cys-rich rapeseed protein, for milk 
protein prevented the early onset of insulin resistance, similar to those achieved by 
manipulating dietary fat and carbohydrates in a rat model [16, 17]. Flaxseed and its defatted 
meal contain high amounts of proteins, which are comparable in amino acid composition to 
food proteins like soy, with a preponderance of basic and branch-chain amino acids. The 
high Cys and Met content can boost the body’s antioxidant levels, potentially stabilising 
DNA during cell division and reducing risk of certain forms of colon cancer [18]. Yet, there 
are only few studies examining rapeseed and flaxseed meals as source of bioactive peptides 
to enhance the value of these rapeseed and flaxseed industry by-products.  

Legumes could represent valuable tools to prevent CVD, in addition to constitute an 
important source of dietary proteins (18-40 %), dietary fibre, minerals and vitamins. 
Epidemiological studies have provided consistent evidence of the inverse relationship 
between legume consumption and the incidence of CVD. The majority of studies that have 
evaluated the hypocholesterolemic effects of legume consumption examined soybeans [19]. 
In addition, the meta-analysis showed that diet rich in legumes, such as a variety of beans, 
peas, and some seeds other than soy decreases total and low-density lipoprotein (LDL) 
cholesterol [20]. Different legumes have been identified as sources of ACE-inhibitory and 
antioxidative peptides, mainly soybean [21-24], chickpea and pea [25-28]. 

Cereal grains contain relatively little protein compared to legume seeds, with an average of 
about 10–12% of dry weight. Storage proteins account for about 50% of the total protein in 
mature cereal grains and have important impacts on their nutritional quality for humans 
and livestock and on their functional properties in food processing. Proteins can be 
separated into albumin, globulin, prolamin (hordein) and gluten fractions as described by 
[29]. The prolamins are characterized by their high content of Pro and Glu and low content 
of Lys and Trp. Alcohol-soluble endosperm proteins (prolamins) from some cereals (e.g. 
wheat, barley, and rye) give origin upon proteolytic digestion to biologically active 
antinutritional peptides able to adversely affect in vivo the intestinal mucosa of coeliac 
patients, whereas prolamins from other cereals (e.g. maize and rice) do not [30]. A large deal 
of cereal proteins originates from by-products following production of starch, malting or 
brewing industry. For example, -zein protein, derived from corn starch production, is rich 
in Pro and hydrolysis by thermolysin liberates ACE-inhibitors [31]. Wheat proteins are also 
source of opioid peptides [32] and tryptic hydrolysate of rice proteins yields the 
immunomodulatory peptide, oryzatensin [33]. 
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generated in the absence of a physiological stimulus, small-molecule antioxidants are 
depleted, or antioxidant enzymatic systems are overwhelmed. This leads to a net increase in 
biologically active ROS and oxidant stress ensues. In blood vessels, oxidant stress has 
deleterious consequences for basal vascular function. Then, the cellular mechanisms that 
result in vascular redox imbalance leading to an increase in oxidant stress are implicated in 
the pathogenesis of vascular disease [4]. 

The search for dietary compounds that prevent the development of CVD is deemed crucial 
to tackle this major health problem worldwide, and recent observational studies and clinical 
trials have suggested that increased protein consumption, particularly from plant sources, 
might reduce blood pressure and prevent CVD. Recently, interest has been emerging to 
identify and characterize bioactive peptides from plant and animal sources. Bioactive 
peptides are considered specific protein fragments that are inactive within the sequence of 
the parent protein. After they are released they may exert various physiological functions. 
The type of bioactive peptides generated from a particular protein is dependent on two 
factors: (a) the primary sequence of the source protein and (b) the specificity of the 
enzyme(s) used to generate such peptides. The hydrolysis of plant proteins has led to the 
production of a variety of biologically active peptides, such as opioid, antihypertensive, 
antioxidative, immunomodulatory or antimicrobial peptides [5, 6]. Bioactivity of peptides 
depend on the structure, however, the structure activity relationship is not yet fully 
understood for all biological activities described. This present paper focuses on the peptides 
beneficial to CVD derived from plant proteins.  

2. Biological activities of plant proteins  

Potato tuber proteins are classified into three major groups: patatins, protease inhibitors, 
and other proteins. Patatin is the major storage protein and an allergen for some people. The 
second major potato tuber storage protein is a diverse group of low molecular weight 
protease inhibitors [7]. The majority of the patatin and proteinase inhibitor isoforms possess 
enzymatic and inhibitory activities, respectively, which might be of physiological relevance. 
Activities are associated with the defense mechanisms of potato against pathogens and they 
inhibit a variety of proteases and some other enzymes, for example invertase [8]. Low 
molecular weight antimicrobial potato peptides from potato tubers have recently been 
reported to exhibit antibiotic/antifungal activity also against human pathogenic fungal and 
microbial strains [9]. The broad phospholipase activity of patatin has been characterized and 
documented rather extensively [10, 11]. The results indicate that the patatin-related enzymes 
are, in addition to fat metabolism, involved in the stress responses and signal transduction 
in the potato tubers. Patatin has also been shown to possess antioxidant or antiradical 
activity. Liu and colleagues [12] found that purified patatin exert antioxidant or antiradical 
activity in various in vitro tests, such as radical, scavenging activity assay and protection 
against hydroxyl radical-induced calf thymus DNA damage. Potato protein hydrolysates 
showed antioxidant activity [13] and enhanced oxidative stability of soybean oil emulsions 
[14]. Two peptides derived from metallocarboxypeptidase inhibitor and lipoxygenase 1 
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were identified. Potatoes may have a role in controlling appetite and therefore weight gain, 
by contributing to satiety. Gastrointestinal hormones such as cholecystokinin (CCK) are key 
factors in the regulation of food intake and maintaining energy homeostasis. Hill and 
colleagues [15] reported reduced energy intake and increased CCK release, when protease 
inhibitors extracted from potatoes were tested in 11 lean subjects.  

The protein content of defatted rapeseed meal is high, approximately 32%, making it a 
potential food ingredient. Rapeseed protein has recently been demonstrated to be of high 
nutritional value in human subjects and substituting Cys-rich rapeseed protein, for milk 
protein prevented the early onset of insulin resistance, similar to those achieved by 
manipulating dietary fat and carbohydrates in a rat model [16, 17]. Flaxseed and its defatted 
meal contain high amounts of proteins, which are comparable in amino acid composition to 
food proteins like soy, with a preponderance of basic and branch-chain amino acids. The 
high Cys and Met content can boost the body’s antioxidant levels, potentially stabilising 
DNA during cell division and reducing risk of certain forms of colon cancer [18]. Yet, there 
are only few studies examining rapeseed and flaxseed meals as source of bioactive peptides 
to enhance the value of these rapeseed and flaxseed industry by-products.  

Legumes could represent valuable tools to prevent CVD, in addition to constitute an 
important source of dietary proteins (18-40 %), dietary fibre, minerals and vitamins. 
Epidemiological studies have provided consistent evidence of the inverse relationship 
between legume consumption and the incidence of CVD. The majority of studies that have 
evaluated the hypocholesterolemic effects of legume consumption examined soybeans [19]. 
In addition, the meta-analysis showed that diet rich in legumes, such as a variety of beans, 
peas, and some seeds other than soy decreases total and low-density lipoprotein (LDL) 
cholesterol [20]. Different legumes have been identified as sources of ACE-inhibitory and 
antioxidative peptides, mainly soybean [21-24], chickpea and pea [25-28]. 

Cereal grains contain relatively little protein compared to legume seeds, with an average of 
about 10–12% of dry weight. Storage proteins account for about 50% of the total protein in 
mature cereal grains and have important impacts on their nutritional quality for humans 
and livestock and on their functional properties in food processing. Proteins can be 
separated into albumin, globulin, prolamin (hordein) and gluten fractions as described by 
[29]. The prolamins are characterized by their high content of Pro and Glu and low content 
of Lys and Trp. Alcohol-soluble endosperm proteins (prolamins) from some cereals (e.g. 
wheat, barley, and rye) give origin upon proteolytic digestion to biologically active 
antinutritional peptides able to adversely affect in vivo the intestinal mucosa of coeliac 
patients, whereas prolamins from other cereals (e.g. maize and rice) do not [30]. A large deal 
of cereal proteins originates from by-products following production of starch, malting or 
brewing industry. For example, -zein protein, derived from corn starch production, is rich 
in Pro and hydrolysis by thermolysin liberates ACE-inhibitors [31]. Wheat proteins are also 
source of opioid peptides [32] and tryptic hydrolysate of rice proteins yields the 
immunomodulatory peptide, oryzatensin [33]. 
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2.1. Production of peptides 

ACE-inhibitory peptides have been produced by enzymatic hydrolysis and microbial 
fermentation of food proteins. In addition, solvent extraction has been used to isolate ACE-
inhibitory activity from plant materials, such as mushrooms, broccoli and buckwheat [6]. 
The ACE-inhibitory potency is expressed as the IC50 value (inhibitor concentration leading 
to 50% inhibition), being used to estimate the effectiveness of different hydrolysates and 
peptides. The most common way to produce bioactive peptides is through enzymatic 
hydrolysis of whole protein molecules. The specificity of enzyme and process conditions 
influence the peptide composition of hydrolysates and thus their activities.  

Generally, enzymatic hydrolysis is widely applied to upgrade functional features (such as 
emulsifying properties of hydrolysed protein) and nutritional properties of proteins [34-36]. 
It has been reported that additional advantage of hydrolysis can be the development of 
hydrophobicity since proteolysis unfolds the protein chains. The cleavage of peptide bonds 
enhances levels of free amino and carboxyl groups resulting in enhanced solubility. 
Therefore, hydrolysis can increase or decrease the hydrophobicity, which mostly depends 
on the nature of the precursor protein and molecular weight of the generated peptides [34]. 
Moreover, hydrolysis leads to production of small bioactive peptides [35] and bitterness of 
peptides of below 1000 Da is much less than fractions with a higher molecular mass [36]. 
However, it has been reported that extensive hydrolysis could adversely affect functional 
properties of peptides [37]. Some factors to consider in producing bioactive peptides include 
hydrolysis time, degree of hydrolysis of the proteins, enzyme–substrate ratio, and pre-
treatment of the protein prior to hydrolysis. For example, thermal treatment of proteins can 
enhance enzymatic hydrolysis [38] possibly by increasing enzyme–protein interactions due 
to thermal-induced unfolding of the proteins.  

According to the literature, enzymatic hydrolysis has been the main process for producing 
ACE-inhibitory and antioxidative peptides from food proteins. Use of exogenous enzymes is 
preferred in most cases over the autolytic process (i.e., use of endogenous enzymes present 
in the food source itself), due to the shorter time required to obtain similar degree of 
hydrolysis as well as better control of the hydrolysis to obtain more consistent molecular 
weight profiles and peptide composition [39-45]. Industrial food-grade proteinases such as 
Alcalase, Flavourzyme, and Protamex derived from microorganisms, as well as enzymes 
from plant (e.g. Papain) and animal sources (e.g., pepsin and trypsin), have been widely 
used in producing ACE-inhibitory and antioxidative peptides. The serine type endo-
protease Alcalase, has produced the highest ACE-inhibitory activities in vitro in case of 
several plant proteins (Table 1).  

Alcalase digests of rapeseed, canola, flaxseed, sunflower seed protein, legumes as well as 
and mung and chick beans showed high potency for ACE inhibition [41, 43-48]. Moreover, 
Alcalase digestion increased the ACE inhibition of the protein-rich by-product fraction from 
potato starch industry, potato tuber liquid fraction [13]. The IC50 -values were ranged 
between 0.020 and 0.64 mg protein/ml, which are similar to those  reported for milk whey 
and casein hydrolysates [5, 41, 45-47,49]. Mäkinen and colleagues [50] reported that  
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Source 
protein 

Enzyme or 
other process 
conditions 

ACE
inhibition  

Identified peptides
 

In vivo response Ref 

  IC50

(mg/ml) 
Sequences IC50 value 

(µM) 
Dose 
administratio
n  model 

Response (Δ 
SBP  
mmHg) 

 

Sweetpotato 
tuber 
protein 
isolate 

Thermoase PC 
10F, Protease S 
&  Proleather 
FG-F  

0.018 ITP 
IIP 
GQY 
STYQT 

9.5  
80.8  
52.3  
300.4 

500 mg/kg 
hydrolysate, 
oral, SHR 
 

-30  after 8 h [121]  

Sweetpotato 
tuber 
defensin 

 Trypsin  
 
 

0.190 GFR 
FK 
IMVAEAR 
GPCSR 
CFCTKPC 
MCESASSK

94.25 
265.43 
84.12  
61.67  
1.31  
75.93 

  
 
 
 

[118] 

Sweet 
potato tuber 
Thioredoxin 
h 

Trypsin  
 
 

0.152 EVPK 
VVGAK 
FTDVDFIK
MMEPMVK

1.73  
1.14  
0.42  
1.03  

  [119] 

Sweetpotato 
tuber 
Trypsin 
inhibitor 
 

Pepsin 
 

0.188 HDHM 
LR 
SNIP 
VRL 
TYCQ 
GTEKC 
RF 
VKAGE 
AH 
KIEL 

276.2 
746.4 
228.3 
208.6 
2.3  
275.8  
392.2 
141.56 
523.5  
849.7  

  [120] 

Yam tuber Powdered yam 
product, 
alcohol-
insoluble-solids 
Water extract 
(15% protein) 
Heat treated 
(90°C) water 
extract 
Dioscorin, 
lyophilized yam 
powder  
Storage protein 
ion-exhange 
chromato-
graphy 
Pepsin 
hydrolysate 

ND 
 

  
 
 

60 mg/kg 
oral, SHR 
 
154  mg/kg 
oral, SHR 
154 mg/kg 
oral, SHR 
 
140 mg daily 
oral,  human 
 
40 mg/kg 
 oral, SHR 
 
40 mg/kg 
oral,  SHR  

-32.4 after 
6 h 
 
-30.3 after 
4 h 
-23.87 after 
4 h 
 
-6.52 after  
2 weeks 
 
-27.7 after 9 
days  
 
-32.8 after  8 
hours 
 

[123] 
 
  
 
 
[86] 
[175] 
 
 
[122] 
 
 
[122] 
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2.1. Production of peptides 

ACE-inhibitory peptides have been produced by enzymatic hydrolysis and microbial 
fermentation of food proteins. In addition, solvent extraction has been used to isolate ACE-
inhibitory activity from plant materials, such as mushrooms, broccoli and buckwheat [6]. 
The ACE-inhibitory potency is expressed as the IC50 value (inhibitor concentration leading 
to 50% inhibition), being used to estimate the effectiveness of different hydrolysates and 
peptides. The most common way to produce bioactive peptides is through enzymatic 
hydrolysis of whole protein molecules. The specificity of enzyme and process conditions 
influence the peptide composition of hydrolysates and thus their activities.  

Generally, enzymatic hydrolysis is widely applied to upgrade functional features (such as 
emulsifying properties of hydrolysed protein) and nutritional properties of proteins [34-36]. 
It has been reported that additional advantage of hydrolysis can be the development of 
hydrophobicity since proteolysis unfolds the protein chains. The cleavage of peptide bonds 
enhances levels of free amino and carboxyl groups resulting in enhanced solubility. 
Therefore, hydrolysis can increase or decrease the hydrophobicity, which mostly depends 
on the nature of the precursor protein and molecular weight of the generated peptides [34]. 
Moreover, hydrolysis leads to production of small bioactive peptides [35] and bitterness of 
peptides of below 1000 Da is much less than fractions with a higher molecular mass [36]. 
However, it has been reported that extensive hydrolysis could adversely affect functional 
properties of peptides [37]. Some factors to consider in producing bioactive peptides include 
hydrolysis time, degree of hydrolysis of the proteins, enzyme–substrate ratio, and pre-
treatment of the protein prior to hydrolysis. For example, thermal treatment of proteins can 
enhance enzymatic hydrolysis [38] possibly by increasing enzyme–protein interactions due 
to thermal-induced unfolding of the proteins.  

According to the literature, enzymatic hydrolysis has been the main process for producing 
ACE-inhibitory and antioxidative peptides from food proteins. Use of exogenous enzymes is 
preferred in most cases over the autolytic process (i.e., use of endogenous enzymes present 
in the food source itself), due to the shorter time required to obtain similar degree of 
hydrolysis as well as better control of the hydrolysis to obtain more consistent molecular 
weight profiles and peptide composition [39-45]. Industrial food-grade proteinases such as 
Alcalase, Flavourzyme, and Protamex derived from microorganisms, as well as enzymes 
from plant (e.g. Papain) and animal sources (e.g., pepsin and trypsin), have been widely 
used in producing ACE-inhibitory and antioxidative peptides. The serine type endo-
protease Alcalase, has produced the highest ACE-inhibitory activities in vitro in case of 
several plant proteins (Table 1).  

Alcalase digests of rapeseed, canola, flaxseed, sunflower seed protein, legumes as well as 
and mung and chick beans showed high potency for ACE inhibition [41, 43-48]. Moreover, 
Alcalase digestion increased the ACE inhibition of the protein-rich by-product fraction from 
potato starch industry, potato tuber liquid fraction [13]. The IC50 -values were ranged 
between 0.020 and 0.64 mg protein/ml, which are similar to those  reported for milk whey 
and casein hydrolysates [5, 41, 45-47,49]. Mäkinen and colleagues [50] reported that  
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Source 
protein 

Enzyme or 
other process 
conditions 

ACE
inhibition  

Identified peptides
 

In vivo response Ref 

  IC50

(mg/ml) 
Sequences IC50 value 

(µM) 
Dose 
administratio
n  model 

Response (Δ 
SBP  
mmHg) 

 

Sweetpotato 
tuber 
protein 
isolate 

Thermoase PC 
10F, Protease S 
&  Proleather 
FG-F  

0.018 ITP 
IIP 
GQY 
STYQT 

9.5  
80.8  
52.3  
300.4 

500 mg/kg 
hydrolysate, 
oral, SHR 
 

-30  after 8 h [121]  

Sweetpotato 
tuber 
defensin 

 Trypsin  
 
 

0.190 GFR 
FK 
IMVAEAR 
GPCSR 
CFCTKPC 
MCESASSK

94.25 
265.43 
84.12  
61.67  
1.31  
75.93 

  
 
 
 

[118] 

Sweet 
potato tuber 
Thioredoxin 
h 

Trypsin  
 
 

0.152 EVPK 
VVGAK 
FTDVDFIK
MMEPMVK

1.73  
1.14  
0.42  
1.03  

  [119] 

Sweetpotato 
tuber 
Trypsin 
inhibitor 
 

Pepsin 
 

0.188 HDHM 
LR 
SNIP 
VRL 
TYCQ 
GTEKC 
RF 
VKAGE 
AH 
KIEL 

276.2 
746.4 
228.3 
208.6 
2.3  
275.8  
392.2 
141.56 
523.5  
849.7  

  [120] 

Yam tuber Powdered yam 
product, 
alcohol-
insoluble-solids 
Water extract 
(15% protein) 
Heat treated 
(90°C) water 
extract 
Dioscorin, 
lyophilized yam 
powder  
Storage protein 
ion-exhange 
chromato-
graphy 
Pepsin 
hydrolysate 

ND 
 

  
 
 

60 mg/kg 
oral, SHR 
 
154  mg/kg 
oral, SHR 
154 mg/kg 
oral, SHR 
 
140 mg daily 
oral,  human 
 
40 mg/kg 
 oral, SHR 
 
40 mg/kg 
oral,  SHR  

-32.4 after 
6 h 
 
-30.3 after 
4 h 
-23.87 after 
4 h 
 
-6.52 after  
2 weeks 
 
-27.7 after 9 
days  
 
-32.8 after  8 
hours 
 

[123] 
 
  
 
 
[86] 
[175] 
 
 
[122] 
 
 
[122] 
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Source 
protein 

Enzyme or 
other process 
conditions 

ACE
inhibition  

Identified peptides
 

In vivo response Ref 

  IC50

(mg/ml) 
Sequences IC50 value 

(µM) 
Dose 
administratio
n  model 

Response (Δ 
SBP  
mmHg) 

 

Potato tuber Autolysed 
protein extract 
Alcalase digest 
of potato tuber 
liguid fraction 

0.36 
 
0.018 

    [50] 
 
[13] 
  

Apios 
Americana 
Medikus 
tuber 

Water extract 
(rich in proline)

127   200 mg/kg 
oral, SHR  

-25 after 0.5 
and 1 h 
 

[124] 

Rapeseed 
protein 

Pepsin  
Subtilisin 
  
 
 
 

0.16 
0.16 
 
 
 

 
 
VWIS 
VW 
IY 
RIY 

 
 
30  
1.6  
3.7 
28  

500 mg/kg 
hydrolysate,  
12.5 mg/kg 
7.5 mg/kg 
7.5 mg/kg 
7.5 mg/kg 
oral, SHR  

-6.8 after  4h  
-15.5 after 4h 
-12.5 after 2 h 
-10.8 after 2 h 
-9.8 after 2 h 
-11.3 after 4h 

[125] 

Rapeseed 
protein 

Alcalase  
Peptide fraction 
from affinity 
purification 
Alcalase 

0.038 
0.25x10-3 

 

 
 
0.020 

 
 

   [45] 
 
 
 
 
[47] 

Canola 
meal,  
defatted 

Heat treatment 
and  Alcalase 

0.027 VSV 
FL 

0.15 
1.33 

  [46]  

Flaxseed 
protein 

Trypsin & 
Pronase cationic 
peptide fraction

0.4 QGR 
RW 
SVR 
GQMRQPI
QQQG 
ASVRT 
DYLRSC 
ARDLPGQ
RDLPG 
RGLERA 
TCRGLERA

 200 mg/kg 
hydrolysate, 
oral, SHR 

-17.9 after 
2 h 

[44] 

Flaxseed 
protein 

Gastrointestinal
digest in vitro, 
<1kDa  
permeate 
fraction 
 

0.040 
 

WNI/LNA 
NI/LDTDI/L 

   [127]  
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Source 
protein 

Enzyme or 
other process 
conditions 

ACE
inhibition  

Identified peptides
 

In vivo response Ref 

  IC50

(mg/ml) 
Sequences IC50 value 

(µM) 
Dose 
administratio
n  model 

Response (Δ 
SBP  
mmHg) 

 

Sunflower 
protein 

Alcalase 
Peptide fraction 
from affinity 
purification 

0.062 
1.18x10-3 

    [61]  

Pea protein  Gastrointestinal 
digest in vitro  

0.070 
 

  50 mg/kg 
intravenous, 
SHR 

-44, transient 
and sharp 
reduction 

[144] 

Pea protein 
isolate  

Thermolysin, 
3kDa MWCO 
permeate 

ND    200 mg/kg 
oral, SHR 
25-30 g/day 
oral, 
Han:SPDR-cy 
rat 
3g/day 
 oral, Human, 
consumption 

-19 after 4h 
 
-30 at weeks 
7 and 8 
 
 
-6 after  3 
weeks 

[143]  

Chick pea 
protein  

Alcalase  Peptide 
fractions 

0.103- 
0.117 
mg/ml 

  [41] 

Chick pea 
legumin  

Alcalase  Peptide 
peaks 

0.011-0.021 
mg/ml 

  [43] 

Common 
beans 
Pinto beans  
Green 
lentils 

Heat treatment 
and  in vitro 
gastro-intestinal 
digestion  

0.78-0.83  
0.15-0.69  
0.008-0.89   

    [131] 

Red  and  
green lentil 
protein  

In vitro gastro-
intestinal 
digestion 

0.053- 0.190     [64] 

Mung bean 
protein  

Alcalase, 6kDa 
MWCO 
permeate 

0.64  KDYRL 
VTPALR 
KLPAGTLF

26.5  
82.4  
13.4  

600 mg/kg 
oral, SHR 

-30.8 after 
6 h 

[48] 

Mung bean 
sprout 
 

Raw sprout 
extract 
Dried sprout 
extract 
Pepsin, trypsin 
and 
chymotrypsin 

 
 

  600 mg/kg 
intragastric, 
SHR 

-41 after 6 h 
-24 after 3 h 
-29 after 3 h 

[142] 

Soy protein Alcalase 0.065  DLP 
DG 

4.8 
12.3 

  [39] 
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In vivo response Ref 
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(mg/ml) 
Sequences IC50 value 

(µM) 
Dose 
administratio
n  model 

Response (Δ 
SBP  
mmHg) 

 

Potato tuber Autolysed 
protein extract 
Alcalase digest 
of potato tuber 
liguid fraction 

0.36 
 
0.018 

    [50] 
 
[13] 
  

Apios 
Americana 
Medikus 
tuber 

Water extract 
(rich in proline)

127   200 mg/kg 
oral, SHR  

-25 after 0.5 
and 1 h 
 

[124] 

Rapeseed 
protein 

Pepsin  
Subtilisin 
  
 
 
 

0.16 
0.16 
 
 
 

 
 
VWIS 
VW 
IY 
RIY 

 
 
30  
1.6  
3.7 
28  

500 mg/kg 
hydrolysate,  
12.5 mg/kg 
7.5 mg/kg 
7.5 mg/kg 
7.5 mg/kg 
oral, SHR  

-6.8 after  4h  
-15.5 after 4h 
-12.5 after 2 h 
-10.8 after 2 h 
-9.8 after 2 h 
-11.3 after 4h 

[125] 

Rapeseed 
protein 

Alcalase  
Peptide fraction 
from affinity 
purification 
Alcalase 

0.038 
0.25x10-3 

 

 
 
0.020 

 
 

   [45] 
 
 
 
 
[47] 

Canola 
meal,  
defatted 

Heat treatment 
and  Alcalase 

0.027 VSV 
FL 

0.15 
1.33 

  [46]  

Flaxseed 
protein 

Trypsin & 
Pronase cationic 
peptide fraction

0.4 QGR 
RW 
SVR 
GQMRQPI
QQQG 
ASVRT 
DYLRSC 
ARDLPGQ
RDLPG 
RGLERA 
TCRGLERA

 200 mg/kg 
hydrolysate, 
oral, SHR 

-17.9 after 
2 h 

[44] 

Flaxseed 
protein 

Gastrointestinal
digest in vitro, 
<1kDa  
permeate 
fraction 
 

0.040 
 

WNI/LNA 
NI/LDTDI/L 

   [127]  
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Sunflower 
protein 

Alcalase 
Peptide fraction 
from affinity 
purification 

0.062 
1.18x10-3 

    [61]  

Pea protein  Gastrointestinal 
digest in vitro  

0.070 
 

  50 mg/kg 
intravenous, 
SHR 

-44, transient 
and sharp 
reduction 

[144] 

Pea protein 
isolate  

Thermolysin, 
3kDa MWCO 
permeate 

ND    200 mg/kg 
oral, SHR 
25-30 g/day 
oral, 
Han:SPDR-cy 
rat 
3g/day 
 oral, Human, 
consumption 

-19 after 4h 
 
-30 at weeks 
7 and 8 
 
 
-6 after  3 
weeks 

[143]  

Chick pea 
protein  

Alcalase  Peptide 
fractions 

0.103- 
0.117 
mg/ml 

  [41] 

Chick pea 
legumin  

Alcalase  Peptide 
peaks 

0.011-0.021 
mg/ml 

  [43] 

Common 
beans 
Pinto beans  
Green 
lentils 

Heat treatment 
and  in vitro 
gastro-intestinal 
digestion  

0.78-0.83  
0.15-0.69  
0.008-0.89   

    [131] 

Red  and  
green lentil 
protein  

In vitro gastro-
intestinal 
digestion 

0.053- 0.190     [64] 

Mung bean 
protein  

Alcalase, 6kDa 
MWCO 
permeate 

0.64  KDYRL 
VTPALR 
KLPAGTLF

26.5  
82.4  
13.4  

600 mg/kg 
oral, SHR 

-30.8 after 
6 h 

[48] 

Mung bean 
sprout 
 

Raw sprout 
extract 
Dried sprout 
extract 
Pepsin, trypsin 
and 
chymotrypsin 

 
 

  600 mg/kg 
intragastric, 
SHR 

-41 after 6 h 
-24 after 3 h 
-29 after 3 h 

[142] 

Soy protein Alcalase 0.065  DLP 
DG 

4.8 
12.3 

  [39] 
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Source 
protein 

Enzyme or 
other process 
conditions 

ACE
inhibition  

Identified peptides
 

In vivo response Ref 

  IC50

(mg/ml) 
Sequences IC50 value 

(µM) 
Dose 
administratio
n  model 

Response (Δ 
SBP  
mmHg) 

 

Soybean Fermentation 0.45 AW 
GW 
AY 
SY 
GY 
AF 
VP 
AI 
VG 

µg/ml 
0.03 
0.05 
0.07 
0.10 
0.19 
0.48 
0.69 
1.1 

Diet contained 
10% v/w of 
fermented soy 
product 
oral, SHR 

-20 after 11 
week 

[184] 

Rye Sourdough 
Lactobacillus 
reuteri TMW 
1.106 and added 
protease 

 VPP 
IPP 
LQP 
LLP 

9 
5 
2 
57 

  [149] 

Rice Alcalase 0.14 TQVY 18.2 600 mg/kg 
hydrolysate 
30 mg 
peptide/kg 
SHR, oral 

-25.6 after 
6 h 
-40 after 6 h 

[153] 

Maize, α-
zein 

Thermolysin  LRP 
LSP 
LQP 

0.29 
1.7 
2.0 

Peptide (LRP)
30 mg/kg  
SHR, 
intravenous 

-15  2 min 
after 
injection 

[31] 

Wheat bran Autolysis 0.08 LQP 
IQP 
LRP 
VY 
IY 
TF 
 

peptide-
fraction 
0.14 
mg/ml 

 10 mg/ml 
oral, SHR 

-45 after 2 h [185] 
[186] 

Table 1. ACE-inhibitory activities in vitro and antihypertensive effect in vivo of plant protein–derived 
hydrolysates and peptides   

autolysis of protein isolates from the potato tuber tissue enhances ACE-inhibition which 
may be due to the native proteolytic activity of potato tuber proteins.  

Peña-Ramos and Xiong [51] used different enzymes to produce hydrolysates from native 
and heated soy protein isolates. They reported that using different enzymes resulted in the 
formation of a mixture of peptides with different degrees of hydrolysis and accordingly 
different ranges of antioxidant activity. It has been found that antioxidant activity of 
Alcalase derived hydrolysates is higher than that of other hydrolysates [52-54]. It is also 
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reported that peptides produced by Alcalase have diverse biological activities, including 
antioxidant activity [55]. In comparison to other proteases, it provided higher yields of 
antioxidative peptides and develops shorter peptides. Udenigwe and colleagues [55] 
observed that release of radical scavenging peptides depends on the specificity of protease 
used in hydrolysis. In another study, flaxseed protein was treated with thermolysin 
followed by pronase to produce antioxidant peptides [42]. Moreover, pepsin, pancreatin, 
neutrase and esperase have been used to produce antioxidative hydrolysates and peptides 
[13, 42, 51, 56, 57].  

Simulated gastrointestinal enzymatic process has also been used to mimic normal human 
digestion of proteins to evaluate the possibility of releasing potent bioactive peptides after 
normal consumption of food proteins. The combination of pepsin-trypsin-chymotrypsin or 
pepsin-pancreatin has been used to simulate the gastrointestinal degradation of proteins in 
humans [58]. Pepsin treatment alone cannot effectively elicit ACE-inhibitory peptides from 
buckwheat protein, while this enzyme followed by chymotrypsin and trypsin lead to a 
significant increase in ACE-inhibitory activity [59]. In some studies, plant protein 
hydrolysates generated during pepsin digestion have potent ACE-inhibitory peptides. 
Lower ACE-inhibitory activity was found after subsequent digestion with pancreatin, 
suggesting that the active components were hydrolyzed [60, 61]. For the pea proteins, high 
ACE-inhibitory activity is reached at the early stage of pepsin hydrolysis and the level is 
maintained during the small intestine phase using trypsin-chymotrypsin treatment [62]. 
While digestion of red lentils with trypsin showed moderate ACE inhibition (IC50 value of 
0.44 mg/ml), addition of pepsin and chymotrypsin clearly improved it (IC50 of 0.09 mg/ml) 
[63, 64].  

Careful choice of suitable enzymes and digestion conditions such as optimal temperature, 
degree of hydrolysis and enzyme-substrate ratio, as well as the control of hydrolysis time, 
are crucial for obtaining protein hydrolysates with desirable functional and bioactive 
properties. Hydrolysis can be performed by conventional batch hydrolysis or by continuous 
hydrolysis using ultrafiltration membranes. The traditional batch method has several 
disadvantages, such as the relatively high cost of the enzymes and their inefficiency 
compared to a continuous process, as noted in numerous studies [65, 66]. The hydrolysis 
process is feasible to scale-up production of peptides from laboratory scale to pilot and 
industrial plant scales with conserved peptide profiles and bioactivity of the resulting 
products [67]. The crude protein hydrolysate may be further processed, for example by 
passage through ultrafiltration membranes, in order to obtain a more uniform product with 
the desired range of molecular mass [68]. Alcalase hydrolysate from soy isolate was 
ultrafiltrated with 1-30 kDa membranes and ACE-inhibitory activities were analysed. The 
IC50-values for 1 kDa and 10 kDa permeates were almost the same, 0.080 and 0.078 mg/ml, 
respectively, but recovery yield of 10 kDa permeate was much higher than that of 1 kDa 
permeate [69]. Ultrafiltration membrane reactors have been shown to improve the efficiency 
of enzyme-catalysed bioconversion, to increase product yields, and to be easily scaled up. 
Furthermore, ultrafiltration membrane reactors yield a consistently uniform product with 
desired molecular mass characteristics [65, 68]. Low molecular mass cut-off membranes are 
useful for concentrating bioactive peptides from the higher molecular mass components 
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GW 
AY 
SY 
GY 
AF 
VP 
AI 
VG 

µg/ml 
0.03 
0.05 
0.07 
0.10 
0.19 
0.48 
0.69 
1.1 

Diet contained 
10% v/w of 
fermented soy 
product 
oral, SHR 

-20 after 11 
week 

[184] 

Rye Sourdough 
Lactobacillus 
reuteri TMW 
1.106 and added 
protease 

 VPP 
IPP 
LQP 
LLP 

9 
5 
2 
57 

  [149] 

Rice Alcalase 0.14 TQVY 18.2 600 mg/kg 
hydrolysate 
30 mg 
peptide/kg 
SHR, oral 

-25.6 after 
6 h 
-40 after 6 h 

[153] 

Maize, α-
zein 

Thermolysin  LRP 
LSP 
LQP 

0.29 
1.7 
2.0 

Peptide (LRP)
30 mg/kg  
SHR, 
intravenous 

-15  2 min 
after 
injection 

[31] 

Wheat bran Autolysis 0.08 LQP 
IQP 
LRP 
VY 
IY 
TF 
 

peptide-
fraction 
0.14 
mg/ml 

 10 mg/ml 
oral, SHR 

-45 after 2 h [185] 
[186] 

Table 1. ACE-inhibitory activities in vitro and antihypertensive effect in vivo of plant protein–derived 
hydrolysates and peptides   

autolysis of protein isolates from the potato tuber tissue enhances ACE-inhibition which 
may be due to the native proteolytic activity of potato tuber proteins.  

Peña-Ramos and Xiong [51] used different enzymes to produce hydrolysates from native 
and heated soy protein isolates. They reported that using different enzymes resulted in the 
formation of a mixture of peptides with different degrees of hydrolysis and accordingly 
different ranges of antioxidant activity. It has been found that antioxidant activity of 
Alcalase derived hydrolysates is higher than that of other hydrolysates [52-54]. It is also 
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reported that peptides produced by Alcalase have diverse biological activities, including 
antioxidant activity [55]. In comparison to other proteases, it provided higher yields of 
antioxidative peptides and develops shorter peptides. Udenigwe and colleagues [55] 
observed that release of radical scavenging peptides depends on the specificity of protease 
used in hydrolysis. In another study, flaxseed protein was treated with thermolysin 
followed by pronase to produce antioxidant peptides [42]. Moreover, pepsin, pancreatin, 
neutrase and esperase have been used to produce antioxidative hydrolysates and peptides 
[13, 42, 51, 56, 57].  

Simulated gastrointestinal enzymatic process has also been used to mimic normal human 
digestion of proteins to evaluate the possibility of releasing potent bioactive peptides after 
normal consumption of food proteins. The combination of pepsin-trypsin-chymotrypsin or 
pepsin-pancreatin has been used to simulate the gastrointestinal degradation of proteins in 
humans [58]. Pepsin treatment alone cannot effectively elicit ACE-inhibitory peptides from 
buckwheat protein, while this enzyme followed by chymotrypsin and trypsin lead to a 
significant increase in ACE-inhibitory activity [59]. In some studies, plant protein 
hydrolysates generated during pepsin digestion have potent ACE-inhibitory peptides. 
Lower ACE-inhibitory activity was found after subsequent digestion with pancreatin, 
suggesting that the active components were hydrolyzed [60, 61]. For the pea proteins, high 
ACE-inhibitory activity is reached at the early stage of pepsin hydrolysis and the level is 
maintained during the small intestine phase using trypsin-chymotrypsin treatment [62]. 
While digestion of red lentils with trypsin showed moderate ACE inhibition (IC50 value of 
0.44 mg/ml), addition of pepsin and chymotrypsin clearly improved it (IC50 of 0.09 mg/ml) 
[63, 64].  

Careful choice of suitable enzymes and digestion conditions such as optimal temperature, 
degree of hydrolysis and enzyme-substrate ratio, as well as the control of hydrolysis time, 
are crucial for obtaining protein hydrolysates with desirable functional and bioactive 
properties. Hydrolysis can be performed by conventional batch hydrolysis or by continuous 
hydrolysis using ultrafiltration membranes. The traditional batch method has several 
disadvantages, such as the relatively high cost of the enzymes and their inefficiency 
compared to a continuous process, as noted in numerous studies [65, 66]. The hydrolysis 
process is feasible to scale-up production of peptides from laboratory scale to pilot and 
industrial plant scales with conserved peptide profiles and bioactivity of the resulting 
products [67]. The crude protein hydrolysate may be further processed, for example by 
passage through ultrafiltration membranes, in order to obtain a more uniform product with 
the desired range of molecular mass [68]. Alcalase hydrolysate from soy isolate was 
ultrafiltrated with 1-30 kDa membranes and ACE-inhibitory activities were analysed. The 
IC50-values for 1 kDa and 10 kDa permeates were almost the same, 0.080 and 0.078 mg/ml, 
respectively, but recovery yield of 10 kDa permeate was much higher than that of 1 kDa 
permeate [69]. Ultrafiltration membrane reactors have been shown to improve the efficiency 
of enzyme-catalysed bioconversion, to increase product yields, and to be easily scaled up. 
Furthermore, ultrafiltration membrane reactors yield a consistently uniform product with 
desired molecular mass characteristics [65, 68]. Low molecular mass cut-off membranes are 
useful for concentrating bioactive peptides from the higher molecular mass components 
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remaining, including undigested polypeptide chains and enzymes. Other techniques such as 
nanofiltration, ion-exchange membranes, or column chromatographic methods can be used 
in further concentration and purification of the peptides [70]. 

A number of studies have shown that antihypertensive peptides are liberated during 
fermentation of milk. Fermented milk products prepared using different strains of lactic acid 
bacteria have been found to exert antihypertensive and antioxidative activities [71, 72]. 
Moreover, several antioxidative and ACE-inhibitory peptide sequences have been identified 
from fermented milk [73]. Only few experimental investigations to produce these 
compounds by fermentation of plant proteins have been reported. Fermentation of rapeseed 
and flaxseed proteins with Lactobacillus helveticus and Bacillus subtilis yields to products 
containing compounds with ACE-inhibitory and inhibition of lipid peroxidation capacities 
[74]. Fermented soybean products such as natto, tempeh, and douche also contain 
antioxidative and ACE-inhibitory peptides due to the action of fungal proteases. The results 
have indicated that the processing techniques have an impact on the ACE-inhibitory 
activities of soy products. Different fermented soybean foods showed IC50 values of 0.51 
mg/ml for tempeh, 1.77 mg/ml for tofuyo, 3.44 and 0.71-17.80 mg/ml for soy sauce, 5.35 and 
1.27 mg/ml for miso paste, and 0.16, 0.19 and 0.27 mg/ml for natto [24,75, 76]. Commercial 
Chinese style soy paste exhibited ACE-inhibitory activities with the lowest and the highest 
IC50 values of 0.012 and 3.241 mg/ml, respectively [77]. Tsai and colleagues [78] fermented 
soy milk with lactic acid bacteria (Lb. casei, Lb., acidophilus, Lb. bulcaricus, Streptococcus 
thermophilus and Bifidobacterium longum) and IC50-value was 2.89 mg/ml after 30 h 
fermentation. When a protease (Prozyme 6) was added after 5 h fermentation, much lower 
IC50-value (0.66 mg/ml) was obtained. Natto has shown to have radical scavenging activity 
and inhibitory effect on the oxidation of rat plasma LDL in vitro [79]. The aqueous extracts of 
Douchi showed radical scavenging activities and chelating ability of ferrous ions. The 
radical scavenging activities were higher than that of Trolox, an analogue of vitamin E used 
as a standard [80]. 

2.2. Structure-activity relationship 

ACE-inhibitory peptides are generally short sequences often carrying polar amino acid 
residues like Pro. This is in agreement with the results of Natesh and co-workers [81] who 
showed that the active site of ACE cannot accommodate large peptide molecules. The C-
terminal tripeptide strongly influences the binding of substrate or a competitive inhibitor to 
ACE. Many ACE-inhibitory peptides identified from different food sources, structure–
activity studies indicated that C-terminal tripeptide residues play a predominant role in 
competitive binding to the active site of ACE. It has been reported that this enzyme prefers 
substrates or inhibitors containing hydrophobic (aromatic or branched side chains) amino 
acid residues at each of the three C-terminal positions. The most effective ACE-inhibitory 
peptides identified contain Tyr, Phe, Trp, and/or Pro at the C-terminal. In addition, 
structure–activity data suggests that the positive charge of Lys (εamino group) and Arg 
(guanidine group) as the C-terminal residue may contribute to the inhibitory potency [82-
84]. Quantitative structure–activity relationship (QSAR) modelling was used to develop 
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statistical computer models potentially capable of identifying ACE-inhibitory peptides 
based on structure–activity data [85]. A relationship was found between hydrophobicity and 
positively charged amino acid in C-terminal position, size of amino acid next to C-terminal 
position and ACE inhibition of peptides up to six amino acids in length. Moreover, no 
relationship between N-terminal structure and inhibition activity was found.  

The exact mechanism underlying the antioxidant activity of peptides has not fully been 
understood, as various studies have displayed that they are inhibitors of lipid peroxidation, 
scavengers of free radicals and chelators of transition metal ions [86, 87]. In addition, it has 
been reported that antioxidative peptides keep cells safe from damage by ROS through the 
induction of genes [88]. Antioxidative properties of the peptides are more related to their 
composition, structure, and hydrophobicity. Tyr, Trp, Met, Lys, Cys, and His are examples 
of amino acids that cause antioxidant activity. Amino acids with aromatic residues can 
donate protons to electron deficient radicals. This property improves the radical scavenging 
properties of the amino acid residues [89, 90]. It is proposed that the antioxidative activity of 
His containing peptides is in relation with the hydrogen donating, lipid peroxyl radical 
trapping and/or the metal ion chelating ability of the imidazole group [87, 91]. On the other 
hand, SH group in Cys has an independently crucial antioxidant action due to its direct 
interaction with radicals [92]. In addition to the amino acid composition, their correct 
position in peptide sequence plays an important role in antioxidative properties of peptides. 
Chen and colleagues [93] designed 28 synthetic peptides following the structure of an 
antioxidative peptide (Leu-Leu-Pro-His-His) from digestion of soybean protein conglycinin. 
According to the results, Pro-His-His sequence displayed the greatest antioxidative activity 
among all tested peptides. The antioxidant activity of a peptide was more dependent on 
His-His segment in the Leu-Leu-Pro-His-His-domain and its activity was decreased by 
removing a His residue from the C-terminus. Moreover, substitution of L-His by D-His in a 
peptide leads reduction of activity [93]. They concluded that the correct position of 
imidazole group is the key factor influencing the antioxidant activity. Saito and co-workers 
[94] also studied antioxidative activity of peptides created in two tripeptide libraries. 
According to their results, for the 114 peptides containing either His or Tyr residues, 
tripeptides containing two Tyr residues showed higher activity in the linoleic acid 
peroxidation system than tripeptides containing two His residues. Further, Tyr-His-Tyr 
showed strong synergistic effects with phenolic antioxidants. It has been shown that certain 
amino acids can exert higher antioxidative properties when they are incorporated in 
dipeptides [95] and some peptide bond or its structural conformation can reduce the 
antioxidant activity of the constituent amino acids [96].  

2.3. In vitro and in vivo activity 

The search for in vitro ACE-inhibitors is the most common strategy followed in the selection 
of potential antihypertensive peptides derived from food proteins. In vitro ACE-inhibitory 
activity is generally measured by monitoring the conversion of an appropriate substrate by 
ACE in the presence and absence of inhibitors. There are several methods, and those based 
on spectrophotometric [97-99] and high-performance liquid chromatography (HPLC) assays 
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remaining, including undigested polypeptide chains and enzymes. Other techniques such as 
nanofiltration, ion-exchange membranes, or column chromatographic methods can be used 
in further concentration and purification of the peptides [70]. 

A number of studies have shown that antihypertensive peptides are liberated during 
fermentation of milk. Fermented milk products prepared using different strains of lactic acid 
bacteria have been found to exert antihypertensive and antioxidative activities [71, 72]. 
Moreover, several antioxidative and ACE-inhibitory peptide sequences have been identified 
from fermented milk [73]. Only few experimental investigations to produce these 
compounds by fermentation of plant proteins have been reported. Fermentation of rapeseed 
and flaxseed proteins with Lactobacillus helveticus and Bacillus subtilis yields to products 
containing compounds with ACE-inhibitory and inhibition of lipid peroxidation capacities 
[74]. Fermented soybean products such as natto, tempeh, and douche also contain 
antioxidative and ACE-inhibitory peptides due to the action of fungal proteases. The results 
have indicated that the processing techniques have an impact on the ACE-inhibitory 
activities of soy products. Different fermented soybean foods showed IC50 values of 0.51 
mg/ml for tempeh, 1.77 mg/ml for tofuyo, 3.44 and 0.71-17.80 mg/ml for soy sauce, 5.35 and 
1.27 mg/ml for miso paste, and 0.16, 0.19 and 0.27 mg/ml for natto [24,75, 76]. Commercial 
Chinese style soy paste exhibited ACE-inhibitory activities with the lowest and the highest 
IC50 values of 0.012 and 3.241 mg/ml, respectively [77]. Tsai and colleagues [78] fermented 
soy milk with lactic acid bacteria (Lb. casei, Lb., acidophilus, Lb. bulcaricus, Streptococcus 
thermophilus and Bifidobacterium longum) and IC50-value was 2.89 mg/ml after 30 h 
fermentation. When a protease (Prozyme 6) was added after 5 h fermentation, much lower 
IC50-value (0.66 mg/ml) was obtained. Natto has shown to have radical scavenging activity 
and inhibitory effect on the oxidation of rat plasma LDL in vitro [79]. The aqueous extracts of 
Douchi showed radical scavenging activities and chelating ability of ferrous ions. The 
radical scavenging activities were higher than that of Trolox, an analogue of vitamin E used 
as a standard [80]. 

2.2. Structure-activity relationship 

ACE-inhibitory peptides are generally short sequences often carrying polar amino acid 
residues like Pro. This is in agreement with the results of Natesh and co-workers [81] who 
showed that the active site of ACE cannot accommodate large peptide molecules. The C-
terminal tripeptide strongly influences the binding of substrate or a competitive inhibitor to 
ACE. Many ACE-inhibitory peptides identified from different food sources, structure–
activity studies indicated that C-terminal tripeptide residues play a predominant role in 
competitive binding to the active site of ACE. It has been reported that this enzyme prefers 
substrates or inhibitors containing hydrophobic (aromatic or branched side chains) amino 
acid residues at each of the three C-terminal positions. The most effective ACE-inhibitory 
peptides identified contain Tyr, Phe, Trp, and/or Pro at the C-terminal. In addition, 
structure–activity data suggests that the positive charge of Lys (εamino group) and Arg 
(guanidine group) as the C-terminal residue may contribute to the inhibitory potency [82-
84]. Quantitative structure–activity relationship (QSAR) modelling was used to develop 

 
Antihypertensive Properties of Plant Protein Derived Peptides 155 

statistical computer models potentially capable of identifying ACE-inhibitory peptides 
based on structure–activity data [85]. A relationship was found between hydrophobicity and 
positively charged amino acid in C-terminal position, size of amino acid next to C-terminal 
position and ACE inhibition of peptides up to six amino acids in length. Moreover, no 
relationship between N-terminal structure and inhibition activity was found.  

The exact mechanism underlying the antioxidant activity of peptides has not fully been 
understood, as various studies have displayed that they are inhibitors of lipid peroxidation, 
scavengers of free radicals and chelators of transition metal ions [86, 87]. In addition, it has 
been reported that antioxidative peptides keep cells safe from damage by ROS through the 
induction of genes [88]. Antioxidative properties of the peptides are more related to their 
composition, structure, and hydrophobicity. Tyr, Trp, Met, Lys, Cys, and His are examples 
of amino acids that cause antioxidant activity. Amino acids with aromatic residues can 
donate protons to electron deficient radicals. This property improves the radical scavenging 
properties of the amino acid residues [89, 90]. It is proposed that the antioxidative activity of 
His containing peptides is in relation with the hydrogen donating, lipid peroxyl radical 
trapping and/or the metal ion chelating ability of the imidazole group [87, 91]. On the other 
hand, SH group in Cys has an independently crucial antioxidant action due to its direct 
interaction with radicals [92]. In addition to the amino acid composition, their correct 
position in peptide sequence plays an important role in antioxidative properties of peptides. 
Chen and colleagues [93] designed 28 synthetic peptides following the structure of an 
antioxidative peptide (Leu-Leu-Pro-His-His) from digestion of soybean protein conglycinin. 
According to the results, Pro-His-His sequence displayed the greatest antioxidative activity 
among all tested peptides. The antioxidant activity of a peptide was more dependent on 
His-His segment in the Leu-Leu-Pro-His-His-domain and its activity was decreased by 
removing a His residue from the C-terminus. Moreover, substitution of L-His by D-His in a 
peptide leads reduction of activity [93]. They concluded that the correct position of 
imidazole group is the key factor influencing the antioxidant activity. Saito and co-workers 
[94] also studied antioxidative activity of peptides created in two tripeptide libraries. 
According to their results, for the 114 peptides containing either His or Tyr residues, 
tripeptides containing two Tyr residues showed higher activity in the linoleic acid 
peroxidation system than tripeptides containing two His residues. Further, Tyr-His-Tyr 
showed strong synergistic effects with phenolic antioxidants. It has been shown that certain 
amino acids can exert higher antioxidative properties when they are incorporated in 
dipeptides [95] and some peptide bond or its structural conformation can reduce the 
antioxidant activity of the constituent amino acids [96].  

2.3. In vitro and in vivo activity 

The search for in vitro ACE-inhibitors is the most common strategy followed in the selection 
of potential antihypertensive peptides derived from food proteins. In vitro ACE-inhibitory 
activity is generally measured by monitoring the conversion of an appropriate substrate by 
ACE in the presence and absence of inhibitors. There are several methods, and those based 
on spectrophotometric [97-99] and high-performance liquid chromatography (HPLC) assays 
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are most commonly utilized [100-102]. Hippuryl-His-Leu (HHL) is one of the oldest and 
most used methods for determining the ACE activity or inhibition [97, 99-101]. The broadly 
used spectrophotometric method of Cushman and Cheung [97] is based on the hydrolysis of 
HHL by ACE to hippuric acid and His-Leu, and the extent of hippuric acid released is 
measured after its extraction with ethyl acetate. The liberated hippuric acid can also be 
measured by chromatographic assays avoiding the extraction step [102]. The method based 
on the substrate 2-furanacryloyl-phenylalanylglycyl-glycine (FAPGG) was developed by 
Holmquist and colleagues [103] and can be applied in microtiter plates [98]. Substrates such 
as o-aminobenzoylglycyl-p-nitrophenylalanylproline are designed to perform in 
fluorometric assays [104, 105]. 

Specific assays have not yet been developed or standardized to measure the antioxidative 
capacity of peptides or peptide mixtures. Therefore, assays that are commonly used for 
measuring antioxidative capacity of non-peptidic antioxidants have been used in the 
literature to measure the antioxidative capacity of peptides as well. Due to the complexity of 
oxidative processes occurring in food or biological systems as well as the different 
antioxidative mechanisms by which various compounds may act, finding one method that 
can characterize the overall antioxidative potential of food is not an easy task. Nevertheless, 
methods such as the Trolox equivalent antioxidant capacity (TEAC) assay, oxygen radical 
absorbance capacity (ORAC) assay, and the total radical-trapping antioxidant parameter 
(TRAP) assay have been widely reported in the literature for measuring antioxidative 
capacity of food and biological samples [106, 107]. Commonly used assays include 
measuring the inhibition of lipid peroxidation in a linoleic acid model system and  
the capacity to scavenge the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)/2,2-
Diphenyl-1-picrylhydrazyl (ABTS/DPPH) radicals. 

In vitro cultured cell model systems allow for rapid, inexpensive screening of compounds 
for their bioavailability, metabolism, as well as bioactivity, compared to expensive and time-
consuming animal studies and human clinical trials. Endothelial cells are currently used as 
in vitro model systems for various physiological and pathological processes, especially in 
angiogenesis research. Endothelial dysfunction, an initiator of atherosclerosis, is manifested 
by altered NO and endothelin-1 (ET-1) homeostasis. ET-1 is one of the most potent 
endogenous vasoconstrictors and impaired NO release precedes the development of 
atherosclerosis [108]. NO is produced by the enzyme endothelial NO synthase (eNOS) 
which converts L-Arg in the presence of O2 and NADPH into L-citruline and NO. There are 
several assays available to analyze NO, ET-1, or expression of eNOS after exposure to 
compounds of interest. Use of cell culture models for antioxidant research is particularly 
important since the studies to date have demonstrated that the mechanism of the action of 
antioxidants in human health promotion go beyond the antioxidant activity of scavenging 
free radicals [109]. During experiments, intracellular oxidation of cells can be induced by 
using a peroxy radical generator or by using hydrogen peroxide (H2O2) [110]. The 20,70-
dichlorofluorescein diacetate (DCFH-DA) probe can be used to measure the extent of 
intracellular radical formation with and without added antioxidative compound in order to 
assess the cellular antioxidant activity (CAA) [111].  
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The antihypertensive effects can be assessed by in vivo experiments using spontaneously 
hypertensive rats (SHR) that constitute an accepted animal model to study human essential 
hypertension [88]. A great number of studies have addressed the effects of both short-term 
and long-term administration of potential antihypertensive milk protein-derived peptides 
using this animal model [88, 112]. In vitro measurements of antioxidant capacity of 
compounds in interest cannot be directly related to their capacity in vivo. Biomarkers of lipid 
and protein peroxides as well as DNA damage can be assessed to monitor changes in 
oxidative stress in vivo. Only few studies so far have been done on plant derived peptides in 
animal models or human clinical trials. 

2.4. ACE-inhibitory and antioxidant peptides 

2.4.1. Potato and other root crops 

During the last decade the in vitro capacity of tuber protein -derived peptides to inhibit ACE 
have gained increasing interest (Table 1). Hsu and colleagues [113] reported that yam 
(Dioscorea alata) tuber dioscorin possess high ACE-inhibitory capacity and the digestion with 
pepsin increased the efficacy further. Moderate ACE-inhibition in vitro has been reported for 
purified yam (Dioscorea batatas) tuber mucilage [114] and for an enzymatic digest as well as 
for an autolysate of yam (Dioscorea opposita) tuber extract [115, 116]. However, the potential 
impact of other compounds, such as phenolic compounds and sugars, on the observed ACE 
inhibition should be taken into consideration. It has been shown that naturally occurring 
phenolic compounds, such as flavonoids and proanthocyanidins, have inhibition activity 
towards ACE [117].  

Sweet potato proteins defensin and thioredoxin h2 which were overproduced in Esherichia 
coli showed moderate ACE-inhibitory capacity (IC50 of 0.190 and 0.152 mg/ml, respectively) 
and both proteins showed mixed type inhibitor against ACE using FAPGG as substrate. 
Hydrolysis with trypsin increased the capacity. Several peptides contained in the 
hydrolysate with IC50 values from 1.31 to 265.43 µM were analyzed [118, 119]. Trypsin 
inhibitor from the root storage protein of sweet potato, inhibited ACE in a dose-dependent 
manner (50-200 µg/ml, with 31.9-53.2% inhibition), and the IC50 value was 187.96 µg/ml. 
After digestion with pepsin the ACE-inhibition increased and peptides were designed by 
simulating the pepsin cutting sites of sporamin A. Finally, ten new ACE-inhibitory peptides 
showed IC50-values from 2.3 to 849.7 µM [120]. Sweet potato protein isolate digested with 16 
different proteases showed variability in digestibility from 44.7 to 97.3% and IC50 values 
from 0.16 to 1.08 mg/ml. Based on these results four most potent enzymes (Thermoase PC 
10F, Protease S, Proleather FG-F and Orientase 22BF) were selected and combined effect of 
enzymes were tested. Combination of Thermoase PC 10F, Protease S and Proleather FG-F 
produced potent ACE-inhibition (IC50 of 0.137 mg/ml). Finally, four different peptides 
derived from sweet potato storage protein, sporamin, were identified with IC50 values from 
9.5 to 300.4 µM [121]. The lowest IC50 values were obtained for synthetic tripeptides, Ile-Thr-
Pro (9.5 µM), Gly-Gln-Tyr (52.3 µM) and Ile-Ile-Pro (80.8 µM). 
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are most commonly utilized [100-102]. Hippuryl-His-Leu (HHL) is one of the oldest and 
most used methods for determining the ACE activity or inhibition [97, 99-101]. The broadly 
used spectrophotometric method of Cushman and Cheung [97] is based on the hydrolysis of 
HHL by ACE to hippuric acid and His-Leu, and the extent of hippuric acid released is 
measured after its extraction with ethyl acetate. The liberated hippuric acid can also be 
measured by chromatographic assays avoiding the extraction step [102]. The method based 
on the substrate 2-furanacryloyl-phenylalanylglycyl-glycine (FAPGG) was developed by 
Holmquist and colleagues [103] and can be applied in microtiter plates [98]. Substrates such 
as o-aminobenzoylglycyl-p-nitrophenylalanylproline are designed to perform in 
fluorometric assays [104, 105]. 

Specific assays have not yet been developed or standardized to measure the antioxidative 
capacity of peptides or peptide mixtures. Therefore, assays that are commonly used for 
measuring antioxidative capacity of non-peptidic antioxidants have been used in the 
literature to measure the antioxidative capacity of peptides as well. Due to the complexity of 
oxidative processes occurring in food or biological systems as well as the different 
antioxidative mechanisms by which various compounds may act, finding one method that 
can characterize the overall antioxidative potential of food is not an easy task. Nevertheless, 
methods such as the Trolox equivalent antioxidant capacity (TEAC) assay, oxygen radical 
absorbance capacity (ORAC) assay, and the total radical-trapping antioxidant parameter 
(TRAP) assay have been widely reported in the literature for measuring antioxidative 
capacity of food and biological samples [106, 107]. Commonly used assays include 
measuring the inhibition of lipid peroxidation in a linoleic acid model system and  
the capacity to scavenge the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)/2,2-
Diphenyl-1-picrylhydrazyl (ABTS/DPPH) radicals. 

In vitro cultured cell model systems allow for rapid, inexpensive screening of compounds 
for their bioavailability, metabolism, as well as bioactivity, compared to expensive and time-
consuming animal studies and human clinical trials. Endothelial cells are currently used as 
in vitro model systems for various physiological and pathological processes, especially in 
angiogenesis research. Endothelial dysfunction, an initiator of atherosclerosis, is manifested 
by altered NO and endothelin-1 (ET-1) homeostasis. ET-1 is one of the most potent 
endogenous vasoconstrictors and impaired NO release precedes the development of 
atherosclerosis [108]. NO is produced by the enzyme endothelial NO synthase (eNOS) 
which converts L-Arg in the presence of O2 and NADPH into L-citruline and NO. There are 
several assays available to analyze NO, ET-1, or expression of eNOS after exposure to 
compounds of interest. Use of cell culture models for antioxidant research is particularly 
important since the studies to date have demonstrated that the mechanism of the action of 
antioxidants in human health promotion go beyond the antioxidant activity of scavenging 
free radicals [109]. During experiments, intracellular oxidation of cells can be induced by 
using a peroxy radical generator or by using hydrogen peroxide (H2O2) [110]. The 20,70-
dichlorofluorescein diacetate (DCFH-DA) probe can be used to measure the extent of 
intracellular radical formation with and without added antioxidative compound in order to 
assess the cellular antioxidant activity (CAA) [111].  
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The antihypertensive effects can be assessed by in vivo experiments using spontaneously 
hypertensive rats (SHR) that constitute an accepted animal model to study human essential 
hypertension [88]. A great number of studies have addressed the effects of both short-term 
and long-term administration of potential antihypertensive milk protein-derived peptides 
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for an autolysate of yam (Dioscorea opposita) tuber extract [115, 116]. However, the potential 
impact of other compounds, such as phenolic compounds and sugars, on the observed ACE 
inhibition should be taken into consideration. It has been shown that naturally occurring 
phenolic compounds, such as flavonoids and proanthocyanidins, have inhibition activity 
towards ACE [117].  
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coli showed moderate ACE-inhibitory capacity (IC50 of 0.190 and 0.152 mg/ml, respectively) 
and both proteins showed mixed type inhibitor against ACE using FAPGG as substrate. 
Hydrolysis with trypsin increased the capacity. Several peptides contained in the 
hydrolysate with IC50 values from 1.31 to 265.43 µM were analyzed [118, 119]. Trypsin 
inhibitor from the root storage protein of sweet potato, inhibited ACE in a dose-dependent 
manner (50-200 µg/ml, with 31.9-53.2% inhibition), and the IC50 value was 187.96 µg/ml. 
After digestion with pepsin the ACE-inhibition increased and peptides were designed by 
simulating the pepsin cutting sites of sporamin A. Finally, ten new ACE-inhibitory peptides 
showed IC50-values from 2.3 to 849.7 µM [120]. Sweet potato protein isolate digested with 16 
different proteases showed variability in digestibility from 44.7 to 97.3% and IC50 values 
from 0.16 to 1.08 mg/ml. Based on these results four most potent enzymes (Thermoase PC 
10F, Protease S, Proleather FG-F and Orientase 22BF) were selected and combined effect of 
enzymes were tested. Combination of Thermoase PC 10F, Protease S and Proleather FG-F 
produced potent ACE-inhibition (IC50 of 0.137 mg/ml). Finally, four different peptides 
derived from sweet potato storage protein, sporamin, were identified with IC50 values from 
9.5 to 300.4 µM [121]. The lowest IC50 values were obtained for synthetic tripeptides, Ile-Thr-
Pro (9.5 µM), Gly-Gln-Tyr (52.3 µM) and Ile-Ile-Pro (80.8 µM). 
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The protein-rich by-product fraction from potato (Solanum tuberosum) starch industry, 
potato tuber liquid, has been found to be a valuable source of ACE-inhibitory peptides [13]. 
The ACE-inhibitory activity of potato tuber liquid was moderate and enzymatic digestion 
was needed to enhance the activity to high level. Alcalase digest showed the highest ACE-
inhibitory activity and the digest was chromatographically separated to highly active 
peptide fractions. The potato liquid Alcalase hydrolysate produced the highest radical 
scavenging potency even though no statistically significant differences were found among 
hydrolysates produced by Alcalase, Neutrase and Esperase. Mäkinen and colleagues [47] 
reported that autolysis of protein isolates from the potato tuber tissue enhances ACE 
inhibition which may be due to the native proteolytic activity of potato tuber proteins. The 
results indicated a relevant role of potato tuber storage proteins in the production of ACE-
inhibitory peptides during the autolysis. Enrichment of recombinant potato tuber protein to 
the autolysis enhanced the production of activity significantly, which suggests possibility to 
enhance potato tuber ACE-inhibitory potential by means of biotechnological tools. Anyhow, 
more research is needed to characterize and identify the ACE-inhibitory potato peptides and 
to evaluate the in vivo antihypertensive potential. 

Recently, antihypertensive effects of some tuber plant –derived protein digests have been 
evaluated in vivo using SHR animal model, although no tuber protein –derived peptides in 
pure form have been reported. The proteins tested in the in vivo trials have concerned the 
antihypertensive effects of the main storage proteins of the tubers and peptides derived 
from these proteins. Among the tuber proteins, the in vivo antihypertensive effects of yam 
(Dioscorea alata) tuber proteins are the most studied. Lin and co-workers [122] purified 
storage proteins, dioscorins from yam tubers, that were digested with pepsin and evaluated 
for their  antihypertensive effects in SHR. The maximum effect after single oral 
administration was observed after 4 h with the dioscorin isolate and after 8 h with the peptic 
hydrolysate, while the antihypertensive effect of the peptic digest was more pronounced (-
33.7 mmHg Mean arterial pressure, MAP) and less transient than that of the dioscorin 
isolate (-21.5 mmHg MAP). The long-term antihypertensive effect of the dioscorin isolate 
was tested for 25 days with daily oral administration and the greatest reductions in systolic 
blood pressure (SBP) and diastolic blood pressure (DBP) were observed on the ninth day. 
Liu and co-workers [123] tested the antihypertensive effects of different yam tuber products 
on SHR. The yam tuber alcohol-insoluble solids and water extract before and after heat 
treatment were observed to decrease the blood pressure after single oral administration. The 
most pronounced effect with the lowest dose was found with the alcohol-insoluble-solids 
product, which contained the yam tuber dioscorins. Iwai and Matsue [124] reported 
moderate antihypertensive effects of an edible tuber Apios Americana Medikus in SHR. The 
animals ingested water extract of the tubers that was rich in Pro. The antihypertensive effect 
was suggested to be due to Pro-rich peptides, which were released during digestion. Sweet 
potato protein digest made with combination of three proteases (Thermoase PC10F, 
Protease S and Proleather FG-F) showed a dose dependent decrease in SBP after single oral 
administration in SHR [121].  
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2.4.2. Oil seed plants-derived peptides 

According to the published data, enzymatic hydrolysis is required to release 
antihypertensive peptides from oil seed plant proteins. Only few peptide sequences have 
been identified from oil seed plants. Four ACE-inhibitory peptides were isolated from the 
rapeseed subtilisin digest of which Ile-Tyr and Arg-Ile-Tyr can be found in the primary 
structure of napin and Val-Trp and Val-Trp-Ile-Ser exist in the primary structure of 
cruciferin and ribosomal protein, respectively. Among the peptides isolated, Ile-Tyr and 
Val-Trp can be considered true ACE-inhibitors because IC50 values for these peptides before 
and after pre-incubation with ACE were found to be the same. Val-Trp-Ile-Ser is a pro-drug 
type ACE-inhibitor, as pre-incubation with ACE of Val-Trp-Ile-Ser intensified inhibitory 
activity of this peptide [125]. In addition, to these rapeseed peptides, two peptide sequences 
with high ACE-inhibitory capacity were identified from canola meal hydrolysed with 
Alcalase, Val-Ser-Val and Phe-Leu, located in the primary structure of canola napin and 
cruciferin proteins [46]. Low-molecular weight cationic peptide fractions from flaxseed 
protein hydrolysed by Alcalase or thermolysin showed concentration dependent ACE-
inhibition (IC50 0.0275-0.151 mg/ml) [126]. The Alcalase cationic peptide and thermolysin 
hydrolysate showed mixed type inhibition of ACE activity. Several peptides were detected 
in a cationic peptide fraction of a trypsin & Pronase digest of flaxseed, which showed 
moderate ACE inhibition in vitro and antihypertensive effects in SHR [44]. A pentapeptide 
Trp-Asn-Ile-Leu-Asn-Ile-Leu and a hexapeptide Asn-Ile-Leu-Asp-Thr-Asp-Ile-Leu were 
identified from flaxseed protein digested with an in vitro digestion model [127]. Anyhow, 
ACE-inhibitory activity of these flaxseed derived peptides has not been evaluated 
individually and thus, the ACE-inhibitory capacity of these peptides in a pure form is not 
clear [44, 126, 127].  

Despite the high in vitro ACE-inhibitory potency of Alcalase digests of oil seed proteins, 
their antihypertensive effects in vivo have not been evaluated yet. Subtilisin digest of 
rapeseed and tryptic digest of flaxseed have shown antihypertensive properties in SHR. 
Marczak and co-workers [125] studied the Subtilisin and pepsin digests of rapeseed in SHR. 
Subtilisin digest of rapeseed protein showed dose dependent antihypertensive effect after 
oral administration to SHR and its effect was significant even at a single dose of 0.15 g/kg. 
The Subtilisin digest was subjected to hydrolysis with different proteases to simulate 
gastrointestinal digestion in vitro and the ACE-inhibitory activity was changed only slightly 
indicating that ACE-inhibitory peptides present in the Subtilisin digest are relatively 
resistant. The antihypertensive activities of Val-Trp, Val-Trp-Ile-Ser, Ile-Tyr and Arg-Ile-Tyr 
were tested following oral administration to SHR. The maximum hypotensive activity of 
Val-Trp, Val-Trp-Ile-Ser and Ile-Tyr occurred 2 h after administration, whereas Arg-Ile-Tyr 
(rapakinin) had the maximum effect 4 h after administration. All peptides displayed dose-
dependent antihypertensive effect. Hypotensive activity of the peptides was compared after 
oral administration to young (19-20 weeks) and old (28-30 weeks) SHR. Usually the 
hypotensive effect of ACE inhibitors in old SHR is lower than in young SHR. The 
hypotensive effects of Val-Trp, Val-Trp-Ile-Ser and Ile-Tyr were lower in old rats, but in the 
case of rapakinin the effect was similar in old and young rats. The authors suggested that 
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The protein-rich by-product fraction from potato (Solanum tuberosum) starch industry, 
potato tuber liquid, has been found to be a valuable source of ACE-inhibitory peptides [13]. 
The ACE-inhibitory activity of potato tuber liquid was moderate and enzymatic digestion 
was needed to enhance the activity to high level. Alcalase digest showed the highest ACE-
inhibitory activity and the digest was chromatographically separated to highly active 
peptide fractions. The potato liquid Alcalase hydrolysate produced the highest radical 
scavenging potency even though no statistically significant differences were found among 
hydrolysates produced by Alcalase, Neutrase and Esperase. Mäkinen and colleagues [47] 
reported that autolysis of protein isolates from the potato tuber tissue enhances ACE 
inhibition which may be due to the native proteolytic activity of potato tuber proteins. The 
results indicated a relevant role of potato tuber storage proteins in the production of ACE-
inhibitory peptides during the autolysis. Enrichment of recombinant potato tuber protein to 
the autolysis enhanced the production of activity significantly, which suggests possibility to 
enhance potato tuber ACE-inhibitory potential by means of biotechnological tools. Anyhow, 
more research is needed to characterize and identify the ACE-inhibitory potato peptides and 
to evaluate the in vivo antihypertensive potential. 

Recently, antihypertensive effects of some tuber plant –derived protein digests have been 
evaluated in vivo using SHR animal model, although no tuber protein –derived peptides in 
pure form have been reported. The proteins tested in the in vivo trials have concerned the 
antihypertensive effects of the main storage proteins of the tubers and peptides derived 
from these proteins. Among the tuber proteins, the in vivo antihypertensive effects of yam 
(Dioscorea alata) tuber proteins are the most studied. Lin and co-workers [122] purified 
storage proteins, dioscorins from yam tubers, that were digested with pepsin and evaluated 
for their  antihypertensive effects in SHR. The maximum effect after single oral 
administration was observed after 4 h with the dioscorin isolate and after 8 h with the peptic 
hydrolysate, while the antihypertensive effect of the peptic digest was more pronounced (-
33.7 mmHg Mean arterial pressure, MAP) and less transient than that of the dioscorin 
isolate (-21.5 mmHg MAP). The long-term antihypertensive effect of the dioscorin isolate 
was tested for 25 days with daily oral administration and the greatest reductions in systolic 
blood pressure (SBP) and diastolic blood pressure (DBP) were observed on the ninth day. 
Liu and co-workers [123] tested the antihypertensive effects of different yam tuber products 
on SHR. The yam tuber alcohol-insoluble solids and water extract before and after heat 
treatment were observed to decrease the blood pressure after single oral administration. The 
most pronounced effect with the lowest dose was found with the alcohol-insoluble-solids 
product, which contained the yam tuber dioscorins. Iwai and Matsue [124] reported 
moderate antihypertensive effects of an edible tuber Apios Americana Medikus in SHR. The 
animals ingested water extract of the tubers that was rich in Pro. The antihypertensive effect 
was suggested to be due to Pro-rich peptides, which were released during digestion. Sweet 
potato protein digest made with combination of three proteases (Thermoase PC10F, 
Protease S and Proleather FG-F) showed a dose dependent decrease in SBP after single oral 
administration in SHR [121].  
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According to the published data, enzymatic hydrolysis is required to release 
antihypertensive peptides from oil seed plant proteins. Only few peptide sequences have 
been identified from oil seed plants. Four ACE-inhibitory peptides were isolated from the 
rapeseed subtilisin digest of which Ile-Tyr and Arg-Ile-Tyr can be found in the primary 
structure of napin and Val-Trp and Val-Trp-Ile-Ser exist in the primary structure of 
cruciferin and ribosomal protein, respectively. Among the peptides isolated, Ile-Tyr and 
Val-Trp can be considered true ACE-inhibitors because IC50 values for these peptides before 
and after pre-incubation with ACE were found to be the same. Val-Trp-Ile-Ser is a pro-drug 
type ACE-inhibitor, as pre-incubation with ACE of Val-Trp-Ile-Ser intensified inhibitory 
activity of this peptide [125]. In addition, to these rapeseed peptides, two peptide sequences 
with high ACE-inhibitory capacity were identified from canola meal hydrolysed with 
Alcalase, Val-Ser-Val and Phe-Leu, located in the primary structure of canola napin and 
cruciferin proteins [46]. Low-molecular weight cationic peptide fractions from flaxseed 
protein hydrolysed by Alcalase or thermolysin showed concentration dependent ACE-
inhibition (IC50 0.0275-0.151 mg/ml) [126]. The Alcalase cationic peptide and thermolysin 
hydrolysate showed mixed type inhibition of ACE activity. Several peptides were detected 
in a cationic peptide fraction of a trypsin & Pronase digest of flaxseed, which showed 
moderate ACE inhibition in vitro and antihypertensive effects in SHR [44]. A pentapeptide 
Trp-Asn-Ile-Leu-Asn-Ile-Leu and a hexapeptide Asn-Ile-Leu-Asp-Thr-Asp-Ile-Leu were 
identified from flaxseed protein digested with an in vitro digestion model [127]. Anyhow, 
ACE-inhibitory activity of these flaxseed derived peptides has not been evaluated 
individually and thus, the ACE-inhibitory capacity of these peptides in a pure form is not 
clear [44, 126, 127].  

Despite the high in vitro ACE-inhibitory potency of Alcalase digests of oil seed proteins, 
their antihypertensive effects in vivo have not been evaluated yet. Subtilisin digest of 
rapeseed and tryptic digest of flaxseed have shown antihypertensive properties in SHR. 
Marczak and co-workers [125] studied the Subtilisin and pepsin digests of rapeseed in SHR. 
Subtilisin digest of rapeseed protein showed dose dependent antihypertensive effect after 
oral administration to SHR and its effect was significant even at a single dose of 0.15 g/kg. 
The Subtilisin digest was subjected to hydrolysis with different proteases to simulate 
gastrointestinal digestion in vitro and the ACE-inhibitory activity was changed only slightly 
indicating that ACE-inhibitory peptides present in the Subtilisin digest are relatively 
resistant. The antihypertensive activities of Val-Trp, Val-Trp-Ile-Ser, Ile-Tyr and Arg-Ile-Tyr 
were tested following oral administration to SHR. The maximum hypotensive activity of 
Val-Trp, Val-Trp-Ile-Ser and Ile-Tyr occurred 2 h after administration, whereas Arg-Ile-Tyr 
(rapakinin) had the maximum effect 4 h after administration. All peptides displayed dose-
dependent antihypertensive effect. Hypotensive activity of the peptides was compared after 
oral administration to young (19-20 weeks) and old (28-30 weeks) SHR. Usually the 
hypotensive effect of ACE inhibitors in old SHR is lower than in young SHR. The 
hypotensive effects of Val-Trp, Val-Trp-Ile-Ser and Ile-Tyr were lower in old rats, but in the 
case of rapakinin the effect was similar in old and young rats. The authors suggested that 
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another mechanism besides ACE inhibition may be involved in hypotensive effect of 
rapakinin. Recently, the hypotensive effect of rapakinin was found to be mediated mainly 
by the prostaglandin IP (PGI2-IP) receptor followed by CCK1 receptor-dependent 
vasorelaxation [128]. In addition to hypotensive effects, the napin-derived peptide rapakinin 
has been reported to possess multifunctional properties. Rapakinin dose-dependently 
decreased food intake and gastric emptying after oral administration at a dose of 150 mg/kg 
in mice [129] and recently, Yamada and colleagues [130] reported anti-opioid activity related 
to the hypotensive effects for rapakinin. 

Peptide fraction from the enzymatic digest of flaxseed protein was recently reported to 
possess hypotensive activity in SHR [44]. An Arg-rich peptide fraction was produced from 
flaxseed protein using trypsin and pronase and by subsequent concentration with combined 
electrodialysis and ultrafiltration. The hypotensive effect of the flaxseed derived Arg-rich 
peptide fraction was tested on SHR and the effects were compared to the effects of inherent 
flaxseed protein isolate and amino acid form of Arg. The maximum hypotensive effect of the 
cationic peptide fraction was observed already 2 h after oral administration while the amino 
acid form of Arg showed lower hypotensive activity, -10.3 mmHg. On the other hand, the 
flaxseed protein isolate exhibited a slow-acting hypotensive effect with maximum of -18.4 
mmHg (SBP) at 6 h after the administration. The hypotensive effect of the Arg-rich peptide 
fraction was longer-lasting when compared to the free amino acid form of Arg and the 
authors suggested that this might be related to more efficient absorption of peptides and the 
ability of peptides to translocate directly into the cells, obviating the need for transporters. 
The observed hypotensive activity of flaxseed protein and peptide fraction could be due to 
vasodilatory activity of NO synthesized from the Arg through the L-Arg-NO pathway in the 
vascular endothelium, or ACE- and renin-inhibition observed in vitro by the cationic peptide 
fraction. 

2.4.3. Legume derived peptides 

Several enzymes have been used to produce pulse protein hydrolysates having bioactive 
properties. It has been suggested that hydrolysates of chickpea legume and mung bean 
obtained by Alcalase treatments are good sources of ACE-inhibitory peptides [43, 48]. 
Potential ACE-inhibitory potencies of common dry beans, dry pinto beans and green lentils 
increased during in vitro gastrointestinal digestion have been reported, with IC50 values of 
0.78–0.83, 0.15–0.69 and 0.008–0.89 mg protein/ml, respectively [131]. In addition, 15 min 
heat treatment effectively increased the ACE-inhibitory activity of the stomach digest [43, 
131]. Digestion simulating the physiological conditions of pea proteins sufficed to achieve 
the highest ACE-inhibitory activity with IC50 value of 0.076 mg/ml [132]. Furthermore, it has 
been suggested that red lentil protein hydrolysates have ACE-inhibitory properties. The 
ACE-inhibitory property of the tryptic hydrolysates varied as a function of the protein 
fraction with the total lentil protein hydrolysate having the lowest IC50 (0.440 ± 0.004 mg/ml). 
This indicates that lentil varieties having higher amounts of legumin and albumin proteins 
may have higher ACE-inhibitory properties [63]. Pedroche and co-workers [41] hydrolysed 
chickpea protein isolate with Alcalase to produce a bioactive hydrolysate having ACE-
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inhibitory properties with an IC50 value of 0.190 mg/ml. Four peptide-fractions with average 
molecular weight of 900 Da, representing peptides with six to eight amino acid residues 
were isolated. The IC50 values were 0.103-0.117 mg/ml and two of the peptides showed 
competitive and two showed uncompetitive mechanism [41]. In addition, six ACE-
inhibitory peptides with IC50 values ranging from 0.011 to 0.012 mg/ml have been isolated 
from chickpea hydrolysed by Alcalase. All these peptides contained Met and were rich in 
other hydrophobic amino acids [43]. Two lentil varieties were hydrolysed with different 
enzymes and IC50 values ranged between 0.053 and 0.190 mg/ml. Furthermore, the 
inhibition mechanism investigated using Lineweaver–Burk plots revealed a non-competitive 
inhibition of ACE with inhibitor constants (Ki) between 0.16 and 0.46 mg/ml [40]. Three 
dipeptides, Ile-Arg, Lys-Phe and Glu-Phe were isolated and identified from Alcalase 
hydrolysate of pea protein isolate. The peptides showed strong inhibitions (IC50 values <25 
mM) of ACE and renin [133]. 

Enzymatic hydrolysate of soy protein showed a moderate ACE-inhibitory activity (0.034 
mg/ml) [39] as compared with values  reported ranging from 0.021 to 1.73 mg/ml [5, 6, 49, 
70]. Lo and co-workers [134] applied the dynamic model for the in vitro digestion of isolated 
soy proteins. They concluded that ACE-inhibitory activity was dependent on the digestion 
time and the heat treatment of soy protein. Pepsin hydrolysis of isolated soy protein 
produced peptides with a higher ACE-inhibitory activity due to the increased digestion 
time. Hydrolysis by pancreatin produced soy peptides with higher ACE‑inhibitory activity 
as compared to pepsin hydrolysates, but decresed inhibitory activity appeared after longer 
digestion time. These results suggest that at the longer digestion time pancreatin may have 
hydrolysed the peptides from pepsin digestion that had strong ACE-inhibitory activity, and 
then turned them into peptides with lower ACE-inhibitory activity.  

Pea protein hydrolysates by thermolysin contained low molecular weight (<3 kDa) peptides 
with various antioxidant activities that were dependent on the amounts of hydrophobic and 
aromatic amino acid constituents [135] (Table 2). Peptide fractions with the least cationic 
property had significantly stronger scavenging activity against DPPH and H2O2. Generally, 
the scavenging of O2− and H2O2 was negatively related with the cationic property of the 
peptide fractions [136]. Chick pea hydrolysate with antioxidant activities was prepared from 
chickpea protein isolates by Alcalase. This hydrolysate was separated with Sephadex G-25. 
Four fractions were obtained, and fraction IV had the highest antioxidant activities assayed 
by free radical scavenging effects [137]. The active peptide was identified as Asn-Arg-Tyr-
His-Glu. This peptide quenched the free radical sources DPPH, hydroxyl, and superoxide 
free radicals. Furthermore, the inhibition of the peptide on lipid peroxidation was greater 
than that of -tocopherol [57]. 

Different hydrolysis conditions of soy protein isolates have resulted in peptide mixtures 
with different antioxidant properties. Native and heated soy protein isolate hydrolysed with 
different enzymes resulted in different degree of hydrolysis ranging from 1.7-20.6 with 
antioxidant activity ranging from 28% to 65% [138]. Zhang and coworkers [139] used three 
microbial proteases to produce hydrolysates with degree of hydrolysis values from 13.4% to 
26.1% and with different oxygen radical absorbance capacity (ORAC), DPPH-radical 
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another mechanism besides ACE inhibition may be involved in hypotensive effect of 
rapakinin. Recently, the hypotensive effect of rapakinin was found to be mediated mainly 
by the prostaglandin IP (PGI2-IP) receptor followed by CCK1 receptor-dependent 
vasorelaxation [128]. In addition to hypotensive effects, the napin-derived peptide rapakinin 
has been reported to possess multifunctional properties. Rapakinin dose-dependently 
decreased food intake and gastric emptying after oral administration at a dose of 150 mg/kg 
in mice [129] and recently, Yamada and colleagues [130] reported anti-opioid activity related 
to the hypotensive effects for rapakinin. 

Peptide fraction from the enzymatic digest of flaxseed protein was recently reported to 
possess hypotensive activity in SHR [44]. An Arg-rich peptide fraction was produced from 
flaxseed protein using trypsin and pronase and by subsequent concentration with combined 
electrodialysis and ultrafiltration. The hypotensive effect of the flaxseed derived Arg-rich 
peptide fraction was tested on SHR and the effects were compared to the effects of inherent 
flaxseed protein isolate and amino acid form of Arg. The maximum hypotensive effect of the 
cationic peptide fraction was observed already 2 h after oral administration while the amino 
acid form of Arg showed lower hypotensive activity, -10.3 mmHg. On the other hand, the 
flaxseed protein isolate exhibited a slow-acting hypotensive effect with maximum of -18.4 
mmHg (SBP) at 6 h after the administration. The hypotensive effect of the Arg-rich peptide 
fraction was longer-lasting when compared to the free amino acid form of Arg and the 
authors suggested that this might be related to more efficient absorption of peptides and the 
ability of peptides to translocate directly into the cells, obviating the need for transporters. 
The observed hypotensive activity of flaxseed protein and peptide fraction could be due to 
vasodilatory activity of NO synthesized from the Arg through the L-Arg-NO pathway in the 
vascular endothelium, or ACE- and renin-inhibition observed in vitro by the cationic peptide 
fraction. 

2.4.3. Legume derived peptides 

Several enzymes have been used to produce pulse protein hydrolysates having bioactive 
properties. It has been suggested that hydrolysates of chickpea legume and mung bean 
obtained by Alcalase treatments are good sources of ACE-inhibitory peptides [43, 48]. 
Potential ACE-inhibitory potencies of common dry beans, dry pinto beans and green lentils 
increased during in vitro gastrointestinal digestion have been reported, with IC50 values of 
0.78–0.83, 0.15–0.69 and 0.008–0.89 mg protein/ml, respectively [131]. In addition, 15 min 
heat treatment effectively increased the ACE-inhibitory activity of the stomach digest [43, 
131]. Digestion simulating the physiological conditions of pea proteins sufficed to achieve 
the highest ACE-inhibitory activity with IC50 value of 0.076 mg/ml [132]. Furthermore, it has 
been suggested that red lentil protein hydrolysates have ACE-inhibitory properties. The 
ACE-inhibitory property of the tryptic hydrolysates varied as a function of the protein 
fraction with the total lentil protein hydrolysate having the lowest IC50 (0.440 ± 0.004 mg/ml). 
This indicates that lentil varieties having higher amounts of legumin and albumin proteins 
may have higher ACE-inhibitory properties [63]. Pedroche and co-workers [41] hydrolysed 
chickpea protein isolate with Alcalase to produce a bioactive hydrolysate having ACE-
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inhibitory properties with an IC50 value of 0.190 mg/ml. Four peptide-fractions with average 
molecular weight of 900 Da, representing peptides with six to eight amino acid residues 
were isolated. The IC50 values were 0.103-0.117 mg/ml and two of the peptides showed 
competitive and two showed uncompetitive mechanism [41]. In addition, six ACE-
inhibitory peptides with IC50 values ranging from 0.011 to 0.012 mg/ml have been isolated 
from chickpea hydrolysed by Alcalase. All these peptides contained Met and were rich in 
other hydrophobic amino acids [43]. Two lentil varieties were hydrolysed with different 
enzymes and IC50 values ranged between 0.053 and 0.190 mg/ml. Furthermore, the 
inhibition mechanism investigated using Lineweaver–Burk plots revealed a non-competitive 
inhibition of ACE with inhibitor constants (Ki) between 0.16 and 0.46 mg/ml [40]. Three 
dipeptides, Ile-Arg, Lys-Phe and Glu-Phe were isolated and identified from Alcalase 
hydrolysate of pea protein isolate. The peptides showed strong inhibitions (IC50 values <25 
mM) of ACE and renin [133]. 

Enzymatic hydrolysate of soy protein showed a moderate ACE-inhibitory activity (0.034 
mg/ml) [39] as compared with values  reported ranging from 0.021 to 1.73 mg/ml [5, 6, 49, 
70]. Lo and co-workers [134] applied the dynamic model for the in vitro digestion of isolated 
soy proteins. They concluded that ACE-inhibitory activity was dependent on the digestion 
time and the heat treatment of soy protein. Pepsin hydrolysis of isolated soy protein 
produced peptides with a higher ACE-inhibitory activity due to the increased digestion 
time. Hydrolysis by pancreatin produced soy peptides with higher ACE‑inhibitory activity 
as compared to pepsin hydrolysates, but decresed inhibitory activity appeared after longer 
digestion time. These results suggest that at the longer digestion time pancreatin may have 
hydrolysed the peptides from pepsin digestion that had strong ACE-inhibitory activity, and 
then turned them into peptides with lower ACE-inhibitory activity.  

Pea protein hydrolysates by thermolysin contained low molecular weight (<3 kDa) peptides 
with various antioxidant activities that were dependent on the amounts of hydrophobic and 
aromatic amino acid constituents [135] (Table 2). Peptide fractions with the least cationic 
property had significantly stronger scavenging activity against DPPH and H2O2. Generally, 
the scavenging of O2− and H2O2 was negatively related with the cationic property of the 
peptide fractions [136]. Chick pea hydrolysate with antioxidant activities was prepared from 
chickpea protein isolates by Alcalase. This hydrolysate was separated with Sephadex G-25. 
Four fractions were obtained, and fraction IV had the highest antioxidant activities assayed 
by free radical scavenging effects [137]. The active peptide was identified as Asn-Arg-Tyr-
His-Glu. This peptide quenched the free radical sources DPPH, hydroxyl, and superoxide 
free radicals. Furthermore, the inhibition of the peptide on lipid peroxidation was greater 
than that of -tocopherol [57]. 

Different hydrolysis conditions of soy protein isolates have resulted in peptide mixtures 
with different antioxidant properties. Native and heated soy protein isolate hydrolysed with 
different enzymes resulted in different degree of hydrolysis ranging from 1.7-20.6 with 
antioxidant activity ranging from 28% to 65% [138]. Zhang and coworkers [139] used three 
microbial proteases to produce hydrolysates with degree of hydrolysis values from 13.4% to 
26.1% and with different oxygen radical absorbance capacity (ORAC), DPPH-radical 
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Source of 
proteins or 
hydrolysates 

In vitro methods 
used in measuring 
antioxidant 
capacity 

Enzymes or other 
process conditions 
used 

Antioxidative peptides 
identified 

Ref 

Potato liquid 
fraction 

ABTS+- scavenging Alcalase1, 
Esperase, Neutrase 

Not specified [13] 

Potato protein 
concentration 

ABTS+-- scavenging 
Emulsion oxidative 
stability 

Alcalase SSEFTY 
IYLGQ 

[14] 

Soybean proteins Liposome 
oxidizing system 

Chymotrypsin, 
Pepsin, Papain, 
Flavourzyme, 
Alcalase, Protamex 

Not specified [51]   

Soybean protein 
b-conglycin  

Linoleic acid 
peroxidation 
system 

Protease M, 
Protease N, 
Protease P, 
Protease S 

VNPHDHQN 
LVNPHDQN 
LLPHH 
LLPHHADADY 
VIPAGYP 
LQSGDALRVPSGTTYY 

[141] 

Yellow pea seed 
protein 

Radical (DPPH, O2-

, H2O2) scavenging 
and inhibition of 
linoleic acid 
oxidation 

Thermolysin NRYHE [135]  

Barley glutelin Radical scavenging 
capacity (DPPH/O2-

/OH-), Fe2+-

chelating effect and 
reducing power 

Alcalase QKPFPQQPPF 
PQIPEEF 
LRTLPMSVNVPL 

[54] 

Wheat gluten Linoleic acid 
peroxidation 
system 

Pepsin LQPGQGQQG 
AQIPQQ 

[56] 

Rice endosperm 
protein 

O2-, OH and DPPH 
radical 
sacavenging 
capacity, Linoleic 
acid peroxidation 
system 

Alcalase, 
Chymotrypsin, 
Neutrase, Papain, 
Flavorase 

FRDEHKK 
KHNRGDEF 

[151] 

1 The enzyme indicated in bold is the most effective of the enzymes to produce antioxidative activity/peptides 

Table 2. Antioxidative capacity of plant protein-derived hydrolysates and peptides 

scavenging activities as well transition metal chelating activities. Chen and coworkers [140] 
isolated 6 antioxidative peptide fragments from the digests of -conglycinin, a main soybean 
protein component, by using protease S from Bacillus sp. The antioxidant activity of the 
soybean hydrolysates, based on a linoleic acid oxidation system study, was attributed to the 
Leu-Leu-Pro-His-His peptide sequence [89, 93]. A potent antioxidant peptide, with 
inhibitory activity of lipid peroxidation, was isolated from soy protein isolate hydrolysed by 
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Alcalase. Purification of peptide by ultrafiltration and chromatographic techniques 
enhanced the specific activity 67.9-fold compared to hydrolysate. The final potent 
antioxidant peptide contained hydrophobic amino acids and among them, Phe was 
especially abundant [141]. 

Pea and mung bean protein digests have been reported to possess antihypertensive activity 
in SHR [48, 142]. Mung bean protein hydrolysate prepared with alcalase decreased 
significantly SBP (-30.8 mmHg) of SHR 6 h after single oral administration at a dose of 600 
mg/ml. The blood pressure-lowering effect continued for at least 8 h, and the blood pressure 
returned to initial levels at 12 h after administration [48]. Single administration of mung 
bean raw sprout extract (at dose of 600 mg/kg) reduced significantly SBP (-40 mmHg) 6 h 
after administration. Plasma ACE activities in the treated rats also decreased (0.007 Unit/ml). 
Long-term intervention (1 month) test showed that blood pressure in the treated animals 
fluctuated according to the treatments. While raw sprout extract showed effective results 
after 1 week of intervention, dried sprout extracts did not have significant effects until 2 
weeks [142]. Pea protein hydrolysate was made by thermolysin action followed by 
membrane filtration. Oral administration of the pea protein hydrolysate, containing <3 kDa 
peptides, to SHR at doses of 100 and 200 mg/kg body weight led to a lowering of SBP, with a 
maximum reduction of 19 mmHg at 4 h. In contrast, orally administered unhydrolysed pea 
protein isolate had no blood pressure reducing effect in SHR, suggesting that thermolysin 
hydrolysis may have been responsible for releasing bioactive peptides from the native 
protein [143]. Pea protein peptides from in vitro gastrointestinal digestion were observed to 
absorb poorly with in vitro model and the hypotensive effect was tested with intravenous 
administration [144].   

2.4.4. Cereals 

The seed storage proteins of wheat, barley, rye, and oats contain known ACE-inhibitory di- 
and tripeptides in their primary structures. Barley and barley by-products extract possesses 
a biological activity such as free radical scavenging activity, tyrosinase, xanthin oxidase, and 
ACE-inhibition effect [145]. Hydrolysates of barley prolamin fraction exhibited the highest 
antioxidant and ACE-inhibitory activity compared to other protein fractions and protein 
isolate. Moreover, positive correlations were obtained between antioxidant and ACE-
inhibitory activity and the degree of hydrolysis of hydrolysed protein fractions and protein 
isolate [146]. 

The computer analysis of amino acid sequences of wheat gliadins made by means of 
BIOPEP database [147] showed the presence of fragments that are homological with the 
sequences regarded as antihypertensive peptides. They were: Leu-Gln-Pro (α-, β- and γ-
gliadins), Pro-Tyr-Pro (α-, β- and γ-gliadins), Ile-Pro-Pro (α-and β-gliadins), Leu-Pro-Pro (γ-
gliadins) and Leu-Val-Leu (γ-gliadins). Bioinformatic analysis of cereal proteins sequences 
revealed that particularly four tripeptides with known ACE-inhibitory activity, Leu-Gln-
Pro, Val-Pro-Pro, Ile-Pro-Pro, and Leu-Leu-Pro, are frequently encrypted in the primary 
structure of rye secalin, wheat gluten, and barley hordein. Sourdoughs fermented with 
different strains showed different concentrations of Leu-Gln-Pro and Leu-Leu-Pro. These 
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Source of 
proteins or 
hydrolysates 

In vitro methods 
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Enzymes or other 
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peroxidation 
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1 The enzyme indicated in bold is the most effective of the enzymes to produce antioxidative activity/peptides 

Table 2. Antioxidative capacity of plant protein-derived hydrolysates and peptides 

scavenging activities as well transition metal chelating activities. Chen and coworkers [140] 
isolated 6 antioxidative peptide fragments from the digests of -conglycinin, a main soybean 
protein component, by using protease S from Bacillus sp. The antioxidant activity of the 
soybean hydrolysates, based on a linoleic acid oxidation system study, was attributed to the 
Leu-Leu-Pro-His-His peptide sequence [89, 93]. A potent antioxidant peptide, with 
inhibitory activity of lipid peroxidation, was isolated from soy protein isolate hydrolysed by 
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Alcalase. Purification of peptide by ultrafiltration and chromatographic techniques 
enhanced the specific activity 67.9-fold compared to hydrolysate. The final potent 
antioxidant peptide contained hydrophobic amino acids and among them, Phe was 
especially abundant [141]. 

Pea and mung bean protein digests have been reported to possess antihypertensive activity 
in SHR [48, 142]. Mung bean protein hydrolysate prepared with alcalase decreased 
significantly SBP (-30.8 mmHg) of SHR 6 h after single oral administration at a dose of 600 
mg/ml. The blood pressure-lowering effect continued for at least 8 h, and the blood pressure 
returned to initial levels at 12 h after administration [48]. Single administration of mung 
bean raw sprout extract (at dose of 600 mg/kg) reduced significantly SBP (-40 mmHg) 6 h 
after administration. Plasma ACE activities in the treated rats also decreased (0.007 Unit/ml). 
Long-term intervention (1 month) test showed that blood pressure in the treated animals 
fluctuated according to the treatments. While raw sprout extract showed effective results 
after 1 week of intervention, dried sprout extracts did not have significant effects until 2 
weeks [142]. Pea protein hydrolysate was made by thermolysin action followed by 
membrane filtration. Oral administration of the pea protein hydrolysate, containing <3 kDa 
peptides, to SHR at doses of 100 and 200 mg/kg body weight led to a lowering of SBP, with a 
maximum reduction of 19 mmHg at 4 h. In contrast, orally administered unhydrolysed pea 
protein isolate had no blood pressure reducing effect in SHR, suggesting that thermolysin 
hydrolysis may have been responsible for releasing bioactive peptides from the native 
protein [143]. Pea protein peptides from in vitro gastrointestinal digestion were observed to 
absorb poorly with in vitro model and the hypotensive effect was tested with intravenous 
administration [144].   

2.4.4. Cereals 

The seed storage proteins of wheat, barley, rye, and oats contain known ACE-inhibitory di- 
and tripeptides in their primary structures. Barley and barley by-products extract possesses 
a biological activity such as free radical scavenging activity, tyrosinase, xanthin oxidase, and 
ACE-inhibition effect [145]. Hydrolysates of barley prolamin fraction exhibited the highest 
antioxidant and ACE-inhibitory activity compared to other protein fractions and protein 
isolate. Moreover, positive correlations were obtained between antioxidant and ACE-
inhibitory activity and the degree of hydrolysis of hydrolysed protein fractions and protein 
isolate [146]. 

The computer analysis of amino acid sequences of wheat gliadins made by means of 
BIOPEP database [147] showed the presence of fragments that are homological with the 
sequences regarded as antihypertensive peptides. They were: Leu-Gln-Pro (α-, β- and γ-
gliadins), Pro-Tyr-Pro (α-, β- and γ-gliadins), Ile-Pro-Pro (α-and β-gliadins), Leu-Pro-Pro (γ-
gliadins) and Leu-Val-Leu (γ-gliadins). Bioinformatic analysis of cereal proteins sequences 
revealed that particularly four tripeptides with known ACE-inhibitory activity, Leu-Gln-
Pro, Val-Pro-Pro, Ile-Pro-Pro, and Leu-Leu-Pro, are frequently encrypted in the primary 
structure of rye secalin, wheat gluten, and barley hordein. Sourdoughs fermented with 
different strains showed different concentrations of Leu-Gln-Pro and Leu-Leu-Pro. These 
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differences corresponded to strain-specific differences in endopeptidase (PepO) and 
aminopeptidase (PepN) activities. The highest levels of peptides Val-Pro-Pro, Ile-Pro-Pro, 
Leu-Gln-Pro, and Leu-Leu-Pro, 0.23, 0.71, 1.09, and 0.09 mmol/ kg dry matter (DM), 
respectively, were observed in rye malt: gluten sourdoughs fermented with Lactobacillus 
reuteri TMW 1.106 and added protease [148]. Several clinical trials with hypertensive 
humans show a moderate but relatively consistent reduction of blood pressure upon 
consumption of the fermented milk products containing Val-Pro-Pro and Ile-Pro-Pro [88, 
112]. Cheung and co-workers [149] used in silico approach to evaluate the potential of using 
oats as a protein source for generation of ACE-inhibitory peptides, and to screen for 
candidate enzymes to hydrolyse the oat protein for this purpose. It was found that 
thermolysin under high enzyme to substrate ratio (3%) and short time (20 min) conditions 
produced strong and stable ACE-inhibitory activity.  

Barley glutelin possess high hydrophobic amino acid content and enzymatic release by 
Alcalase produced peptides that had antioxidant capacity. Large size peptides possessed 
stronger DPPH scavenging activity and reducing power, whereas small-sized peptides were 
more effective in Fe2+ and hydroxyl radical scavenging activity [54]. Pepsin hydrolysis of by-
product of the wheat starch industry has shown antioxidant properties. Especially 
ultrafiltration produced fraction showed strong inhibition of the autoxidation of linoleic acid 
and scavenging activity of DPPH, superoxide and hydroxyl free radicals. The molecular 
weight distribution ranged from 0.1-1.7 kDa and high content of total hydrophobic amino 
acid was found in the active fraction [150]. Rice endosperm protein was, respectively, 
digested by five different protease treatments (Alcalase, chymotrypsin, Neutrase, Papain 
and Flavorase), and Neutrase produced the most desirable quality of antioxidant peptides. 
Two different peptides showing strong antioxidant activities were isolated from the 
hydrolysate using consecutive chromatographic methods. Especially, Phe-Arg-Asp-Glu-His-
Lys-Lys significantly inhibited lipid peroxidation in a linoleic acid emulsion system more 
effectively than α-tocopherol [151]. 

The Alcalase-generated rice hydrolysate showed ACE-inhibitory activity with an IC50 value of 
0.14 mg/ml. A potent ACE-inhibitory peptide with the amino acid sequence of Thr-Gln-Val-
Tyr (IC50 of 18.2 µM) was isolated and identified from the hydrolysate. Single oral 
administration of the hydrolysate (600 mg/kg) and Thr-Gln-Val-Tyr (30 mg/kg) showed 
significantly decreased blood pressure in SHR, -25.6 and -40 mmHg SBP, respectively, after 6h 
[152]. Three strong ACE-inhibitors with the Leu-Arg-Pro, Leu-Ser-Pro and Leu-Gln-Pro 
sequences were isolated from maize α-zein hydrolysed with thermolysin. After intravenous 
administration of these peptides (30 mg/kg body weight), SBP was found to decrease up to a 
maximum of 15 mmHg [31]. Moreover, a tripeptide (Ile-Val-Tyr) isolated from wheat germ 
hydrolysate reduced MAP of 19.2 mmHg at dose of 5 mg/ml in SHR [153]. 

3. Bioavailability 

Bioavailability is a major issue when establishing correspondence between in vitro and in 
vivo activities of bioactive peptides. The capacity to reach target organ in an active 
conformation determines the physiological effect of bioactive peptides. Various processes 

 
Antihypertensive Properties of Plant Protein Derived Peptides 165 

take place after oral administration of a bioactive peptide and need to be considered on the 
final activity. It’s highly likely that antihypertensive reported peptide sequences are 
subjected to alteration before the final activity in vivo after the various steps, such as attack 
of gastrointestinal enzymes and brush border peptidases, absorption through the intestinal 
barrier, attack of intracellular peptidases in the transcellular absorption and plasma 
enzymes after the peptides have entered the circulation [58, 154]. Therefore, the different 
aspects of bioavailability of antihypertensive peptide sequences have attracted a growing 
interest in the last years. The possibility of modification or breakdown of peptides during 
the gastrointestinal digestion is one of the most important factors to be considered when 
evaluating potential food-derived peptides for promotion of human health. Various models 
have been implemented to simulate gastrointestinal digestion; static and dynamic models 
which both differ in enzymes applied and reaction conditions, such as agitation and 
duration. For instance, authors in references [155] and [47] utilized human digestive liquids 
to model digestion in vitro whereas several reports have concerned implementation of 
porcine enzyme mixtures [e.g. 60, 127, 132]. In addition to studying the resistance of 
antihypertensive peptide sequences against the digestive enzymes, the models have been 
utilized in order to produce bioactive peptides, plant derived ACE-inhibitory peptides 
among them. For instance pea, lentil, bean and chickpea proteins have been reported to 
release ACE-inhibitory peptides during in vitro digestion [40, 127, 132]. The digestive 
characteristics of commercial proteases mixtures are known to differ from those of human 
origin [155]. Zhu and co-workers [156] reported that the antioxidative activity of a zein 
hydrolysate, which had previously shown antioxidant activity in aqueous solutions and in 
food systems, was either decreased or improved during the course of in vitro digestion, 
depending on the enzymes encountered and the duration of hydrolysis. Thus, direct 
comparison of the results between the different models is difficult. A consensus concerning 
the basic parameters would be relevant in order to harmonize the various in vitro digestion 
models.  

Study of intestinal absorption in vitro is another common aim when elucidating the 
bioavailability. It has been indicated that a small portion of bioactive peptides can pass the 
intestine barrier and although it is usually too small to be considered nutritionally 
important, it can present the biological effects in tissue level [157, 158]. Molecular size and 
structural properties, such as hydrophobicity, affect the major transport route for peptides 
[158]. Research findings indicate that peptides with 2–6 amino acids are absorbed more 
readily in comparison to protein and free amino acids. As the molecular weight of peptides 
increases, their chance to pass the intestinal barrier decreases. Peptides are transported by 
active transcellular transport or by passive process [159]. The absorption studies are 
commonly performed with the monolayer of intestinal cell lines, such as Caco-2 cells, 
simulating intestinal epithelium, and analysis of peptides and metabolites in serum after in 
vivo and clinical studies. Foltz et al. [160] investigated the transport of Ile-Pro-Pro and Val-
Pro-Pro by using three different absorption models and demonstrated that these tri-peptides 
are transported in small amounts intact across the barrier of the intestinal epithelium. In 
another study, the absolute bioavailability of the tri-peptides in pigs was below 0.1%, with 
an extremely short elimination half-life ranging from 5 to 20 min [161]. In humans, maximal 
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differences corresponded to strain-specific differences in endopeptidase (PepO) and 
aminopeptidase (PepN) activities. The highest levels of peptides Val-Pro-Pro, Ile-Pro-Pro, 
Leu-Gln-Pro, and Leu-Leu-Pro, 0.23, 0.71, 1.09, and 0.09 mmol/ kg dry matter (DM), 
respectively, were observed in rye malt: gluten sourdoughs fermented with Lactobacillus 
reuteri TMW 1.106 and added protease [148]. Several clinical trials with hypertensive 
humans show a moderate but relatively consistent reduction of blood pressure upon 
consumption of the fermented milk products containing Val-Pro-Pro and Ile-Pro-Pro [88, 
112]. Cheung and co-workers [149] used in silico approach to evaluate the potential of using 
oats as a protein source for generation of ACE-inhibitory peptides, and to screen for 
candidate enzymes to hydrolyse the oat protein for this purpose. It was found that 
thermolysin under high enzyme to substrate ratio (3%) and short time (20 min) conditions 
produced strong and stable ACE-inhibitory activity.  

Barley glutelin possess high hydrophobic amino acid content and enzymatic release by 
Alcalase produced peptides that had antioxidant capacity. Large size peptides possessed 
stronger DPPH scavenging activity and reducing power, whereas small-sized peptides were 
more effective in Fe2+ and hydroxyl radical scavenging activity [54]. Pepsin hydrolysis of by-
product of the wheat starch industry has shown antioxidant properties. Especially 
ultrafiltration produced fraction showed strong inhibition of the autoxidation of linoleic acid 
and scavenging activity of DPPH, superoxide and hydroxyl free radicals. The molecular 
weight distribution ranged from 0.1-1.7 kDa and high content of total hydrophobic amino 
acid was found in the active fraction [150]. Rice endosperm protein was, respectively, 
digested by five different protease treatments (Alcalase, chymotrypsin, Neutrase, Papain 
and Flavorase), and Neutrase produced the most desirable quality of antioxidant peptides. 
Two different peptides showing strong antioxidant activities were isolated from the 
hydrolysate using consecutive chromatographic methods. Especially, Phe-Arg-Asp-Glu-His-
Lys-Lys significantly inhibited lipid peroxidation in a linoleic acid emulsion system more 
effectively than α-tocopherol [151]. 

The Alcalase-generated rice hydrolysate showed ACE-inhibitory activity with an IC50 value of 
0.14 mg/ml. A potent ACE-inhibitory peptide with the amino acid sequence of Thr-Gln-Val-
Tyr (IC50 of 18.2 µM) was isolated and identified from the hydrolysate. Single oral 
administration of the hydrolysate (600 mg/kg) and Thr-Gln-Val-Tyr (30 mg/kg) showed 
significantly decreased blood pressure in SHR, -25.6 and -40 mmHg SBP, respectively, after 6h 
[152]. Three strong ACE-inhibitors with the Leu-Arg-Pro, Leu-Ser-Pro and Leu-Gln-Pro 
sequences were isolated from maize α-zein hydrolysed with thermolysin. After intravenous 
administration of these peptides (30 mg/kg body weight), SBP was found to decrease up to a 
maximum of 15 mmHg [31]. Moreover, a tripeptide (Ile-Val-Tyr) isolated from wheat germ 
hydrolysate reduced MAP of 19.2 mmHg at dose of 5 mg/ml in SHR [153]. 

3. Bioavailability 

Bioavailability is a major issue when establishing correspondence between in vitro and in 
vivo activities of bioactive peptides. The capacity to reach target organ in an active 
conformation determines the physiological effect of bioactive peptides. Various processes 
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take place after oral administration of a bioactive peptide and need to be considered on the 
final activity. It’s highly likely that antihypertensive reported peptide sequences are 
subjected to alteration before the final activity in vivo after the various steps, such as attack 
of gastrointestinal enzymes and brush border peptidases, absorption through the intestinal 
barrier, attack of intracellular peptidases in the transcellular absorption and plasma 
enzymes after the peptides have entered the circulation [58, 154]. Therefore, the different 
aspects of bioavailability of antihypertensive peptide sequences have attracted a growing 
interest in the last years. The possibility of modification or breakdown of peptides during 
the gastrointestinal digestion is one of the most important factors to be considered when 
evaluating potential food-derived peptides for promotion of human health. Various models 
have been implemented to simulate gastrointestinal digestion; static and dynamic models 
which both differ in enzymes applied and reaction conditions, such as agitation and 
duration. For instance, authors in references [155] and [47] utilized human digestive liquids 
to model digestion in vitro whereas several reports have concerned implementation of 
porcine enzyme mixtures [e.g. 60, 127, 132]. In addition to studying the resistance of 
antihypertensive peptide sequences against the digestive enzymes, the models have been 
utilized in order to produce bioactive peptides, plant derived ACE-inhibitory peptides 
among them. For instance pea, lentil, bean and chickpea proteins have been reported to 
release ACE-inhibitory peptides during in vitro digestion [40, 127, 132]. The digestive 
characteristics of commercial proteases mixtures are known to differ from those of human 
origin [155]. Zhu and co-workers [156] reported that the antioxidative activity of a zein 
hydrolysate, which had previously shown antioxidant activity in aqueous solutions and in 
food systems, was either decreased or improved during the course of in vitro digestion, 
depending on the enzymes encountered and the duration of hydrolysis. Thus, direct 
comparison of the results between the different models is difficult. A consensus concerning 
the basic parameters would be relevant in order to harmonize the various in vitro digestion 
models.  

Study of intestinal absorption in vitro is another common aim when elucidating the 
bioavailability. It has been indicated that a small portion of bioactive peptides can pass the 
intestine barrier and although it is usually too small to be considered nutritionally 
important, it can present the biological effects in tissue level [157, 158]. Molecular size and 
structural properties, such as hydrophobicity, affect the major transport route for peptides 
[158]. Research findings indicate that peptides with 2–6 amino acids are absorbed more 
readily in comparison to protein and free amino acids. As the molecular weight of peptides 
increases, their chance to pass the intestinal barrier decreases. Peptides are transported by 
active transcellular transport or by passive process [159]. The absorption studies are 
commonly performed with the monolayer of intestinal cell lines, such as Caco-2 cells, 
simulating intestinal epithelium, and analysis of peptides and metabolites in serum after in 
vivo and clinical studies. Foltz et al. [160] investigated the transport of Ile-Pro-Pro and Val-
Pro-Pro by using three different absorption models and demonstrated that these tri-peptides 
are transported in small amounts intact across the barrier of the intestinal epithelium. In 
another study, the absolute bioavailability of the tri-peptides in pigs was below 0.1%, with 
an extremely short elimination half-life ranging from 5 to 20 min [161]. In humans, maximal 
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plasma concentration did not exceed picomolar concentration [162]. Studies concerning 
absorption of plant derived peptides are rare, but milk-derived peptide Leu-His-Leu-Pro-
Leu-Pro is an interesting example of a peptide with evaluation of bioavailability. This 
peptide resisted gastrointestinal simulation, but cellular peptidases digested the peptide to 
His-Leu-Pro-Leu-Pro before crossing Caco-2 cell monolayer [163, 164]. The degradation 
product, His-Leu-Pro-Leu-Pro, has been demonstrated to absorb in human intestine as it has 
been identified in human plasma after oral administration [165]. 

Fujita and colleagues [166] established a bioavailability factor in relation to antihypertensive 
activity and ACE inhibition mechanism. The classification is based on inhibitor type and 
substrate type, the possible conversion of peptides by ACE into peptides with weaker 
activity and pro-drug type inhibitors, or possible conversion of peptides into true inhibitors 
by ACE or gastrointestinal proteases. A delayed antihypertensive effect is characteristic for 
pro-drug type peptides as they need to degrade further to reach the final active form [167, 
168]. For instance, flaxseed protein showed pro-drug type characteristics compared to 
hydrolysed cationic peptide fraction [126]. The protein fraction showed a delayed 
hypotensive effect in SHR comparable to captopril (3 mg/kg body weight) and the effect was 
more sustained than the effect of the digested peptide fraction. The slow-acting character of 
the protein fraction was expected since the digestion of the proteins. Anyhow, more 
research is needed to identify the active peptide sequences released in the digestive tract 
and to evaluate the bioavailability of these peptides. 

It can be deduced due to the incomplete bioavailability of peptide following oral ingestion, a 
peptide with pronounced antioxidant activity in vitro may exert little or no activity in vivo. 
However, bypass routes which increase the chance of peptide absorption can diminish the 
problem and it is possible that in vivo antioxidant activity can be higher than in vitro activity. 
In such cases, bioactive peptides may display their biological functions by mechanisms 
other than what is applied in experiment. In addition, it has been suggested that the strong 
in vivo activity can be due to increased activity of peptides following their breakdown by 
gastrointestinal proteases [88]. 

The improvement and optimization of bioavailability of antihypertensive peptides have 
gained a great interest during the last decade. The improvement of limited absorption and 
stability of peptides has been a goal when evaluating their effectiveness. For example, some 
carriers interact with the peptide molecule to create an insoluble entity at low pH, which 
later dissolves and facilitates intestinal uptake, by enhancing peptide transport over the 
non-polar biological membrane [169]. Bioavailability of bioactive tri-peptides (Val-Pro-Pro, 
Ile-Pro-Pro, Leu-Pro-Pro) was improved by administering them with a meal containing 
fibre, as compared to a meal containing no fibre. High methylated citrus pectin was used as 
a fibre [170]. Among drug delivery systems, emulsions have been used to enhance oral 
bioavailability or promoting absorption through mucosal surfaces of peptides and proteins 
[169]. Individually, various components of emulsions have been considered as candidates 
for improving bioavailability of peptides. Anyhow, it seems that no general strategy for 
improving bioavailability of antihypertensive peptides exists and due to the number of 
processes involved and different characteristics of peptides depending on the sequence each 
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case must be studied. Many strategies are currently demonstrated for enhancing 
bioavailability [171], among them microencapsulation for controlled release of the active 
compounds, stabilization of the active molecules to improve transportation through the 
intestinal barrier and provide resistance against degradation, and development of highly 
stabile peptide analogues [172-174]. 

4. Health benefits 

ACE-inhibitory peptides have been studied extensively in the past two decades and ACE-
inhibition is the main mechanism concerning bioactive peptides with proven 
antihypertensive effects. ACE is a constituent enzyme of the Renin-Angiotensin-Aldosterone 
System (RAAS), which is a crucial regulator in human physiology. It controls blood 
pressure, fluid and electrolyte balance and affects the heart, vasculature and kidney [2]. 
Among the food-derived ACE-inhibitory peptides milk-derived peptides are the most 
extensively studied. The relevance of vegetable proteins as a source of antihypertensive 
peptides is increasing and several in vivo studies performed in SHR have demonstrated that 
plant-derived ACE-inhibitory protein hydrolysates and peptides significantly reduce blood 
pressure, either after oral or intravenous administration. For instance, a clinical randomized, 
placebo-controlled crossover study was performed in order to elucidate further the 
antihypertensive potential of yam tuber dioscorins [175]. The dioscorin meal or placebo was 
intervened as a morning drink daily for five weeks, followed by a washout stage for one 
week and the trial was then crossed over for five weeks. The SBP and DBP values were 
decreased after the five weeks of dioscorin meal intervention. The clinical trial as well as the 
animal trials with dioscorin intervention suggests that the gastrointestinal digestion may 
produce antihypertensive peptides from the yam tuber dioscorins. 

Furthermore, related to the RAAS, plant derived ACE-inhibitory peptides have been 
reported to possess inhibition activity against renin, the first and rate-determining enzyme 
in RAAS [2]. The inhibition of renin is being suggested as a major alternative in 
hypertension prevention. The first direct renin-inhibitor, aliskiren, is currently under phase 
III trials to evaluate its potential as an antihypertensive drug [176]. Thermolysin digest of 
pea protein decreased remarkably the renal expression of renin mRNA levels in vivo and 
lowered plasma levels of angiotensin II, thus the reduction in blood pressure in SHR and 
human subjects was likely due to the effects on the renal angiotensin system [143]. Pea-
derived peptides Ile-Arg, Lys-Phe and Glu-Phe showed strong inhibitions in vitro studies of 
ACE and renin [133] as well as ACE-inhibitory peptide fractions from flaxseed protein 
hydrolysates possessed inhibition also against renin [126, 177, 178].  

Opioid receptors are involved in various physiological phenomenons, e.g. in the regulation 
of blood pressure and circulation, and these receptors are related to the antihypertensive 
properties of some food derived peptides. Other vasodilatory substances, such as ET-1, have 
also been suggested to be involved in the antihypertensive effects of food-derived peptides 
[173, 178, 179]. However, peptide sequences derived specifically from plant proteins 
inducing endothelial NO liberation have not been reported this far. A cationic Arg-rich 
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plasma concentration did not exceed picomolar concentration [162]. Studies concerning 
absorption of plant derived peptides are rare, but milk-derived peptide Leu-His-Leu-Pro-
Leu-Pro is an interesting example of a peptide with evaluation of bioavailability. This 
peptide resisted gastrointestinal simulation, but cellular peptidases digested the peptide to 
His-Leu-Pro-Leu-Pro before crossing Caco-2 cell monolayer [163, 164]. The degradation 
product, His-Leu-Pro-Leu-Pro, has been demonstrated to absorb in human intestine as it has 
been identified in human plasma after oral administration [165]. 

Fujita and colleagues [166] established a bioavailability factor in relation to antihypertensive 
activity and ACE inhibition mechanism. The classification is based on inhibitor type and 
substrate type, the possible conversion of peptides by ACE into peptides with weaker 
activity and pro-drug type inhibitors, or possible conversion of peptides into true inhibitors 
by ACE or gastrointestinal proteases. A delayed antihypertensive effect is characteristic for 
pro-drug type peptides as they need to degrade further to reach the final active form [167, 
168]. For instance, flaxseed protein showed pro-drug type characteristics compared to 
hydrolysed cationic peptide fraction [126]. The protein fraction showed a delayed 
hypotensive effect in SHR comparable to captopril (3 mg/kg body weight) and the effect was 
more sustained than the effect of the digested peptide fraction. The slow-acting character of 
the protein fraction was expected since the digestion of the proteins. Anyhow, more 
research is needed to identify the active peptide sequences released in the digestive tract 
and to evaluate the bioavailability of these peptides. 

It can be deduced due to the incomplete bioavailability of peptide following oral ingestion, a 
peptide with pronounced antioxidant activity in vitro may exert little or no activity in vivo. 
However, bypass routes which increase the chance of peptide absorption can diminish the 
problem and it is possible that in vivo antioxidant activity can be higher than in vitro activity. 
In such cases, bioactive peptides may display their biological functions by mechanisms 
other than what is applied in experiment. In addition, it has been suggested that the strong 
in vivo activity can be due to increased activity of peptides following their breakdown by 
gastrointestinal proteases [88]. 

The improvement and optimization of bioavailability of antihypertensive peptides have 
gained a great interest during the last decade. The improvement of limited absorption and 
stability of peptides has been a goal when evaluating their effectiveness. For example, some 
carriers interact with the peptide molecule to create an insoluble entity at low pH, which 
later dissolves and facilitates intestinal uptake, by enhancing peptide transport over the 
non-polar biological membrane [169]. Bioavailability of bioactive tri-peptides (Val-Pro-Pro, 
Ile-Pro-Pro, Leu-Pro-Pro) was improved by administering them with a meal containing 
fibre, as compared to a meal containing no fibre. High methylated citrus pectin was used as 
a fibre [170]. Among drug delivery systems, emulsions have been used to enhance oral 
bioavailability or promoting absorption through mucosal surfaces of peptides and proteins 
[169]. Individually, various components of emulsions have been considered as candidates 
for improving bioavailability of peptides. Anyhow, it seems that no general strategy for 
improving bioavailability of antihypertensive peptides exists and due to the number of 
processes involved and different characteristics of peptides depending on the sequence each 
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case must be studied. Many strategies are currently demonstrated for enhancing 
bioavailability [171], among them microencapsulation for controlled release of the active 
compounds, stabilization of the active molecules to improve transportation through the 
intestinal barrier and provide resistance against degradation, and development of highly 
stabile peptide analogues [172-174]. 

4. Health benefits 

ACE-inhibitory peptides have been studied extensively in the past two decades and ACE-
inhibition is the main mechanism concerning bioactive peptides with proven 
antihypertensive effects. ACE is a constituent enzyme of the Renin-Angiotensin-Aldosterone 
System (RAAS), which is a crucial regulator in human physiology. It controls blood 
pressure, fluid and electrolyte balance and affects the heart, vasculature and kidney [2]. 
Among the food-derived ACE-inhibitory peptides milk-derived peptides are the most 
extensively studied. The relevance of vegetable proteins as a source of antihypertensive 
peptides is increasing and several in vivo studies performed in SHR have demonstrated that 
plant-derived ACE-inhibitory protein hydrolysates and peptides significantly reduce blood 
pressure, either after oral or intravenous administration. For instance, a clinical randomized, 
placebo-controlled crossover study was performed in order to elucidate further the 
antihypertensive potential of yam tuber dioscorins [175]. The dioscorin meal or placebo was 
intervened as a morning drink daily for five weeks, followed by a washout stage for one 
week and the trial was then crossed over for five weeks. The SBP and DBP values were 
decreased after the five weeks of dioscorin meal intervention. The clinical trial as well as the 
animal trials with dioscorin intervention suggests that the gastrointestinal digestion may 
produce antihypertensive peptides from the yam tuber dioscorins. 

Furthermore, related to the RAAS, plant derived ACE-inhibitory peptides have been 
reported to possess inhibition activity against renin, the first and rate-determining enzyme 
in RAAS [2]. The inhibition of renin is being suggested as a major alternative in 
hypertension prevention. The first direct renin-inhibitor, aliskiren, is currently under phase 
III trials to evaluate its potential as an antihypertensive drug [176]. Thermolysin digest of 
pea protein decreased remarkably the renal expression of renin mRNA levels in vivo and 
lowered plasma levels of angiotensin II, thus the reduction in blood pressure in SHR and 
human subjects was likely due to the effects on the renal angiotensin system [143]. Pea-
derived peptides Ile-Arg, Lys-Phe and Glu-Phe showed strong inhibitions in vitro studies of 
ACE and renin [133] as well as ACE-inhibitory peptide fractions from flaxseed protein 
hydrolysates possessed inhibition also against renin [126, 177, 178].  

Opioid receptors are involved in various physiological phenomenons, e.g. in the regulation 
of blood pressure and circulation, and these receptors are related to the antihypertensive 
properties of some food derived peptides. Other vasodilatory substances, such as ET-1, have 
also been suggested to be involved in the antihypertensive effects of food-derived peptides 
[173, 178, 179]. However, peptide sequences derived specifically from plant proteins 
inducing endothelial NO liberation have not been reported this far. A cationic Arg-rich 
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peptide fraction from flaxseed, which possessed hypotensive effects in SHR, was suggested 
to mediate blood pressure through vasodilatory activity of NO synthesized from Arg. The 
observed effect might also be due to ACE- and renin-inhibition and in-depth research is 
needed to measure the renin and ACE protein levels and activities in SHR tissues and 
plasma and to specify the prior mechanism of antihypertensive action [44]. 

Calmodulin (CaM) –dependent cyclic nucleotide phosphodiesterase (CaMPDE) regulates a 
large variety of cellular functions and excessive levels of CaM and CaMPDE play important 
roles in many physiological conditions, symptoms of cardiovascular disease among them. 
Recently, food derived peptides capable to inhibit CaMPDE have been reported, flaxseed 
and pea protein derived peptides among them [125, 133, 178]. Oxidative stress is a crucial 
causative factor for the initiation and progression of hypertension and CVD. Increased 
production of ROS, such as H2O2 and superoxide anion, reduced NO synthesis, and 
decreased bioavailability of antioxidants have been demonstrated in experimental and 
human hypertension. Diet rich in antioxidants can reduce blood pressure and thus, 
antioxidant properties of food-derived peptides may also affect on blood pressure 
regulation [180, 181]. Several food derived peptides have been reported to possess dual 
(ACE-inhibition and antioxidant) activity, among them plant protein derived hydrolysates 
of flaxseed [44, 55,182], rapeseed [47], potato [13] and yam [115, 116]. 

New mechanisms of action of antihypertensive peptides have been demonstrated in the 
recent years. The antihypertensive effect of a rapeseed derived tri-peptide rapakinin, was 
suggested to be mediated through other mechanism than ACE-inhibition [125]. Later on, 
different mechanisms were considered and the vasorelaxing activity of rapakinin was not 
blocked by eNOS inhibitor, while antagonists of IP and CCK1 receptor blocked the 
vasorelaxing effect of rapakinin significantly [128]. The results demonstrated that rapakinin 
relaxes the mesenteric artery of SHR through the PGI2-IP receptor followed by CCK 
pathway and the antihypertensive activity is mediated mainly by the PGI2-IP CCK-CCK1 
receptor-dependent vasorelaxation. Moreover, inhibition of platelet-activating factor 
acetylhydrolase (PAF-AH) is suggested to play a crucial role in the hypertension prevention. 
PAF-AH is a circulatory enzyme secreted by inflammatory cells and it is involved in 
atherosclerosis. The discovery and application of natural PAF-AH into health promoting 
foods open up considerable potential [183].  

5. General conclusions 

The interest on foods possessing health-promoting or disease-preventing properties has 
been increasing. So far most of the studies on antihypertensive peptides have been done on 
milk protein-derived peptides. In fact, much work has been done with dietary 
antihypertensive peptides and evidence of their effect in animal and clinical studies. 
However, it has been highlighted that there is a huge potential for obtaining 
antihypertensive peptides from protein sources other than milk. Much work has been done 
on plant protein hydrolysates and their activity in vitro. So far only limited number of 
peptides has been identified from plant proteins. In addition very little is known on the 
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activity of these hydrolysates and peptides in animal or in humans. These findings open up 
an interesting field aiming to revaluation of plant derived protein-rich by-products formed 
in food industry processes in remarkable amounts.  

Certain aspects, such as identification of the active form of the peptides in the organism and 
the different mechanisms of action that contribute in the antihypertensive effect still need to 
be further investigated. Recent advances on specific analytical techniques enable to follow 
small amounts of the peptides or derivatives in complex matrices and biological fluids. This 
will allow performing the kinetic studies in model animals and humans. Similarly, 
identifying novel and more complex biomarkers of exposure and activity by advances in 
new disciplines such as nutrigenomic and nutrigenetic will open new ways to follow 
bioactivity in the organism. There is still poor knowledge on the resistance of peptides to 
gastric degradation, and low bioavailability of peptides has been observed. This reinforces 
the need of various strategies to improve the oral bioavailability of peptides. 

More emphasis has been put on the legal regulation of the health claims attached to the 
products. Systematic approaches for review and assessment of scientific data have been 
developed by authorities around the world. The scientific evidence on the beneficial effects 
of the product should be enough detailed, extensive and conclusive for the use of a health 
claim in the functional food product labeling and marketing. First, it is necessary to identify 
and quantify the active sequences in the product. It is mandatory to monitor the hydrolytic 
or fermentative industrial production process as the antihypertensive peptides are only 
minor constituents in highly complex food matrices. Second, the antihypertensive effect in 
humans as well as the minimal dose needed to show the effect has to be proven in extensive 
investigations to fulfill the requirements of the legislation concerning functional foods. 
Besides being based on generally accepted scientific evidence, the claims should be well 
understood by the average consumer. Japan is the pioneer in the area of regulation of the 
health claims concerning food products. The concept of Foods for Specified Health Use 
(FOSHU) was established in 1991. In EU, the European Regulation on nutrition and health 
claims was established in January 2007 and the regulations are governed by European Food 
Safety Authority (EFSA). 
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peptide fraction from flaxseed, which possessed hypotensive effects in SHR, was suggested 
to mediate blood pressure through vasodilatory activity of NO synthesized from Arg. The 
observed effect might also be due to ACE- and renin-inhibition and in-depth research is 
needed to measure the renin and ACE protein levels and activities in SHR tissues and 
plasma and to specify the prior mechanism of antihypertensive action [44]. 

Calmodulin (CaM) –dependent cyclic nucleotide phosphodiesterase (CaMPDE) regulates a 
large variety of cellular functions and excessive levels of CaM and CaMPDE play important 
roles in many physiological conditions, symptoms of cardiovascular disease among them. 
Recently, food derived peptides capable to inhibit CaMPDE have been reported, flaxseed 
and pea protein derived peptides among them [125, 133, 178]. Oxidative stress is a crucial 
causative factor for the initiation and progression of hypertension and CVD. Increased 
production of ROS, such as H2O2 and superoxide anion, reduced NO synthesis, and 
decreased bioavailability of antioxidants have been demonstrated in experimental and 
human hypertension. Diet rich in antioxidants can reduce blood pressure and thus, 
antioxidant properties of food-derived peptides may also affect on blood pressure 
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of flaxseed [44, 55,182], rapeseed [47], potato [13] and yam [115, 116]. 
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recent years. The antihypertensive effect of a rapeseed derived tri-peptide rapakinin, was 
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acetylhydrolase (PAF-AH) is suggested to play a crucial role in the hypertension prevention. 
PAF-AH is a circulatory enzyme secreted by inflammatory cells and it is involved in 
atherosclerosis. The discovery and application of natural PAF-AH into health promoting 
foods open up considerable potential [183].  
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The interest on foods possessing health-promoting or disease-preventing properties has 
been increasing. So far most of the studies on antihypertensive peptides have been done on 
milk protein-derived peptides. In fact, much work has been done with dietary 
antihypertensive peptides and evidence of their effect in animal and clinical studies. 
However, it has been highlighted that there is a huge potential for obtaining 
antihypertensive peptides from protein sources other than milk. Much work has been done 
on plant protein hydrolysates and their activity in vitro. So far only limited number of 
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new disciplines such as nutrigenomic and nutrigenetic will open new ways to follow 
bioactivity in the organism. There is still poor knowledge on the resistance of peptides to 
gastric degradation, and low bioavailability of peptides has been observed. This reinforces 
the need of various strategies to improve the oral bioavailability of peptides. 
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products. Systematic approaches for review and assessment of scientific data have been 
developed by authorities around the world. The scientific evidence on the beneficial effects 
of the product should be enough detailed, extensive and conclusive for the use of a health 
claim in the functional food product labeling and marketing. First, it is necessary to identify 
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1. Introduction 

The frequency of lifestyle-related diseases is steadily increasing, particularly of 
hypertension, a risk factor for cardiovascular diseases such as coronary heart disease, 
peripheral arterial disease and stroke. Indeed, cardiovascular diseases are the primary cause 
of morbidity and mortality in Western countries, with hypertension affecting about 20% of 
the world’s adult population [1]. Blood pressure is controlled by various regulatory factors 
in the body, including angiotensin I-converting enzyme (ACE-I). ACE-I 
(peptidyldipeptidaseA, kininase II, EC 3.4.15.1) is a zinc dipeptidylcarboxypeptidase. This 
membrane-bound exopeptidase is found on the plasma membranes of various cell types, 
including vascular endothelial cells, microvillar brush border epithelial cells and 
neuroepithelial cells. It is thought to be physiologically important. The primary activity of 
ACE-I is to cleave broad specificity free carboxyl group oligopeptides. Substrates containing 
Pro at the P1' position and Asp or Glu at P2' are resistant to ACE-I. However, on certain 
substrates ACE-I can also function as an endopeptidase or a tripeptidylcarboxypeptidase. 
With ACE-I, endopeptidase activity is observed on substrates having amidated carboxyl 
groups where the enzyme can cleave a C-terminal dipeptide amide and/or a C-terminal 
tripeptide amide [2]. ACE-I is responsible for converting angiotensin I (Ang I) to the 
powerful vasoconstrictor angiotensin II (Ang II) and inactivating the vasodilator peptide 
bradykinin (BK) by removal of C-terminal dipeptides [3]. In a functional sense, therefore, the 
enzymatic actions of ACE-I potentially cause increased vasoconstriction and decreased 
vasodilation. ACE-I has attracted interest for development of orally-active ACE-I inhibitors 
to treat hypertension due to its central role in vasoactive peptide metabolism. Inhibition of 
ACE-I prevents conversion of Ang I into Ang II, making it becomes one of the most effective 
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methods for suppressing increases in blood pressure [4]. Since discovery of ACE-I inhibitors 
in snake venom, extensive research has been done on synthesizing ACE-I inhibitors such as 
captopril, enalapril, alacepril and lisinopril, all currently in use for treatment of 
hypertension and heart failure in humans. However, these synthetic drugs occasionally 
produce side effects such as cough, taste alterations and skin rashes. Interest has 
consequently increased in natural ACE-I inhibitors as safer and lower cost alternatives to 
synthetic ones [5]. 

Antioxidant deficiency also has been implicated in the occurrence of hypertension and other 
degenerative diseases. Reactive oxygen species (ROS) such as the superoxide anion radical 
(O-2), hydrogen peroxide and hydroxyl radicals (●OH) are physiological metabolites formed 
as result of respiration in aerobic organisms. ROS are very unstable, and react rapidly with 
other substances including DNA, membrane lipids and proteins. Oxidative stress is 
produced by an imbalance between oxidizing species and natural antioxidants in the body, 
and has been associated with aging, cell apoptosis and severe diseases such as cancer, 
Parkinson, Alzheimer, and cardiovascular disorders [6]. Epidemiological studies have 
demonstrated an inverse association among intake of antioxidants from fruits and 
vegetables, and morbidity and mortality due to coronary heart diseases and cancer. In 
response, researchers are searching for natural antioxidants in food that may protect the 
body from free radicals and retard the evolution of many chronic diseases [7].  

In recent years, food proteins have gained increasing value due to the rapidly expanding 
knowledge about physiologically active peptides. Peptides from various dietary sources 
have been shown to have clearly positive effects on health by functioning as 
antihypertensives, antioxidants, anticarcinogens, antimicrobials and anticariogenics, among 
others. These properties have led to their labeling as functional or biologically-active (i.e. 
bioactive) peptides. Bioactive peptides may be encrypted within the amino acid sequence of 
a larger protein. These peptides usually consist of 3-20 amino acids and are released from 
the original protein after degradation [8]. The most common way to produce bioactive 
peptides is through enzymatic hydrolysis of whole protein molecules. After enzymatic 
processing, amino acid sequences that were inactive in the core of the source protein are 
released and can exercise special properties. Many of the known bioactive peptides have 
been produced using gastrointestinal enzymes, usually pepsin and trypsin. Other digestive 
enzymes and different enzyme combinations of proteinases-including Alcalase®, 
chymotrypsin, pancreatin, pepsin and thermolysin have also been utilized to generate 
bioactive peptides from various proteins [9].  

Continued population growth worldwide, consequent food resource shortages in 
developing countries, and the health risks associated with excessive animal protein (and 
saturated fats) intake has led researchers to search for new sources of proteins from non-
conventional raw materials. Legumes are cultivated worldwide and constitute an excellent 
protein source (protein content =20-30%). Cowpea (Vigna unguiculata) is a major legume crop 
worldwide, particularly in tropical and subtropical areas such as southeast Mexico. It serves 
as a major dietary protein source in both human and animal diets, and its protein content 
makes it a good raw material for preparation of protein extracts and hydrolysates. Protein 
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extract has been used as substrates for production of hydrolysates with functional and/or 
nutritional properties better than the original extract [10]. Bioactive peptides with ACE-I 
inhibitory activity has been isolated from protein hydrolysates from a number of animal and 
vegetable sources. Vegetable origin proteins are of particular interest, and legumes are 
especially promising due to their high protein content and diverse physiological activities in 
the human organism. Extensive hydrolysis of V. unguiculata protein concentrates with 
commercial and digestives enzymes could therefore produce a number of peptides with a 
myriad of potential applications; for example, as natural-source therapeutic agents in 
medical treatments and/or as an ingredient in functional foods. Taking this into account, the 
aim of the present study was to modify enzymatically protein concentrates of V. unguiculata, 
evaluate the ACE-I inhibitory and antioxidant potential of the hydrolysates and relate the 
biological activity to their amino acid compositions.  

2. Material and methods  

2.1. Materials 

V. unguiculata seeds were obtained from the February 2007 harvest in Yucatan state, Mexico. 
Reagents were of analytical grade and purchased from J.T. Baker (Phillipsburg, NJ, USA), 
Sigma Chemical Co. (St. Louis, MO, USA), Merck (Darmstadt, Germany) and Bio-Rad 
Laboratories, Inc. (Hercules, CA, USA). Alcalase® 2.4L FG and Flavourzyme® 500MG 
enzymes were purchased from Novo Laboratories (Copenhagen, Denmark). 

2.2. Protein isolates 

A single extraction was performed with 6 kg of cowpea seeds. Impurities and damaged seeds 
were removed, and sound seeds milled in a Mykros impact mill (Industrial Machinery, 
Monterrey, Mexico) until passing through a 20-mesh screen (0.85 mm) followed by milling in a 
Cyclotec 1093 (Tecator, Sweden) mill until passing through a 60-mesh screen (0.24 mm). The 
resulting flour was processed using the wet fractionation method of Betancur-Ancona [11]. 
Briefly, whole flour was suspended in distilled water at a 1:6 (w/v) ratio, pH was adjusted to 
11.0 with 1 M NaOH, and the dispersion was stirred for 1 h at 0.178 x g with a mechanical 
agitator (Caframo Rz-1, Heidolph Schwabach, Germany). This suspension was wet-milled 
with a Kitchen-Aid® food processor, and the fiber solids were separated from the starch and 
protein mix by straining through 80- and 150-mesh sieves and washing the residue five times 
with distilled water. The protein-starch suspension was allowed to sediment for 30 min at 
room temperature to recover the starch and protein fractions. The pH of the separated 
solubilized proteins was adjusted to the isoelectric point (4.5) with 1 N HCl. The suspension 
was then centrifuged at 1317 x g for 12 min (Mistral 3000i, Curtin Matheson Sci.), the 
supernatants were discarded, and the precipitates were freeze-dried until use. 

2.3. Enzymatic hydrolysis 

Hydrolysis of the protein extract was done using a totally randomized design with the 
treatments being the enzymatic system applied: Alcalase® 2.4L FG; Flavourzyme® 500MG; or 
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methods for suppressing increases in blood pressure [4]. Since discovery of ACE-I inhibitors 
in snake venom, extensive research has been done on synthesizing ACE-I inhibitors such as 
captopril, enalapril, alacepril and lisinopril, all currently in use for treatment of 
hypertension and heart failure in humans. However, these synthetic drugs occasionally 
produce side effects such as cough, taste alterations and skin rashes. Interest has 
consequently increased in natural ACE-I inhibitors as safer and lower cost alternatives to 
synthetic ones [5]. 

Antioxidant deficiency also has been implicated in the occurrence of hypertension and other 
degenerative diseases. Reactive oxygen species (ROS) such as the superoxide anion radical 
(O-2), hydrogen peroxide and hydroxyl radicals (●OH) are physiological metabolites formed 
as result of respiration in aerobic organisms. ROS are very unstable, and react rapidly with 
other substances including DNA, membrane lipids and proteins. Oxidative stress is 
produced by an imbalance between oxidizing species and natural antioxidants in the body, 
and has been associated with aging, cell apoptosis and severe diseases such as cancer, 
Parkinson, Alzheimer, and cardiovascular disorders [6]. Epidemiological studies have 
demonstrated an inverse association among intake of antioxidants from fruits and 
vegetables, and morbidity and mortality due to coronary heart diseases and cancer. In 
response, researchers are searching for natural antioxidants in food that may protect the 
body from free radicals and retard the evolution of many chronic diseases [7].  

In recent years, food proteins have gained increasing value due to the rapidly expanding 
knowledge about physiologically active peptides. Peptides from various dietary sources 
have been shown to have clearly positive effects on health by functioning as 
antihypertensives, antioxidants, anticarcinogens, antimicrobials and anticariogenics, among 
others. These properties have led to their labeling as functional or biologically-active (i.e. 
bioactive) peptides. Bioactive peptides may be encrypted within the amino acid sequence of 
a larger protein. These peptides usually consist of 3-20 amino acids and are released from 
the original protein after degradation [8]. The most common way to produce bioactive 
peptides is through enzymatic hydrolysis of whole protein molecules. After enzymatic 
processing, amino acid sequences that were inactive in the core of the source protein are 
released and can exercise special properties. Many of the known bioactive peptides have 
been produced using gastrointestinal enzymes, usually pepsin and trypsin. Other digestive 
enzymes and different enzyme combinations of proteinases-including Alcalase®, 
chymotrypsin, pancreatin, pepsin and thermolysin have also been utilized to generate 
bioactive peptides from various proteins [9].  

Continued population growth worldwide, consequent food resource shortages in 
developing countries, and the health risks associated with excessive animal protein (and 
saturated fats) intake has led researchers to search for new sources of proteins from non-
conventional raw materials. Legumes are cultivated worldwide and constitute an excellent 
protein source (protein content =20-30%). Cowpea (Vigna unguiculata) is a major legume crop 
worldwide, particularly in tropical and subtropical areas such as southeast Mexico. It serves 
as a major dietary protein source in both human and animal diets, and its protein content 
makes it a good raw material for preparation of protein extracts and hydrolysates. Protein 
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extract has been used as substrates for production of hydrolysates with functional and/or 
nutritional properties better than the original extract [10]. Bioactive peptides with ACE-I 
inhibitory activity has been isolated from protein hydrolysates from a number of animal and 
vegetable sources. Vegetable origin proteins are of particular interest, and legumes are 
especially promising due to their high protein content and diverse physiological activities in 
the human organism. Extensive hydrolysis of V. unguiculata protein concentrates with 
commercial and digestives enzymes could therefore produce a number of peptides with a 
myriad of potential applications; for example, as natural-source therapeutic agents in 
medical treatments and/or as an ingredient in functional foods. Taking this into account, the 
aim of the present study was to modify enzymatically protein concentrates of V. unguiculata, 
evaluate the ACE-I inhibitory and antioxidant potential of the hydrolysates and relate the 
biological activity to their amino acid compositions.  

2. Material and methods  

2.1. Materials 

V. unguiculata seeds were obtained from the February 2007 harvest in Yucatan state, Mexico. 
Reagents were of analytical grade and purchased from J.T. Baker (Phillipsburg, NJ, USA), 
Sigma Chemical Co. (St. Louis, MO, USA), Merck (Darmstadt, Germany) and Bio-Rad 
Laboratories, Inc. (Hercules, CA, USA). Alcalase® 2.4L FG and Flavourzyme® 500MG 
enzymes were purchased from Novo Laboratories (Copenhagen, Denmark). 

2.2. Protein isolates 

A single extraction was performed with 6 kg of cowpea seeds. Impurities and damaged seeds 
were removed, and sound seeds milled in a Mykros impact mill (Industrial Machinery, 
Monterrey, Mexico) until passing through a 20-mesh screen (0.85 mm) followed by milling in a 
Cyclotec 1093 (Tecator, Sweden) mill until passing through a 60-mesh screen (0.24 mm). The 
resulting flour was processed using the wet fractionation method of Betancur-Ancona [11]. 
Briefly, whole flour was suspended in distilled water at a 1:6 (w/v) ratio, pH was adjusted to 
11.0 with 1 M NaOH, and the dispersion was stirred for 1 h at 0.178 x g with a mechanical 
agitator (Caframo Rz-1, Heidolph Schwabach, Germany). This suspension was wet-milled 
with a Kitchen-Aid® food processor, and the fiber solids were separated from the starch and 
protein mix by straining through 80- and 150-mesh sieves and washing the residue five times 
with distilled water. The protein-starch suspension was allowed to sediment for 30 min at 
room temperature to recover the starch and protein fractions. The pH of the separated 
solubilized proteins was adjusted to the isoelectric point (4.5) with 1 N HCl. The suspension 
was then centrifuged at 1317 x g for 12 min (Mistral 3000i, Curtin Matheson Sci.), the 
supernatants were discarded, and the precipitates were freeze-dried until use. 

2.3. Enzymatic hydrolysis 

Hydrolysis of the protein extract was done using a totally randomized design with the 
treatments being the enzymatic system applied: Alcalase® 2.4L FG; Flavourzyme® 500MG; or 
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a sequential system using pepsin from porcine gastric mucosa (Sigma, P7000-100G) and 
pancreatin from porcine pancreas (Sigma, P3292-100G). The response variable was degree of 
hydrolysis (DH). 

Hydrolysis was done under controlled conditions (temperature, pH and stirring) in a 1000 
mL reaction vessel equipped with a stirrer, thermometer and a pH electrode. Hydrolysis 
with Alcalase® and Flavourzyme® was done according to Pedroche et al. [12]. Protein 
extracts were suspended in distilled water to produce a 4% (w/v) protein solution. This 
solution was equilibrated at optimum temperature and pH for each protease before adding 
the respective enzyme. Protease was then added to the solution at a ratio of 0.3 UA/g for 
Alcalase® and 50 UAPL/g for Flavourzyme®. Hydrolysis conditions were 90 min at 50°C for 
both enzymes, and pH 8.0 for Alcalase® and pH 7.0 for Flavourzyme®. The pH was kept 
constant by adding 1.0 M NaOH during hydrolysis. Hydrolysis with the sequential pepsin-
pancreatin system was done with a pH-stat method for 90 min: pre-digestion with pepsin 
for 45 min followed by incubation with pancreatin for 45 min. Hydrolysis parameters were 
substrate concentration 4%; enzyme/substrate ratio 1:10; pH 2 for pepsin; pH 7.5 for 
pancreatin; and 37°C [13, 14]. In all three treatments the reaction was stopped by heating to 
80°C for 20 min, followed by centrifugation at 9,880 x g for 20 min to remove the insoluble 
portion. 

2.4. Degree of hydrolysis 

DH was calculated by calculating free amino groups with o-phthaldialdehyde [15]: DH= 
h/htot *100, where htot is the total number of peptide bonds per protein equivalent, and h is 
the number of hydrolyzed bonds. The htot factor is dependent on raw material amino acid 
composition.  

2.5. Hydrolysate fractionation by ultrafiltration 

Following Cho et al. [16], the hydrolysate was fractionated by ultrafiltration using a high 
performance ultrafiltration cell (Model 2000, Millipore, Inc., Marlborough, MA, USA). Five 
fractions were prepared using four molecular weight cut-off membranes: 1 kDa, 3 kDa, 5 
kDa and 10 kDa. Soluble fractions prepared by centrifugation were passed through the 
membranes stating with the largest Molecular Weight Cut off (MWCO) membrane cartridge 
(10 kDa). The retentate and permeate were collected separately, and the retentate 
recirculated into the feed until maximum permeate yield was reached, as indicated by a 
decreased permeate flow rate. The permeate from the 10 kDa membrane was then filtered 
through the 5 kDa membrane with recirculation until maximum permeate yield was 
reached. The 5 kDa permeate was then processed with the 3 kDa membrane and the 3 kDa 
permeate with the 1 kDa membrane. This process minimized contamination of the larger 
molecular weight fractions with smaller molecular weight fractions while producing enough 
retentates and permeates for the following analyses. The five ultrafiltered peptide fractions 
were designated as >10 kDa (10 kDa retentate); 5-10 kDa (10 kDa permeate-5 kDa retentate); 
3-5 kDa (5 kDa permeate- 3 kDa retentate); 1-3 kDa (3 kDa permeate-1 kDa retentate); and <1 
kDa (1 kDa permeate).  
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2.6. ACE-I inhibitory activity 

ACE-I inhibitory activity in the hydrolysate and its purified peptide fractions was analyzed 
following Hayakari et al. [17]. ACE-I hydrolyzes hippuryl-L-histidyl-L-leucine (HHL) to 
yield hippuric acid and His-Leu. This method relies on the colorimetric reaction of hippuric 
acid with 2,4,6-trichloro-s-triazine (TT) in a 0.5 mL incubation mixture containing 40 μmol 
potassium phosphate buffer (pH 8.3), 300 μmol sodium chloride, 40 μmol 3% HHL in 
potassium phosphate buffer (pH 8.3) and 100 mU/mL ACE-I. The mixture was incubated at 
37ºC for 45 min and then reaction terminated by addition of TT (3% v/v) in dioxane and 3 ml 
of 0.2 M potassium phosphate buffer (pH 8.3). After centrifuging the reaction mixture at 
10,000 x g for 10 min, enzymatic activity was determined in the supernatant by measuring 
absorbance at 382 nm. All runs were performed in triplicate. ACE-I inhibitory activity was 
quantified by a regression analysis of ACE-I inhibitory activity (%) versus peptide 
concentration and defined as an IC50 value, that is, the peptide concentration in (μg 
protein/mL) required to produce 50% ACE-I inhibition under the described conditions.  

2.7. Antioxidant activity by ABTS assay 

2,2’azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation (ABTS●+) was 
produced by reacting ABTS with potassium persulfate following Pukalskas et al. [18]. To 
prepare the stock solution, ABTS was dissolved at a 2 mM concentration in 50 mL phosphate-
buffered saline (PBS) prepared from 4.0908 g NaCl, 0.1347 g KH2PO4, 0.7098 g Na2HPO4, and 
0.0749 g KCl dissolved in 500 mL ultrapure water. If pH was lower than 7.4, it was adjusted 
with NaOH. A 70 mM K2S4O8 solution in ultrapure water was prepared. ABTS●+ radical was 
produced by reacting 10 mL of ABTS stock solution with 40 L K2S4O8 solution and allowing 
the mixture to stand in darkness at room temperature for 16-17 h before use. The radical was 
stable in this form for more than 2 days when stored in darkness at room temperature. 

Antioxidant compound content in the hydrolysates and their UF peptide fractions was 
analyzed by diluting the ABTS●+ solution with PBS to an absorbance of 0.800 ± 0.030 AU at 
734 nm. After adding 990 L of diluted ABTS●+ solution (A734 nm= 0.800 ± 0.030) to 10 L 
antioxidant compound or Trolox standard (final concentration 0.5-3.5 mM) in PBS, 
absorbance was read at ambient temperature exactly 6 min after initial mixing. All analyses 
were run in triplicate. The percentage decrease in absorbance at 734 nm was calculated and 
plotted as a function of the concentration of Trolox for the standard reference data. The 
radical scavenging activity of the tasted samples, expressed as inhibition percentage, was 
calculated by the following formula: 

% Inhibition= [(AB-AA)/AB] x 100 

Where AB was the absorbance of the blank sample (t=0), and AA was the absorbance of 
sample with antioxidant after 6 min. 

Trolox equivalent antioxidant coefficient (TEAC) was quantified by a regression analysis of 
% Inhibition versus Trolox concentration using the following formula: 

TEAC = (%IM – b)/m 
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a sequential system using pepsin from porcine gastric mucosa (Sigma, P7000-100G) and 
pancreatin from porcine pancreas (Sigma, P3292-100G). The response variable was degree of 
hydrolysis (DH). 

Hydrolysis was done under controlled conditions (temperature, pH and stirring) in a 1000 
mL reaction vessel equipped with a stirrer, thermometer and a pH electrode. Hydrolysis 
with Alcalase® and Flavourzyme® was done according to Pedroche et al. [12]. Protein 
extracts were suspended in distilled water to produce a 4% (w/v) protein solution. This 
solution was equilibrated at optimum temperature and pH for each protease before adding 
the respective enzyme. Protease was then added to the solution at a ratio of 0.3 UA/g for 
Alcalase® and 50 UAPL/g for Flavourzyme®. Hydrolysis conditions were 90 min at 50°C for 
both enzymes, and pH 8.0 for Alcalase® and pH 7.0 for Flavourzyme®. The pH was kept 
constant by adding 1.0 M NaOH during hydrolysis. Hydrolysis with the sequential pepsin-
pancreatin system was done with a pH-stat method for 90 min: pre-digestion with pepsin 
for 45 min followed by incubation with pancreatin for 45 min. Hydrolysis parameters were 
substrate concentration 4%; enzyme/substrate ratio 1:10; pH 2 for pepsin; pH 7.5 for 
pancreatin; and 37°C [13, 14]. In all three treatments the reaction was stopped by heating to 
80°C for 20 min, followed by centrifugation at 9,880 x g for 20 min to remove the insoluble 
portion. 

2.4. Degree of hydrolysis 

DH was calculated by calculating free amino groups with o-phthaldialdehyde [15]: DH= 
h/htot *100, where htot is the total number of peptide bonds per protein equivalent, and h is 
the number of hydrolyzed bonds. The htot factor is dependent on raw material amino acid 
composition.  

2.5. Hydrolysate fractionation by ultrafiltration 

Following Cho et al. [16], the hydrolysate was fractionated by ultrafiltration using a high 
performance ultrafiltration cell (Model 2000, Millipore, Inc., Marlborough, MA, USA). Five 
fractions were prepared using four molecular weight cut-off membranes: 1 kDa, 3 kDa, 5 
kDa and 10 kDa. Soluble fractions prepared by centrifugation were passed through the 
membranes stating with the largest Molecular Weight Cut off (MWCO) membrane cartridge 
(10 kDa). The retentate and permeate were collected separately, and the retentate 
recirculated into the feed until maximum permeate yield was reached, as indicated by a 
decreased permeate flow rate. The permeate from the 10 kDa membrane was then filtered 
through the 5 kDa membrane with recirculation until maximum permeate yield was 
reached. The 5 kDa permeate was then processed with the 3 kDa membrane and the 3 kDa 
permeate with the 1 kDa membrane. This process minimized contamination of the larger 
molecular weight fractions with smaller molecular weight fractions while producing enough 
retentates and permeates for the following analyses. The five ultrafiltered peptide fractions 
were designated as >10 kDa (10 kDa retentate); 5-10 kDa (10 kDa permeate-5 kDa retentate); 
3-5 kDa (5 kDa permeate- 3 kDa retentate); 1-3 kDa (3 kDa permeate-1 kDa retentate); and <1 
kDa (1 kDa permeate).  
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2.6. ACE-I inhibitory activity 

ACE-I inhibitory activity in the hydrolysate and its purified peptide fractions was analyzed 
following Hayakari et al. [17]. ACE-I hydrolyzes hippuryl-L-histidyl-L-leucine (HHL) to 
yield hippuric acid and His-Leu. This method relies on the colorimetric reaction of hippuric 
acid with 2,4,6-trichloro-s-triazine (TT) in a 0.5 mL incubation mixture containing 40 μmol 
potassium phosphate buffer (pH 8.3), 300 μmol sodium chloride, 40 μmol 3% HHL in 
potassium phosphate buffer (pH 8.3) and 100 mU/mL ACE-I. The mixture was incubated at 
37ºC for 45 min and then reaction terminated by addition of TT (3% v/v) in dioxane and 3 ml 
of 0.2 M potassium phosphate buffer (pH 8.3). After centrifuging the reaction mixture at 
10,000 x g for 10 min, enzymatic activity was determined in the supernatant by measuring 
absorbance at 382 nm. All runs were performed in triplicate. ACE-I inhibitory activity was 
quantified by a regression analysis of ACE-I inhibitory activity (%) versus peptide 
concentration and defined as an IC50 value, that is, the peptide concentration in (μg 
protein/mL) required to produce 50% ACE-I inhibition under the described conditions.  

2.7. Antioxidant activity by ABTS assay 

2,2’azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation (ABTS●+) was 
produced by reacting ABTS with potassium persulfate following Pukalskas et al. [18]. To 
prepare the stock solution, ABTS was dissolved at a 2 mM concentration in 50 mL phosphate-
buffered saline (PBS) prepared from 4.0908 g NaCl, 0.1347 g KH2PO4, 0.7098 g Na2HPO4, and 
0.0749 g KCl dissolved in 500 mL ultrapure water. If pH was lower than 7.4, it was adjusted 
with NaOH. A 70 mM K2S4O8 solution in ultrapure water was prepared. ABTS●+ radical was 
produced by reacting 10 mL of ABTS stock solution with 40 L K2S4O8 solution and allowing 
the mixture to stand in darkness at room temperature for 16-17 h before use. The radical was 
stable in this form for more than 2 days when stored in darkness at room temperature. 

Antioxidant compound content in the hydrolysates and their UF peptide fractions was 
analyzed by diluting the ABTS●+ solution with PBS to an absorbance of 0.800 ± 0.030 AU at 
734 nm. After adding 990 L of diluted ABTS●+ solution (A734 nm= 0.800 ± 0.030) to 10 L 
antioxidant compound or Trolox standard (final concentration 0.5-3.5 mM) in PBS, 
absorbance was read at ambient temperature exactly 6 min after initial mixing. All analyses 
were run in triplicate. The percentage decrease in absorbance at 734 nm was calculated and 
plotted as a function of the concentration of Trolox for the standard reference data. The 
radical scavenging activity of the tasted samples, expressed as inhibition percentage, was 
calculated by the following formula: 

% Inhibition= [(AB-AA)/AB] x 100 

Where AB was the absorbance of the blank sample (t=0), and AA was the absorbance of 
sample with antioxidant after 6 min. 

Trolox equivalent antioxidant coefficient (TEAC) was quantified by a regression analysis of 
% Inhibition versus Trolox concentration using the following formula: 

TEAC = (%IM – b)/m 
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Where b was the intersection and m was the slope.  

2.8. G-50 gel filtration chromatography 

After filtration through 10, 5, 3 and 1 kDa membranes in a high performance ultrafiltration 
cell, 10 mL of the fraction with highest ACE-I inhibitory activity was injected into a 
Sephadex G-50 gel filtration column (3 cm x 79 cm) at a flow rate of 25 mL/h of 50 mM 
ammonium bicarbonate (pH 9.1). The resulting fractions were collected for to assay ACE-I 
inhibitory activity. Peptide molecular masses were determined by reference to a calibration 
curve created by running molecular mass markers on the Sephadex G-50 under conditions 
identical to those used for the test samples. Molecular mass standards were thyroglobulin 
(670 kDa), bovine gamma globulin (158 kDa), equine myoglobin (17 kDa), vitamin B12 (1.35 
kDa) and Thr-Gln (0.25 kDa). Fractions selected for further purification of peptides were 
pooled and lyophilized before RP-HPLC.  

2.9. HPLC C18 chromatography  

The fractions isolated with the Sephadex G-50 column were redissolved in deionized water 
and injected into a preparative HPLC (Agilent, Model 1110, Agilent Technologies, Inc. Santa 
Clara, CA, USA) reverse-phasecolumn (C18 Hi-Pore RP-318, 250 mm x10 mm, Bio-Rad). The 
injection volume was 100 L, and the sample concentration was 20 mg/mL. Elution was 
achieved by a linear gradient of acetonitrile in water (0-30% in 50 min) containing 0.1% 
trifluoroacetic acid at a flow rate of 4 mL/min and 30°C [13]. Elution was monitored at 215 
nm, and the resulting fractions were collected for assay of ACE-I inhibitory activity as 
described above. 

2.10. Amino acid composition  

Protein amino acid composition was determined for the hydrolysate, and the peptides were 
purified by ultrafiltration, gel filtration chromatography and HPLC [19]. Samples (2-4 mg 
protein) were treated with 4 mL of 6 mol equi/L HCl, placed in hydrolysis tubes and gassed 
with nitrogen at 110°C for 24 h. They were then dried in a rotavapor and suspended in 1 
mol/L sodium borate buffer at pH 9.0. Amino acid derivatization was performed at 50°C 
using diethyl ethoxymethylenemalonate. Amino acids were separated using HPLC with a 
reversed-phase column (300 x 3.9 mm, Nova Pack C18, 4 mm; Waters), and a binary 
gradient system with 25 mmol/L sodium acetate containing (A) 0.02 g/L sodium azide at pH 
6.0, and (B) acetonitrile as solvent. The flow rate was 0.9 mL/min, and the elution gradient 
was: time 0.0–3.0 min, linear gradient A:B (91:9) to A-B (86:14); time 3.0–13.0 min, elution 
with A-B (86–14); time 13.0–30.0 min, linear gradient A-B (86:14) to A-B (69:31); time 30.0–
35.0 min, elution with A-B (69:31). 

2.11. Statistical analysis 

All results were analyzed in triplicate using descriptive statistics with a central tendency 
and dispersion measures. One-way ANOVAs were performed to evaluate protein isolate 
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hydrolysis data and in vitro ACE-I inhibitory activity. A Duncan’s multiple range test was 
used to determine differences between treatments. All analyses were performed according 
to Montgomery [20] and processed using the Statgraphics Plus version 5.1 software. 

3. Results and discussion 

3.1. Protein extract hydrolysis 

Alcalase®, Flavourzyme® and pepsin-pancreatin were used to produce extensively 
hydrolyzed V. unguiculata protein extracts. Degree of hydrolysis (DH) differed (P<0.05) 
between the enzymatic systems with values of 53.0%, 58.8%, and 35.7% for Alcalase® 
hydrolysate (AH), Flavourzyme® hydrolysate (FH) and Pepsin-pancreatin hydrolysate 
(PPH), respectively. 

The AH had a 53.0% DH, which is lower than reported by Vioque et al. [21] for rapeseed 
protein hydrolysates (60% DH) produced with a mixture of Alcalase® and Flavourzyme® 
during 180 min. However, this DH was higher than that reported for mung bean protein 
hydrolysates (20.0% DH) produced with Alcalase® for 10 h[22] and for V. unguiculata 
hydrolysates (32.3% DH) produced with Alcalase® for 60 min [10].The variation in DH 
observed here is probably the result of protease specificity since Alcalase® is an industrial 
alkaline protease produced from Bacillus licheniformis, the main enzyme component of which 
(serine endopeptidase subtilisin Carlsberg) presents broad specificity and hydrolyzes most 
peptide bonds, with a preference for those containing aromatic amino acid residues [23]. 
ACE-I prefers substrates or competitive inhibitors containing hydrophobic amino acid 
(aromatic or branched lateral chain) residues (Hong et al., 2005). Alcalase® is therefore very 
suitable for production of bioactive peptides, such as those with ACE-I inhibitory activity. 
According to Pedroche et al. [24] the controlled liberation of biologically active peptides 
from protein by enzymatic hydrolysis is one of the most promising trends concerning 
medical applications of the protein hydrolysates with DH higher than 10% while 
hydrolysates with a low DH (lower than 10%) are used for the improvement of functional 
properties of flours or protein isolates. Therefore, the results suggest (DH=53.0%) that V. 
unguiculata protein is an appropriate substrate for producing these bioactive peptides when 
hydrolyzed with Alcalase®. 

Hydrolysis with Flavourzyme® produced a V. unguiculata hydrolysate with 58.8% DH, 
somewhat higher than obtained with the Alcalase® system. A similar discrepancy has been 
reported for chickpea protein hydrolysates (27.0% DH) produced with Flavourzyme® for 
180 min [25]. DH was higher with Flavourzyme® since it is a protease complex produced by 
Aspergillus orizae, which contains endoproteinases and exopeptidases. The fungal protease 
complex Flavourzyme® has a broader specificity; thus, when combined with its 
exopeptidase activity high DH values can be achieved, perhaps as much as 50% giving 
mostly dipeptides in the hydrolysate. 

Sequential hydrolysis with pepsin-pancreatin produced cowpea protein hydrolysates with 
the lowest DH (35.74%) of the three studied enzymatic systems. This DH was similar to 
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Where b was the intersection and m was the slope.  

2.8. G-50 gel filtration chromatography 

After filtration through 10, 5, 3 and 1 kDa membranes in a high performance ultrafiltration 
cell, 10 mL of the fraction with highest ACE-I inhibitory activity was injected into a 
Sephadex G-50 gel filtration column (3 cm x 79 cm) at a flow rate of 25 mL/h of 50 mM 
ammonium bicarbonate (pH 9.1). The resulting fractions were collected for to assay ACE-I 
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curve created by running molecular mass markers on the Sephadex G-50 under conditions 
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2.10. Amino acid composition  
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2.11. Statistical analysis 
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hydrolysis data and in vitro ACE-I inhibitory activity. A Duncan’s multiple range test was 
used to determine differences between treatments. All analyses were performed according 
to Montgomery [20] and processed using the Statgraphics Plus version 5.1 software. 

3. Results and discussion 

3.1. Protein extract hydrolysis 

Alcalase®, Flavourzyme® and pepsin-pancreatin were used to produce extensively 
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The AH had a 53.0% DH, which is lower than reported by Vioque et al. [21] for rapeseed 
protein hydrolysates (60% DH) produced with a mixture of Alcalase® and Flavourzyme® 
during 180 min. However, this DH was higher than that reported for mung bean protein 
hydrolysates (20.0% DH) produced with Alcalase® for 10 h[22] and for V. unguiculata 
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ACE-I prefers substrates or competitive inhibitors containing hydrophobic amino acid 
(aromatic or branched lateral chain) residues (Hong et al., 2005). Alcalase® is therefore very 
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hydrolysates with a low DH (lower than 10%) are used for the improvement of functional 
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unguiculata protein is an appropriate substrate for producing these bioactive peptides when 
hydrolyzed with Alcalase®. 
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somewhat higher than obtained with the Alcalase® system. A similar discrepancy has been 
reported for chickpea protein hydrolysates (27.0% DH) produced with Flavourzyme® for 
180 min [25]. DH was higher with Flavourzyme® since it is a protease complex produced by 
Aspergillus orizae, which contains endoproteinases and exopeptidases. The fungal protease 
complex Flavourzyme® has a broader specificity; thus, when combined with its 
exopeptidase activity high DH values can be achieved, perhaps as much as 50% giving 
mostly dipeptides in the hydrolysate. 

Sequential hydrolysis with pepsin-pancreatin produced cowpea protein hydrolysates with 
the lowest DH (35.74%) of the three studied enzymatic systems. This DH was similar to 
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37.0% at 360 min reported for sunflower protein hydrolysates obtained with the same 
system [13], but higher than the reported values for soy protein hydrolysates produced with 
pancreatin for 60 (11.0%) and 180 min (17.0%) [26]. The V. unguiculata PPH represents a pool 
of peptides resembling those generated during digestion of V. unguiculata proteins in the 
organism. This coincides with the behavior of extensively hydrolyzed sunflower protein 
reported by Megías et al. [13].Pepsin is the main proteolytic enzyme generated in the 
stomach during food digestion, while pancreatin includes proteases such as trypsin, 
chymotrypsin and elastase, which are released by the pancreas in the small intestine. The 
resulting peptides are therefore resistant to pepsin and pancreatin, suggesting that they 
might be absorbed by digestive epithelial cells in the small intestine, probably might be 
bioavailable and exercise their biological activity. 

3.2. ACE-I inhibitory activity 

ACE-I inhibitory activity of AH, FH and PPH was measured and calculated as IC50. 
Biological activity was highest in the PPH, as indicated by a lower IC50 value (1397.9 g/ml) 
compared to the AH (2564.7 g/ml) and FH (2634.4 g/ml). In other words, more ACE-I 
inhibitory active peptides were produced using the pepsin-pancreatin treatment. 

ACE-I inhibitory activity has been reported for enzymatic hydrolysates from different 
protein sources with IC50 values ranging from 0.2 to 246.7 g/mL [22]. Many of these 
hydrolysates have been shown to have antihypertensive activities in spontaneously 
hypertensive rats (SHR). In the present study, the IC50 value for the hydrolysate prepared 
with pepsin-pancreatin at 90 min incubation is within the concentration range likely to 
mediate an antihypertensive effect. Therefore, it is to be expected that V. unguiculata protein 
derived ACE-I inhibitory peptides would have antihypertensive activity. However, further 
investigations are necessary to examine whether the peptide mixture may exert 
antihypertensive activity in vivo because the inhibitory potencies of the peptides on ACE-I 
activity do not always correlate with their antihypertensive activities found in SHR[22].  

Ultrafiltration of AH, FH and PPH produced peptide fractions with increased biological 
activity (Fig. 1). ACE-I inhibitory activity of peptide fractions ranged from 24.3-123 g/ml in 
the AH, from 0.04 to 170.6 g/ml in the FH and from 44.7 to 112 g/ml in the PPH. ACE-I 
inhibitory activity was significantly (P<0.05) dependent on peptide fraction molecular 
weight, with the lowest activity being in the >10kDa fractions and the highest in the <1kDa 
fractions for all hydrolysates. Similar ACE-I inhibitory activity behavior was reported by Je 
et al.[5]for five peptide fractions from pepsin-hydrolyzed Alaska pollack frame protein run 
through an ultrafiltration membrane-bioreactor system with MWCOs of 30, 10, 5, 3 and 1 
kDa. Higher ACE-I inhibitory activity (%) in lower molecular weight fractions was also 
reported by Xue-Ying et al. [27] for yak casein hydrolysate fractions separated using 6 and 
10 kDa MWCOs: >10kDa (23.1%), 6-10kDa (29.2%) and <6 kDa (85.4%).  

Of the three hydrolysates tested in the present study, FH, which had the highest DH, also 
exhibited the highest ACE-I inhibitory activity in the <1kDa fraction. The biological activity 
of this fraction provides it potential commercial applications as a ‘health-enhancing 
ingredient’ in functional food production. 
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In terms of ACE-I inhibitory activity, the pepsin-pancreatin system produced hydrolysate 
with the highest activity, while the Flavourzyme® system produced peptide fractions with 
the highest activity. This also confirms that V. unguiculata is a good protein source for 
bioactive peptide extraction by gastrointestinal or commercial proteases. 

 
Figure 1. IC50 values of peptide fractions obtained by ultrafiltration from V. unguiculata protein 
hydrolysates. 

3.3. Antioxidant activity by ABTS assay 

Antioxidant activity of the protein hydrolysates and their corresponding UF peptide 
fractions was quantified and calculated as TEAC values (mM/mg protein). Antioxidant 
activity was not significantly different (P>0.05) between the three hydrolysis systems (14.7 
for AH, 14.5 for FH and 14.3 mM/mg protein for PPH). Ultrafiltration improved antioxidant 
activity, which was dependent (P<0.05) on fraction molecular weight (Fig. 2).TEAC values 
were 303.2-1457 mM/mg protein for the AH, 357.4-10211 mM/mg protein for the FH, and 
267.1-2830.4 mM/mg protein for the PPH. These values, and consequently the fraction’s 
antioxidant activities, were higher (P<0.05) as fraction molecular weight decreased. 
According to Dávalos et al. [28] this behavior among the V. unguiculata peptide fractions 
may reflect the enhanced accessibility of small peptides to the redox reaction system, for the 
prescence of critical amino acid residues. 

Antioxidant activity in the V. unguiculata protein hydrolysates and their UF peptide 
fractions was measured with an ABTS assay, which quantifies an antioxidant’s (i.e. 
hydrogen or electron donor) suppression of the radical cation ABTS●+ based on single-
electron reduction of the relatively stable radical cation ABTS●+ formed previously by an 
oxidation reaction. When added to PBS medium (pH 7.2) containing ABTS●+, the proteins in 
the hydrolysates and peptide fractions very probably acted as electron donors, transforming 
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investigations are necessary to examine whether the peptide mixture may exert 
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activity do not always correlate with their antihypertensive activities found in SHR[22].  
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activity (Fig. 1). ACE-I inhibitory activity of peptide fractions ranged from 24.3-123 g/ml in 
the AH, from 0.04 to 170.6 g/ml in the FH and from 44.7 to 112 g/ml in the PPH. ACE-I 
inhibitory activity was significantly (P<0.05) dependent on peptide fraction molecular 
weight, with the lowest activity being in the >10kDa fractions and the highest in the <1kDa 
fractions for all hydrolysates. Similar ACE-I inhibitory activity behavior was reported by Je 
et al.[5]for five peptide fractions from pepsin-hydrolyzed Alaska pollack frame protein run 
through an ultrafiltration membrane-bioreactor system with MWCOs of 30, 10, 5, 3 and 1 
kDa. Higher ACE-I inhibitory activity (%) in lower molecular weight fractions was also 
reported by Xue-Ying et al. [27] for yak casein hydrolysate fractions separated using 6 and 
10 kDa MWCOs: >10kDa (23.1%), 6-10kDa (29.2%) and <6 kDa (85.4%).  

Of the three hydrolysates tested in the present study, FH, which had the highest DH, also 
exhibited the highest ACE-I inhibitory activity in the <1kDa fraction. The biological activity 
of this fraction provides it potential commercial applications as a ‘health-enhancing 
ingredient’ in functional food production. 
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Antioxidant activity of the protein hydrolysates and their corresponding UF peptide 
fractions was quantified and calculated as TEAC values (mM/mg protein). Antioxidant 
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267.1-2830.4 mM/mg protein for the PPH. These values, and consequently the fraction’s 
antioxidant activities, were higher (P<0.05) as fraction molecular weight decreased. 
According to Dávalos et al. [28] this behavior among the V. unguiculata peptide fractions 
may reflect the enhanced accessibility of small peptides to the redox reaction system, for the 
prescence of critical amino acid residues. 

Antioxidant activity in the V. unguiculata protein hydrolysates and their UF peptide 
fractions was measured with an ABTS assay, which quantifies an antioxidant’s (i.e. 
hydrogen or electron donor) suppression of the radical cation ABTS●+ based on single-
electron reduction of the relatively stable radical cation ABTS●+ formed previously by an 
oxidation reaction. When added to PBS medium (pH 7.2) containing ABTS●+, the proteins in 
the hydrolysates and peptide fractions very probably acted as electron donors, transforming 
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this radical cation (maximum absorbance at 734nm) into the non-radical ABTS. The higher 
antioxidant activity of the UF peptide fractions versus their source hydrolysates is related to 
unique properties provided by their amino acid composition. The fractions’ increased ability 
to decrease free radical reactivity is linked to the greater exposure of their amino acids, 
which leads to increased peptide/free radical reactions. 

 
Figure 2. Antioxidant activity of peptide fractions obtained by ultrafiltration from V. unguiculata 
protein hydrolysates. 

Overall, the <1 kDa peptide fraction from the FH had the highest TEAC values and was 
shown to undergo single-electron transfer reactions in the ABTS●+ reduction assay, 
demonstrating its antioxidant capacity. This is an extremely attractive property since 
oxidants are known to be involved in many human diseases and aging processes. Oxidants 
are associated with the chronic damage of ageing, and destructive oxidants and oxygen-free 
radicals can be extremely toxic to tissues by promoting tissue necrosis and cell damage. 
Some authors claim that proteins possess antioxidant properties; for instance, [29] reported 
that protein insufficiency aggravates enhanced lipid peroxidation and reduces antioxidative 
enzyme activities in rats, while Larson et al. [30] observed that proteins affect lipid 
metabolism in laboratory animals. The biological effect exhibited by the FH<1kDa fraction 
apparently reinforces the claim that proteins possess antioxidant properties. This makes the 
FH<1kDa fraction a potential “antioxidant” ingredient in functional food production.  

3.4. Gel filtration chromatography 

Because it exhibited the highest ACE-I inhibitory (IC50 value of 0.04 g/mL) and antioxidant 
activity (TEAC value of 10211 mM/mg protein), the <1 kDa fraction from FH was selected 
for further fractionation. Gel filtration chromatography was used to generate a molecular 
weight profile of this fraction (Fig. 3).  
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Figure 3. Elution profile of the <1 kDa ultrafiltration fraction of the cowpea V. unguiculata protein 
hydrolysate with Flavorzyme® purified in a Sephadex G-50 gel filtration column.  

The profile was typical of a protein hydrolysate formed by a pool of peptides, with 
gradually decreasing molecular masses. Elution volumes between 406 and 518 mL included 
free amino acids and peptides with molecular masses ranging from 3.6 to 0.4 kDa. This 
range was fractionated into eleven fractions (1 to 11) and ACE-I inhibitory activity 
determined for each. Fractions with elution volumes smaller than 406 mL and greater than 
518 mL were not analyzed because they largely included peptides with high molecular 
weights, as well as free amino acids. ACE-I inhibitory activity (%) in the eleven fractions 
ranged from 5.29 to 47.43% and differed (P<0.05) between fractions (Table 1). The highest 
ACE-I inhibitory activity was observed in fractions F4 (47.43%; 437.5-444.5 mL elution 
volume) and F5 (45.14%, 448-455 mL elution volume), which were not statistically different 
(P<0.05). Their molecular masses were approximately 1.8 kDa (indicative of 7 amino acid 
residues) and 1.5 kDa (indicative of 10 amino acid residues), respectively. The IC50 value for 
F4 (14.19 g/mL) was similar than those of Fagopirum esculentum peptide fractions purified 
by Sephadex LH-20 gel filtration (15.1 g/mL) [31], but lower than those of gel filtration 
(Sephadex G-25) peptide fractions from tuna broth hydrolysate (210 to 25,260 g/mL) [32], 
from Fagopyrum esculentum Moench (Sephadex C-25 = 25,715.1 g/mL; Sephadex G-10 = 
21,315.1 g/mL), and from the peptic hydrolysate of Acetes chinensis (Sephadex C-15 = 770 – 
1590 g/mL) [33]. A similar behavior pattern was observed with Konjac peptides purified by 
series connection of Sephadex G-25 and Sephadex G-15 columns that resulted in purified 
peptides with molecular weights of 1500 and 1000 Da and IC50 values of 120 g/mL and 88 
g/mL, respectively [34]. Ji-Eun et al. [35] reported similar results to separate peptide 
fractions below 3 kDa through size exclusion chromatography (IC50= 500 g/mL) from 



 
Bioactive Food Peptides in Health and Disease 192 

this radical cation (maximum absorbance at 734nm) into the non-radical ABTS. The higher 
antioxidant activity of the UF peptide fractions versus their source hydrolysates is related to 
unique properties provided by their amino acid composition. The fractions’ increased ability 
to decrease free radical reactivity is linked to the greater exposure of their amino acids, 
which leads to increased peptide/free radical reactions. 

 
Figure 2. Antioxidant activity of peptide fractions obtained by ultrafiltration from V. unguiculata 
protein hydrolysates. 

Overall, the <1 kDa peptide fraction from the FH had the highest TEAC values and was 
shown to undergo single-electron transfer reactions in the ABTS●+ reduction assay, 
demonstrating its antioxidant capacity. This is an extremely attractive property since 
oxidants are known to be involved in many human diseases and aging processes. Oxidants 
are associated with the chronic damage of ageing, and destructive oxidants and oxygen-free 
radicals can be extremely toxic to tissues by promoting tissue necrosis and cell damage. 
Some authors claim that proteins possess antioxidant properties; for instance, [29] reported 
that protein insufficiency aggravates enhanced lipid peroxidation and reduces antioxidative 
enzyme activities in rats, while Larson et al. [30] observed that proteins affect lipid 
metabolism in laboratory animals. The biological effect exhibited by the FH<1kDa fraction 
apparently reinforces the claim that proteins possess antioxidant properties. This makes the 
FH<1kDa fraction a potential “antioxidant” ingredient in functional food production.  

3.4. Gel filtration chromatography 

Because it exhibited the highest ACE-I inhibitory (IC50 value of 0.04 g/mL) and antioxidant 
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textured and fermented vegetable protein (IC50 = 2190 g/mL). They purified peptide 
fraction with a molecular weight range of 500-999 Da with IC50 values of 94 g/mL and that 
represented peptides of approximately 7 amino acids residues. 
 

Fraction ACE-I inhibitory 
activity (%) Fraction ACE-I inhibitory 

activity (%) 
F1 28.47C F7 37.61d 
F2 10.67a F8 29.9c 
F3 25.61bc F9 22.01b 
F4 47.43e F10 20.92b 
F5 45.14e 

F11 5.29a 
F6 37.58d 

Table 1. ACE-I inhibition percentage of peptide fractions purified in a Sephadex G-50 gel filtration 
column.a-eDifferent superscripts letters indicate statistical difference (P <0.05). Data are the mean of 
three replicates. 

3.5. Reverse-phase HPLC chromatography of pooled fractions 

Fractions F4 and F5 from the gel filtration chromatography treatment were pooled and 
analyzed using RP-HPLC to produce a chromatographic profile from mass-transfer between 
stationary and mobile phases. Mixture components were separated by dissolving fractions 
F4 and F5 in acetonitrile and forcing them through a chromatographic column under high 
pressure. The mixture resolved into its components in the column, separating F4 and F5 
based on differences in hydrophobicity. In this process, the components of both fractions 
passed over stationary-phase particles containing pores large enough for them to enter, and 
in which interactions with the hydrophobic surface removed them from the flowing mobile-
phase stream. The strength and nature of the interaction between the sample particles and 
stationary phase depended on hydrophobic and polar interactions. As the eluent organic 
solvent concentration increased, it reached a critical value for each analyte and desorbed it 
from the hydrophobic stationary-phase surface to allowing it to elute from the column into 
the flowing mobile phase. Because this elution depended on the precise distribution of 
hydrophobic residues in each specie, each analyte eluted from the column at a characteristic 
time and the resulting peaks were used to qualitatively analyze both fractions’ components. 
Within each gel filtration fraction, the eluates were divided into four major fractions: F4-1, 
F4-2, F4-3, F4-4; F5-1, F5-2, F5-3, F5-4. The peptides were relatively pure, although a small 
shoulder still appeared behind the peaks in the chromatogram. 

Enough material from each fraction was collected in successive analyses to determine ACE-I 
inhibitory activity (Fig. 4). Fraction F4 had a larger (P<0.05) ACE-I inhibitory activity range 
(33.83 to 75.42%) than F5 (32.31 to 49.71%). Overall, F4-2 (75.42%) had the highest ACE-I 
inhibitory activity (IC50 = 0.4704 g/mL). This value is lower than the 6.3 g/ml reported for a 
peptide from F. esculentum Moench purified by RP-HPLC [31] and within the 8.1 to 91.6 
g/mL range reported for fractions from caprine kefir water-soluble extract purified by 
preparative RP-HPLC [36]. The same behavior was observed when comparing the results of 

 
Vigna Unguiculata as Source of Angiotensin-I Converting Enzyme Inhibitory and Antioxidant Peptides 195 

RP-HPLC fractions obtained of Mustelus mustelus intestines with alkaline proteases (130- 783 
g/ml) [37] and with peptide fractions obtained from the peptic hydrolysate of the 
freshwater rotifer Brachionus calyciflonus (40.01 g/ml) [38]. 

 
Figure 4. ACE inhibition percentage of RP-HPLC fractions obtained from fractions F4 and F5 produced 
after hydrolysis of V. unguiculata with Flavourzyme®.a-cDifferent letters in the same gel filtration 
chromatography fraction indicate statistical difference (P<0.05). Data are the mean of three replicates. 

3.6. Amino acid composition  

Fractions with the highest ACE-I inhibitory activity were analyzed to produce an amino acid 
profile. During hydrolysis, asparagine and glutamine partially converted to aspartic acid 
and glutamic acid, respectively; the data for asparagine and/or aspartic acid were therefore 
reported as Asx while those for glutamine and/or glutamic acid were reported as Glx. The 
higher ACE-I inhibitory activity exhibited by the <1 kDa fraction (IC50=0.04 g/mL) 
compared to FH (IC50=2634.4 g/mL) was probably due to its higher concentration of neutral 
amino acids, such as Ser (3.03%) and Thr (11.36%), hydrophilics such as His (12.5%) or 
hydrophobics such as Ala (7.84%), Pro (23.80%), Val (10%), Met (66.66%), Ile (10%), Leu 
(21.6%), Phe (18.6%) and Trp (16.6%) (Table 2). 

Compared to the <1 kDa fraction amino acid profile, the G-50 gel filtration chromatography 
fractions had higher Asx, Glx and Arg concentrations. Hydrophobic amino acid content 
decreased by 20.27% in F4 (34.56g/100g) and 21.19% in F5 (34.16g/100g) compared to the <1 
kDa fraction (43.35 g/100g), while hydrophilic residues increased by 19.25% (48 g/100g) in F4 
and 22.48% (50 g/100g) in F5. The ACE-I inhibitory activity observed in F4 (47.43%) and F5 
(45.14%) could therefore be the result of their higher Arg, Asx or Asp concentrations. These 
residues are known to play an important role in the antihypertensive activity of peptides 
from white and red wines and from French flor-sherry wine [38]. The F4 and F5 fractions 
may also have the added benefit of low bitterness. Many of the ACE-I-inhibitory peptides 



 
Bioactive Food Peptides in Health and Disease 194 

textured and fermented vegetable protein (IC50 = 2190 g/mL). They purified peptide 
fraction with a molecular weight range of 500-999 Da with IC50 values of 94 g/mL and that 
represented peptides of approximately 7 amino acids residues. 
 

Fraction ACE-I inhibitory 
activity (%) Fraction ACE-I inhibitory 

activity (%) 
F1 28.47C F7 37.61d 
F2 10.67a F8 29.9c 
F3 25.61bc F9 22.01b 
F4 47.43e F10 20.92b 
F5 45.14e 

F11 5.29a 
F6 37.58d 

Table 1. ACE-I inhibition percentage of peptide fractions purified in a Sephadex G-50 gel filtration 
column.a-eDifferent superscripts letters indicate statistical difference (P <0.05). Data are the mean of 
three replicates. 

3.5. Reverse-phase HPLC chromatography of pooled fractions 

Fractions F4 and F5 from the gel filtration chromatography treatment were pooled and 
analyzed using RP-HPLC to produce a chromatographic profile from mass-transfer between 
stationary and mobile phases. Mixture components were separated by dissolving fractions 
F4 and F5 in acetonitrile and forcing them through a chromatographic column under high 
pressure. The mixture resolved into its components in the column, separating F4 and F5 
based on differences in hydrophobicity. In this process, the components of both fractions 
passed over stationary-phase particles containing pores large enough for them to enter, and 
in which interactions with the hydrophobic surface removed them from the flowing mobile-
phase stream. The strength and nature of the interaction between the sample particles and 
stationary phase depended on hydrophobic and polar interactions. As the eluent organic 
solvent concentration increased, it reached a critical value for each analyte and desorbed it 
from the hydrophobic stationary-phase surface to allowing it to elute from the column into 
the flowing mobile phase. Because this elution depended on the precise distribution of 
hydrophobic residues in each specie, each analyte eluted from the column at a characteristic 
time and the resulting peaks were used to qualitatively analyze both fractions’ components. 
Within each gel filtration fraction, the eluates were divided into four major fractions: F4-1, 
F4-2, F4-3, F4-4; F5-1, F5-2, F5-3, F5-4. The peptides were relatively pure, although a small 
shoulder still appeared behind the peaks in the chromatogram. 

Enough material from each fraction was collected in successive analyses to determine ACE-I 
inhibitory activity (Fig. 4). Fraction F4 had a larger (P<0.05) ACE-I inhibitory activity range 
(33.83 to 75.42%) than F5 (32.31 to 49.71%). Overall, F4-2 (75.42%) had the highest ACE-I 
inhibitory activity (IC50 = 0.4704 g/mL). This value is lower than the 6.3 g/ml reported for a 
peptide from F. esculentum Moench purified by RP-HPLC [31] and within the 8.1 to 91.6 
g/mL range reported for fractions from caprine kefir water-soluble extract purified by 
preparative RP-HPLC [36]. The same behavior was observed when comparing the results of 
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RP-HPLC fractions obtained of Mustelus mustelus intestines with alkaline proteases (130- 783 
g/ml) [37] and with peptide fractions obtained from the peptic hydrolysate of the 
freshwater rotifer Brachionus calyciflonus (40.01 g/ml) [38]. 

 
Figure 4. ACE inhibition percentage of RP-HPLC fractions obtained from fractions F4 and F5 produced 
after hydrolysis of V. unguiculata with Flavourzyme®.a-cDifferent letters in the same gel filtration 
chromatography fraction indicate statistical difference (P<0.05). Data are the mean of three replicates. 

3.6. Amino acid composition  

Fractions with the highest ACE-I inhibitory activity were analyzed to produce an amino acid 
profile. During hydrolysis, asparagine and glutamine partially converted to aspartic acid 
and glutamic acid, respectively; the data for asparagine and/or aspartic acid were therefore 
reported as Asx while those for glutamine and/or glutamic acid were reported as Glx. The 
higher ACE-I inhibitory activity exhibited by the <1 kDa fraction (IC50=0.04 g/mL) 
compared to FH (IC50=2634.4 g/mL) was probably due to its higher concentration of neutral 
amino acids, such as Ser (3.03%) and Thr (11.36%), hydrophilics such as His (12.5%) or 
hydrophobics such as Ala (7.84%), Pro (23.80%), Val (10%), Met (66.66%), Ile (10%), Leu 
(21.6%), Phe (18.6%) and Trp (16.6%) (Table 2). 

Compared to the <1 kDa fraction amino acid profile, the G-50 gel filtration chromatography 
fractions had higher Asx, Glx and Arg concentrations. Hydrophobic amino acid content 
decreased by 20.27% in F4 (34.56g/100g) and 21.19% in F5 (34.16g/100g) compared to the <1 
kDa fraction (43.35 g/100g), while hydrophilic residues increased by 19.25% (48 g/100g) in F4 
and 22.48% (50 g/100g) in F5. The ACE-I inhibitory activity observed in F4 (47.43%) and F5 
(45.14%) could therefore be the result of their higher Arg, Asx or Asp concentrations. These 
residues are known to play an important role in the antihypertensive activity of peptides 
from white and red wines and from French flor-sherry wine [38]. The F4 and F5 fractions 
may also have the added benefit of low bitterness. Many of the ACE-I-inhibitory peptides 



 
Bioactive Food Peptides in Health and Disease 196 

isolated from food sources are composed of multiple food components and hydrophobic 
and/or aromatic amino acid residues. However, practical use of these food protein 
hydrolysates is complicated by formation of peptides, which impart a bitter taste, the result 
of the formation of low molecular weight peptides containing mostly hydrophobic amino 
acids. To address this problem, Kim et al. [40] recommended use of Flavourzyme®, a fungal 
endoprotease and exo-protease complex that produces hydrolysates or peptides with ACE-I 
inhibitory activity and low bitterness. Fractions F4 and F5 are promising prospects for use in 
new product development because they had clear ACE-I inhibitory activity and low 
hydrophobic amino acid content, which may ensure that they have low bitterness. 
 

Amino acid 
Composition (g/100g)* 

PC FH F<1 kDa F4 F5 
Asx 10.8 ± 0.003 9.6 ± 0.387 9.4 ± 0.448 14 ± 0.274 16.7 ± 0.152 
Glx 19 ± 0.016 18.6 ± 0.013 14.9 ± 0.171 17.9 ± 0.182 18.3 ± 0.17 
Ser 6.5 ± 0.041 6.4 ± 0.016 6.6 ± 0.046 5.8 ± 0.302 5.0 ± 0.126 
His 2.9 ± 0.028 2.8 ± 0.001 3.2 ± 0.024 2.9 ± 0.008 2.7 ± 0.061 
Gly 4.4 ± 0.005 4.5 ± 0.006 4.1 ± 0.035 4.3 ± 0.011 3.0 ± 0.177 
Thr 4.3 ± 0.009 3.9 ± 0.009 4.4 ± 0.032 4.0 ± 0.040 3.4 ± 0.036 
Arg 7.8 ± 0.067 7.9 ± 0.025 6.0 ± 0.073 7.5 ± 0.026 6.9 ± 0.039 
Ala 4.4 ± 0.008 4.7 ± 0.002 5.1 ± 0.106 4.3 ± 0.016 3.6 ± 0.625 
Pro 2.7 ± 0.078 1.6 ± 0.038 2.1 ± 0.01 0 ± 0 0 ± 0 
Tyr 2.6 ± 0.098 2.7 ± 0.006 2.6 ± 0.026 2.2 ± 0.018 1.2 ± 0.078 
Val 5.4 ± 0.052 6.3 ± 0.015 7.0 ± 0.029 5.3 ± 0.004 4.2 ± 0.211 
Met 0.1 ± 0.109 0.3 ± 0.001 0.9 ± 0.013 0.7 ± 0.006 2.2 ± 0.292 
Cys 0.4 ± 0.002 0.4 ± 0.006 0.2 ± 0.002 1.2 ± 0.01 3.2 ± 0.1 
Ile 4.4 ± 0.019 5.4 ± 0.207 6.0 ± 0.073 5.2 ± 0.015 4.7 ± 0.236 

Leu 9.2 ± 0.115 9.8 ± 0.175 12.5 ± 0.029 11.6 ± 0.092 12.6 ± 0.229 
Phe 6.9 ± 0.008 7.0 ± 0.004 8.6 ± 0.056 6.7 ± 0.046 5.8 ± 0.043 
Lys 7.3 ± 0.089 7.1 ± 0 5.3 ± 0.072 5.7 ± 0.042 5.3 ± 0.263 
Trp 0.7 ± 0.064 1.0 ± 0.038 1.2 ± 0.041 0.8 ± 0.241 1.0 ± 0.535 

*Data are the mean of three replicates 

Table 2. Amino acid contents of the cowpea V. unguiculata protein concentrate (PC), Flavourzyme 
hydrolysate (FH), <1 kDa ultrafiltered fraction and F4 and F5 gel filtration chromatography fractions. 

Comparison of amino acid composition and properties between the cowpea V. unguiculata 
hydrolysate and its peptides isolated by ultrafiltration and G-50 gel chromatography 
showed the most active fraction to be the <1 kDa fraction, which had abundant aromatic 
(e.g., Phe) and cyclic amino acids (e.g., Pro). Amino acids such as Phe, with large bulky 
chains and hydrophobic side chains, are preferred in both positions of a dipeptide for their 
high steric properties and low lipophilicity, while amino acids such as Pro are preferred in 
the carboxyl terminus of active tripeptides for their low lipophilicity, and high steric and 
electronic properties [41]. Aromatic and basic amino acids are important to the ACE-I 
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inhibitory activity of peptides. For instance, similar observations have been made for an 
orientase hydrolysate with notable ACE-I inhibition attributed to its high basic and aromatic 
amino acids contents [33]. Cheung et al. [43] reported a peptide with strong, competitive 
ACE-I inhibition in which aromatic amino acid residues at its C-terminal and basic or 
hydrophobic ones at its N-terminal played an essential role. Based on the above, the higher 
ACE-I inhibitory potential of the <1 kDa fraction from the cowpea hydrolysate can be 
attributed to the steric properties of its aromatic amino acids and the lipophilicity and 
electronic properties of its cyclic amino acids. 

The most active fraction among those purified from F4 by preparative RP-HPLC was F4-2, 
which had much higher neutral amino acid content (80.6 g/100g) than F4-1 (46.6 g/100g), F4-
3(6.1 g/100g) and F4-4 (28.6 g/100g) (Table 3). Of the neutral amino acids, Tyr was higher in 
F4-2 (71.3 g/100g) compared to F4-3 (1.5 g/100g), F4-4 (3.9 g/100g) and F4-1 (3.9 g/100g). This 
supports the importance of aromatic residues in a peptides’ biological potential, probably 
due to their high steric properties and low lipophilicity. The Tyr amino acid has been 
reported in peptides from milk (e.g., Tyr-Pro-Tyr-Tyr) isolated by a combination of lactic 
acid bacteria fermentation and Flavourzyme® hydrolysis. These peptides are bioavailable 
and exhibit in vitro (90.9 M) and in vivo ACE-I inhibitory activity, the latter in the form of 
reduced hypertension in SHR (15.9 mmHg reduction in systolic blood pressure) [43]. 

F4-2 was also unique in containing Met (0.5 g/100g) and Trp (0.2 g/100g), as well as higher 
concentrations of Ile (3.2 g/100g) and Leu (10.2 g/100g) than the other fractions eluted from 
F4, all of which could have significantly increased its relative ACE-I inhibition activity. This 
would coincide with previous reports of inhibitory activity in peptides with these amino 
acids. The residues Val, Leu and Ile are preferred in the amino terminal position in active 
tripeptides for their low lipophilicity and steric properties or side chain bulk/ molecular size 
[40]. Clearly, the structure of ACE-I inhibitory peptides influences their activity, as shown 
by Cheung et al. [42], who reported that peptides with Tyr at the C-terminus and Ile at the 
N-terminus exhibit highly potent inhibitory activity. In a randomized, double-blind, 
placebo-controlled human study, a significant depressor effect was observed in mild 
essential hypertensive volunteers and Val-Tyr was shown to be one of the predominant 
ACE-I inhibitory peptides involved in this effect [44]. In addition to its high Tyr content, F4-
2 may also be absorbed intact into the human circulatory system and induce a reduction in 
blood pressure. For instance, intravenous and oral administration of Val-Tyr in SHR have 
shown that this di-peptide caused a long-lasting depressor effect. Val-Tyr is known to be 
absorbed intact into the human circulatory system, and studies using cross-mated transgenic 
mice carrying the human renin gene and the human angiotensinogen gene have shown that, 
as a natural ACE-I inhibitory dipeptide, Val-Tyr regulates the enhanced human renin-
angiotensin system and induces a prolonged reduction in blood pressure [45]. 

Of the fractions purified from F5 by preparative RP-HPLC chromatography (Table 3), F5-2, 
F5-3 and F5-4 exhibited ACE-I inhibition that was not different among them (P<0.05), but 
was greater than that of F5-1. The amino acids Arg, Tyr, Met, Ile, Leu, Phe and Lys very 
probably played a key role in providing greater activity to the first three fractions. As 
mentioned above, residues such as Leu and Ile are preferred at the amino terminus of 
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isolated from food sources are composed of multiple food components and hydrophobic 
and/or aromatic amino acid residues. However, practical use of these food protein 
hydrolysates is complicated by formation of peptides, which impart a bitter taste, the result 
of the formation of low molecular weight peptides containing mostly hydrophobic amino 
acids. To address this problem, Kim et al. [40] recommended use of Flavourzyme®, a fungal 
endoprotease and exo-protease complex that produces hydrolysates or peptides with ACE-I 
inhibitory activity and low bitterness. Fractions F4 and F5 are promising prospects for use in 
new product development because they had clear ACE-I inhibitory activity and low 
hydrophobic amino acid content, which may ensure that they have low bitterness. 
 

Amino acid 
Composition (g/100g)* 

PC FH F<1 kDa F4 F5 
Asx 10.8 ± 0.003 9.6 ± 0.387 9.4 ± 0.448 14 ± 0.274 16.7 ± 0.152 
Glx 19 ± 0.016 18.6 ± 0.013 14.9 ± 0.171 17.9 ± 0.182 18.3 ± 0.17 
Ser 6.5 ± 0.041 6.4 ± 0.016 6.6 ± 0.046 5.8 ± 0.302 5.0 ± 0.126 
His 2.9 ± 0.028 2.8 ± 0.001 3.2 ± 0.024 2.9 ± 0.008 2.7 ± 0.061 
Gly 4.4 ± 0.005 4.5 ± 0.006 4.1 ± 0.035 4.3 ± 0.011 3.0 ± 0.177 
Thr 4.3 ± 0.009 3.9 ± 0.009 4.4 ± 0.032 4.0 ± 0.040 3.4 ± 0.036 
Arg 7.8 ± 0.067 7.9 ± 0.025 6.0 ± 0.073 7.5 ± 0.026 6.9 ± 0.039 
Ala 4.4 ± 0.008 4.7 ± 0.002 5.1 ± 0.106 4.3 ± 0.016 3.6 ± 0.625 
Pro 2.7 ± 0.078 1.6 ± 0.038 2.1 ± 0.01 0 ± 0 0 ± 0 
Tyr 2.6 ± 0.098 2.7 ± 0.006 2.6 ± 0.026 2.2 ± 0.018 1.2 ± 0.078 
Val 5.4 ± 0.052 6.3 ± 0.015 7.0 ± 0.029 5.3 ± 0.004 4.2 ± 0.211 
Met 0.1 ± 0.109 0.3 ± 0.001 0.9 ± 0.013 0.7 ± 0.006 2.2 ± 0.292 
Cys 0.4 ± 0.002 0.4 ± 0.006 0.2 ± 0.002 1.2 ± 0.01 3.2 ± 0.1 
Ile 4.4 ± 0.019 5.4 ± 0.207 6.0 ± 0.073 5.2 ± 0.015 4.7 ± 0.236 

Leu 9.2 ± 0.115 9.8 ± 0.175 12.5 ± 0.029 11.6 ± 0.092 12.6 ± 0.229 
Phe 6.9 ± 0.008 7.0 ± 0.004 8.6 ± 0.056 6.7 ± 0.046 5.8 ± 0.043 
Lys 7.3 ± 0.089 7.1 ± 0 5.3 ± 0.072 5.7 ± 0.042 5.3 ± 0.263 
Trp 0.7 ± 0.064 1.0 ± 0.038 1.2 ± 0.041 0.8 ± 0.241 1.0 ± 0.535 

*Data are the mean of three replicates 

Table 2. Amino acid contents of the cowpea V. unguiculata protein concentrate (PC), Flavourzyme 
hydrolysate (FH), <1 kDa ultrafiltered fraction and F4 and F5 gel filtration chromatography fractions. 

Comparison of amino acid composition and properties between the cowpea V. unguiculata 
hydrolysate and its peptides isolated by ultrafiltration and G-50 gel chromatography 
showed the most active fraction to be the <1 kDa fraction, which had abundant aromatic 
(e.g., Phe) and cyclic amino acids (e.g., Pro). Amino acids such as Phe, with large bulky 
chains and hydrophobic side chains, are preferred in both positions of a dipeptide for their 
high steric properties and low lipophilicity, while amino acids such as Pro are preferred in 
the carboxyl terminus of active tripeptides for their low lipophilicity, and high steric and 
electronic properties [41]. Aromatic and basic amino acids are important to the ACE-I 
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inhibitory activity of peptides. For instance, similar observations have been made for an 
orientase hydrolysate with notable ACE-I inhibition attributed to its high basic and aromatic 
amino acids contents [33]. Cheung et al. [43] reported a peptide with strong, competitive 
ACE-I inhibition in which aromatic amino acid residues at its C-terminal and basic or 
hydrophobic ones at its N-terminal played an essential role. Based on the above, the higher 
ACE-I inhibitory potential of the <1 kDa fraction from the cowpea hydrolysate can be 
attributed to the steric properties of its aromatic amino acids and the lipophilicity and 
electronic properties of its cyclic amino acids. 

The most active fraction among those purified from F4 by preparative RP-HPLC was F4-2, 
which had much higher neutral amino acid content (80.6 g/100g) than F4-1 (46.6 g/100g), F4-
3(6.1 g/100g) and F4-4 (28.6 g/100g) (Table 3). Of the neutral amino acids, Tyr was higher in 
F4-2 (71.3 g/100g) compared to F4-3 (1.5 g/100g), F4-4 (3.9 g/100g) and F4-1 (3.9 g/100g). This 
supports the importance of aromatic residues in a peptides’ biological potential, probably 
due to their high steric properties and low lipophilicity. The Tyr amino acid has been 
reported in peptides from milk (e.g., Tyr-Pro-Tyr-Tyr) isolated by a combination of lactic 
acid bacteria fermentation and Flavourzyme® hydrolysis. These peptides are bioavailable 
and exhibit in vitro (90.9 M) and in vivo ACE-I inhibitory activity, the latter in the form of 
reduced hypertension in SHR (15.9 mmHg reduction in systolic blood pressure) [43]. 

F4-2 was also unique in containing Met (0.5 g/100g) and Trp (0.2 g/100g), as well as higher 
concentrations of Ile (3.2 g/100g) and Leu (10.2 g/100g) than the other fractions eluted from 
F4, all of which could have significantly increased its relative ACE-I inhibition activity. This 
would coincide with previous reports of inhibitory activity in peptides with these amino 
acids. The residues Val, Leu and Ile are preferred in the amino terminal position in active 
tripeptides for their low lipophilicity and steric properties or side chain bulk/ molecular size 
[40]. Clearly, the structure of ACE-I inhibitory peptides influences their activity, as shown 
by Cheung et al. [42], who reported that peptides with Tyr at the C-terminus and Ile at the 
N-terminus exhibit highly potent inhibitory activity. In a randomized, double-blind, 
placebo-controlled human study, a significant depressor effect was observed in mild 
essential hypertensive volunteers and Val-Tyr was shown to be one of the predominant 
ACE-I inhibitory peptides involved in this effect [44]. In addition to its high Tyr content, F4-
2 may also be absorbed intact into the human circulatory system and induce a reduction in 
blood pressure. For instance, intravenous and oral administration of Val-Tyr in SHR have 
shown that this di-peptide caused a long-lasting depressor effect. Val-Tyr is known to be 
absorbed intact into the human circulatory system, and studies using cross-mated transgenic 
mice carrying the human renin gene and the human angiotensinogen gene have shown that, 
as a natural ACE-I inhibitory dipeptide, Val-Tyr regulates the enhanced human renin-
angiotensin system and induces a prolonged reduction in blood pressure [45]. 

Of the fractions purified from F5 by preparative RP-HPLC chromatography (Table 3), F5-2, 
F5-3 and F5-4 exhibited ACE-I inhibition that was not different among them (P<0.05), but 
was greater than that of F5-1. The amino acids Arg, Tyr, Met, Ile, Leu, Phe and Lys very 
probably played a key role in providing greater activity to the first three fractions. As 
mentioned above, residues such as Leu and Ile are preferred at the amino terminus of 
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tripeptides with ACE-I inhibitory activity due to their low lipophilicity and steric properties 
or side chain bulk/molecular size values. In addition, Lys and Arg are expected in positions 
adjacent to the amino terminus due to their low electronic properties and high lipophilicity 
and steric property values, while residues such as Phe are preferred at the carboxyl terminus 
due to their low lipophilicity and high steric and electronic property values [41].  

Although the precise substrate specificity is not fully understood, ACE-I appears to prefer 
substrates containing hydrophobic amino acid residues at the three C-terminal positions, 
suggesting that the higher hydrophobic amino acid content in F5-2 (9.1 g/100g), F5-3 (89.8 
g/100g) and F5-4 (34.2 g/100g) versus F5-1 (1.1 g/100g) probably made a substantial 
contribution to their inhibitory potency. This agrees with Wu et al. [40], who state that 
aromatic, positively-charged and hydrophobic amino acids are preferred in active tripeptides. 
Due to substrate specificity differences between the two ACE-I catalytic sites, ACE-I inhibitors 
may inhibit only one site. Moskowitz [46] proposed a model explaining the clinical superiority 
of hydrophobic ACE-I inhibitory drugs relative to hydrophilic ones: all ACE-I inhibitors bind 
to the C-terminal catalytic site, but only hydrophobic ones bind to the occluded N-terminal 
catalytic site and are therefore better at blocking Ang II production. This would also explain 
why hydrophobic ACE-I inhibitors have specific local benefits such as organ damage 
prevention, in addition to reducing blood pressure [46]. The high hydrophobic amino acid 
(particularly aromatic side-chains) content in the F5 may therefore make a substantial 
contribution to its fractions’ ACE inhibitory activity by blocking Ang II production. 

Overall, the highest in vitro ACE-I inhibitory activity (IC50) among the cowpea hydrolysate 
and its derivative fractions was present in the ultrafiltered <1 kDa fraction (0.04 g/mL), 
followed by the RP-HPLC F4-2 fraction (0.4704 g/mL), the gel filtration chromatography 
fraction F4 (14.195 g/mL) and finally the hydrolysate (2634.4 g/mL). Although the IC50 
values for the hydrolysate, F4 and F4-2 fractions were substantially higher than that of the 
F<1 kDa fraction, they are still in the same order of magnitude as values reported for many 
other natural ACE-I inhibitory peptides. Nevertheless, the IC50 values for all the studied V. 
unguiculata derivatives are far higher than that of the synthetic ACE-I inhibitor Captopril® 
(0.0013 g/mL) [32]. The biological potential in the peptides purified from V. unguiculata, 
and the high ACE-I inhibitory activity in the F<1 kDa fraction, reinforce the need for ACE-I 
inhibitory peptides to be rich in hydrophobic amino acids (aromatic or branched chains) and 
peptides rich in Pro. Pro is well-documented as the most favorable amino acid for ACE-I 
binding (most commercial inhibitors include this residue), but it was not present in the 
peptides with potential biological activity that had been purified by G-50 gel filtration 
chromatography and RP-HPLC. 

The studied cowpea V. unguiculata protein hydrolysate has potential applications in the 
development of physiologically functional foods aimed at preventing and/or treating 
hypertension. An added benefit is the balanced amino acid profile of the protein 
hydrolysate and its peptide fractions, which makes them an appropriate protein source in 
human nutrition. It should be considered, however, that the in vitro ACE-I inhibitory 
potencies of peptides do not always correlate with their in vivo antihypertensive activities as 
quantified in SHR. This is because they must be absorbed and transported intact from the 
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intestine to the blood stream (in the case of oral administration) and resist plasma peptidase 
degradation (in the case of oral and intravenous administration) to reach their target sites 
and exert an antihypertensive effect in vivo. Therefore, in vivo research is needed to 
determine to what extent any of the studied ACE-I inhibitory peptides can exercise their 
antihypertensive activity in vivo. 
 

Amino 
acid 

Content (g/100g)*
F4-1 F4-2 F4-3 F4-4 F5-1 F5-2 F5-3 F5-4 

Asx 9.9 ± 0.063 1.2 ± 0.009 0.8 ± 
0.001

12.5 ± 
0.242

2.1 ± 
0.492

1.2 ± 
0.005

2 ± 
0.004 

10.6 ± 
0.731 

Glx 5.1 ± 0.214 1.4 ± 0.048 1.1 ± 
0.006

12.6 ± 
0.329 0 ± 0 1.5 ± 

0.046
2 ± 

0.071 
14.2 ± 
0.762 

Ser 22.7 ± 0.291 1 ±
0.001

1.2 ± 
0.021

8.4 ± 
0.177

30.5 ± 
0.834

0.9 ± 
0.014

1 ± 
0.014 

8.4 ± 
0.009 

His 8.2 ± 0.677 0.4 ± 0.015 0.3 ± 
0.009

4.1 ± 
0.133

16.3 ± 
0.194

0.3 ± 
0.049

0.4 ± 
0.017 

2.7 ± 
0.957 

Gly 19.6 ± 0.983 1.4 ± 0.008 1.7 ± 
0.031

9.2 ± 
0.226

13.3 ± 
0.159

2.9 ± 
0.017

2 ± 
0.016 

10 ± 
0.057 

Thr 4.3 ± 0.987 0.3 ± 0.005 0.4 ± 
0.018

3.5 ± 
0.066

5.8 ± 
0.069

0.3 ± 
0.048

0.4 ± 
0.024 

2.7 ± 
0.957 

Arg 3.2 ± 0.065 0.8 ± 0.002 0.8 ±
0.01

7.1 ± 
0.151 0 ± 0 0.2 ± 

0.236
0.6 ± 
0.028 

3 ± 
0.139 

Ala 14.3 ± 0.620 0.4 ± 0.001 0.3 ± 
0.005

3.8 ± 
0.046

1.1 ± 
1.536

0.3 ± 
0.048

0.5 ± 
0.012 

3.4 ± 
0.089 

Pro 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Tyr 0 ± 0 71.3 ± 
0.012

1.5 ± 
0.026

3.9 ± 
0.109 0 ± 0 74.7 ± 

0.280
0.7 ± 
0.109 

4.2 ± 
0.289 

Val 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Met 0 ± 0 0.5 ± 0.013 0 ± 0 0 ± 0 0 ± 0 0.6 ± 
0.071

0.1 ± 
0.096 

0.5 ± 
0.039 

Cys 0 ± 0 6.6 ± 0.001 1.3 ± 
0.085

3.6 ± 
0.288

31 ±
0.369

8.8 ± 
0.098

0.9 ± 
0.019 

6.8 ± 
0.070 

Ile 0.4 ± 0.555 3.2 ± 0.041 0.2 ± 
0.020

2.8 ± 
0.059 0 ± 0 1.6 ± 

0.035
0.5 ± 
0.026 

1.8 ± 
0.032 

Leu 9.3 ± 0.217 10.2 ± 
0.006

0.3 ± 
0.008

4.7 ± 
0.024 0 ± 0 3.1 ± 

0.066
0.8 ± 
0.093 

6.1 ± 
0.896 

Phe 0 ± 0 0.8 ± 0.003 89.6 ± 
0.230 

20 ±
 

0.778
0 ± 0 3.5 ± 

0.765 
87.9 ± 
0.234 

22.4 ± 
0.304 

Lys 3± 
0.532 0.3 ± 0.007 0.3 ± 

0.008
3.8 ± 
0.068 0 ± 0 0.2 ± 

0.009
0.3 ± 
0.002 

2.4 ± 
0.073 

Trp 0 ± 0 0.2 ± 0.040 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Table 3. Amino acid contents of fractions from the F4 and F5 gel filtration chromatography fraction 
purified by preparative RP-HPLC C-18 chromatography.  
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tripeptides with ACE-I inhibitory activity due to their low lipophilicity and steric properties 
or side chain bulk/molecular size values. In addition, Lys and Arg are expected in positions 
adjacent to the amino terminus due to their low electronic properties and high lipophilicity 
and steric property values, while residues such as Phe are preferred at the carboxyl terminus 
due to their low lipophilicity and high steric and electronic property values [41].  

Although the precise substrate specificity is not fully understood, ACE-I appears to prefer 
substrates containing hydrophobic amino acid residues at the three C-terminal positions, 
suggesting that the higher hydrophobic amino acid content in F5-2 (9.1 g/100g), F5-3 (89.8 
g/100g) and F5-4 (34.2 g/100g) versus F5-1 (1.1 g/100g) probably made a substantial 
contribution to their inhibitory potency. This agrees with Wu et al. [40], who state that 
aromatic, positively-charged and hydrophobic amino acids are preferred in active tripeptides. 
Due to substrate specificity differences between the two ACE-I catalytic sites, ACE-I inhibitors 
may inhibit only one site. Moskowitz [46] proposed a model explaining the clinical superiority 
of hydrophobic ACE-I inhibitory drugs relative to hydrophilic ones: all ACE-I inhibitors bind 
to the C-terminal catalytic site, but only hydrophobic ones bind to the occluded N-terminal 
catalytic site and are therefore better at blocking Ang II production. This would also explain 
why hydrophobic ACE-I inhibitors have specific local benefits such as organ damage 
prevention, in addition to reducing blood pressure [46]. The high hydrophobic amino acid 
(particularly aromatic side-chains) content in the F5 may therefore make a substantial 
contribution to its fractions’ ACE inhibitory activity by blocking Ang II production. 

Overall, the highest in vitro ACE-I inhibitory activity (IC50) among the cowpea hydrolysate 
and its derivative fractions was present in the ultrafiltered <1 kDa fraction (0.04 g/mL), 
followed by the RP-HPLC F4-2 fraction (0.4704 g/mL), the gel filtration chromatography 
fraction F4 (14.195 g/mL) and finally the hydrolysate (2634.4 g/mL). Although the IC50 
values for the hydrolysate, F4 and F4-2 fractions were substantially higher than that of the 
F<1 kDa fraction, they are still in the same order of magnitude as values reported for many 
other natural ACE-I inhibitory peptides. Nevertheless, the IC50 values for all the studied V. 
unguiculata derivatives are far higher than that of the synthetic ACE-I inhibitor Captopril® 
(0.0013 g/mL) [32]. The biological potential in the peptides purified from V. unguiculata, 
and the high ACE-I inhibitory activity in the F<1 kDa fraction, reinforce the need for ACE-I 
inhibitory peptides to be rich in hydrophobic amino acids (aromatic or branched chains) and 
peptides rich in Pro. Pro is well-documented as the most favorable amino acid for ACE-I 
binding (most commercial inhibitors include this residue), but it was not present in the 
peptides with potential biological activity that had been purified by G-50 gel filtration 
chromatography and RP-HPLC. 

The studied cowpea V. unguiculata protein hydrolysate has potential applications in the 
development of physiologically functional foods aimed at preventing and/or treating 
hypertension. An added benefit is the balanced amino acid profile of the protein 
hydrolysate and its peptide fractions, which makes them an appropriate protein source in 
human nutrition. It should be considered, however, that the in vitro ACE-I inhibitory 
potencies of peptides do not always correlate with their in vivo antihypertensive activities as 
quantified in SHR. This is because they must be absorbed and transported intact from the 
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intestine to the blood stream (in the case of oral administration) and resist plasma peptidase 
degradation (in the case of oral and intravenous administration) to reach their target sites 
and exert an antihypertensive effect in vivo. Therefore, in vivo research is needed to 
determine to what extent any of the studied ACE-I inhibitory peptides can exercise their 
antihypertensive activity in vivo. 
 

Amino 
acid 

Content (g/100g)*
F4-1 F4-2 F4-3 F4-4 F5-1 F5-2 F5-3 F5-4 

Asx 9.9 ± 0.063 1.2 ± 0.009 0.8 ± 
0.001

12.5 ± 
0.242

2.1 ± 
0.492

1.2 ± 
0.005

2 ± 
0.004 

10.6 ± 
0.731 

Glx 5.1 ± 0.214 1.4 ± 0.048 1.1 ± 
0.006

12.6 ± 
0.329 0 ± 0 1.5 ± 

0.046
2 ± 

0.071 
14.2 ± 
0.762 

Ser 22.7 ± 0.291 1 ±
0.001

1.2 ± 
0.021

8.4 ± 
0.177

30.5 ± 
0.834

0.9 ± 
0.014

1 ± 
0.014 

8.4 ± 
0.009 

His 8.2 ± 0.677 0.4 ± 0.015 0.3 ± 
0.009

4.1 ± 
0.133

16.3 ± 
0.194

0.3 ± 
0.049

0.4 ± 
0.017 

2.7 ± 
0.957 

Gly 19.6 ± 0.983 1.4 ± 0.008 1.7 ± 
0.031

9.2 ± 
0.226

13.3 ± 
0.159

2.9 ± 
0.017

2 ± 
0.016 

10 ± 
0.057 

Thr 4.3 ± 0.987 0.3 ± 0.005 0.4 ± 
0.018

3.5 ± 
0.066

5.8 ± 
0.069

0.3 ± 
0.048

0.4 ± 
0.024 

2.7 ± 
0.957 

Arg 3.2 ± 0.065 0.8 ± 0.002 0.8 ±
0.01

7.1 ± 
0.151 0 ± 0 0.2 ± 

0.236
0.6 ± 
0.028 

3 ± 
0.139 

Ala 14.3 ± 0.620 0.4 ± 0.001 0.3 ± 
0.005

3.8 ± 
0.046

1.1 ± 
1.536

0.3 ± 
0.048

0.5 ± 
0.012 

3.4 ± 
0.089 

Pro 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Tyr 0 ± 0 71.3 ± 
0.012

1.5 ± 
0.026

3.9 ± 
0.109 0 ± 0 74.7 ± 

0.280
0.7 ± 
0.109 

4.2 ± 
0.289 

Val 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Met 0 ± 0 0.5 ± 0.013 0 ± 0 0 ± 0 0 ± 0 0.6 ± 
0.071

0.1 ± 
0.096 

0.5 ± 
0.039 

Cys 0 ± 0 6.6 ± 0.001 1.3 ± 
0.085

3.6 ± 
0.288

31 ±
0.369

8.8 ± 
0.098

0.9 ± 
0.019 

6.8 ± 
0.070 

Ile 0.4 ± 0.555 3.2 ± 0.041 0.2 ± 
0.020

2.8 ± 
0.059 0 ± 0 1.6 ± 

0.035
0.5 ± 
0.026 

1.8 ± 
0.032 

Leu 9.3 ± 0.217 10.2 ± 
0.006

0.3 ± 
0.008

4.7 ± 
0.024 0 ± 0 3.1 ± 

0.066
0.8 ± 
0.093 

6.1 ± 
0.896 

Phe 0 ± 0 0.8 ± 0.003 89.6 ± 
0.230 

20 ±
 

0.778
0 ± 0 3.5 ± 

0.765 
87.9 ± 
0.234 

22.4 ± 
0.304 

Lys 3± 
0.532 0.3 ± 0.007 0.3 ± 

0.008
3.8 ± 
0.068 0 ± 0 0.2 ± 

0.009
0.3 ± 
0.002 

2.4 ± 
0.073 

Trp 0 ± 0 0.2 ± 0.040 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Table 3. Amino acid contents of fractions from the F4 and F5 gel filtration chromatography fraction 
purified by preparative RP-HPLC C-18 chromatography.  
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4. Conclusions 

After modification by Alcalase®, Flavourzyme® and pepsin-pancreatin cowpea V. 
unguiculata proteins proved to be a source of bioactive peptides with ACE-I inhibitory and 
antioxidant activity. Fractionation of V. unguiculata enzymatic hydrolysates by 
ultrafiltration enhanced their ACE-I inhibitory and antioxidant activity in all the resulting 
peptides, although the <1 kDa fraction of the Flavourzyme hydrolysate had the highest 
overall biological activity. Further purification of this fraction by gel filtration 
chromatography and RP-HPLC produced fractions with different activities, all of which 
were much higher than the source hydrolysate. Separation of protein hydrolysates by 
molecular weight and hydrophobicity clearly enhanced peptide ACE-I inhibitory activity, 
particularly purification by ultrafiltration and chromatography. The highest biological 
potential among the purified peptides was observed in the ultrafiltered <1 kDa fraction, 
which supports the importance of high hydrophobic amino acid and proline content in 
ACE-I inhibitory peptides. These results highlight the promise of controlled protein 
hydrolysis with a fungal protease complex to isolate bioactive peptides from cowpea V. 
unguiculata proteins, which can then be further purified and/or used as an ingredient in 
functional foods designed for specific diets. 
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1. Introduction 

During a meal, two incretin hormones, glucagon-like peptide 1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP), are released from the small intestine into the 
vasculature and augment glucose-induced insulin secretion from the islet β-cells [1]. It has 
been estimated that 50-60% of the total insulin secreted during a meal results from the incretin 
response, mainly the combined effects of GIP and GLP-1 [2]. Previous studies have shown 
both GIP and GLP-1 stimulate β-cell proliferation, differentiation, and prevent apoptosis [3-6]. 
GLP-1 also has some actions such as inhibition of glucagon secretion and food intake, glucose 
homeostasis and slowing the gastric emptying [7-9]. However, GLP-1 has a short half-life of 1-
2 min following secretion in response to the nutrients ingestion because of its inactivation by 
dipeptidyl peptidase-IV (DPP-IV) [10], resulting in loss of insulinotropic activities. 

DPP-IV (CD26; E.C. 3.4.14.5) is a 110-kDa plasma membrane glycoprotein ectopeptidase that 
belongs to the prolyl oligopeptidase family [11]. It acts as a cleaving enzyme with the 
specificity for removing X-Pro or X-Ala dipeptides from the N terminus of polypeptides and 
proteins. It has a strong preference for Pro > Ala > Ser as the penultimate amino acid residue 
[10-12]. This enzyme is also capable of cleavage of N-terminal dipeptides with 
hydroxyproline (Hyp), dehydroproline, Gly, Val, Thr or Leu [10-14]. GLP-1 has Ala as the 
N-terminal penultimate amino acid residue, and therefore it is the substrate of DPP-IV. This 
finding that over 95% of the degradation of GLP-1 is attributed to the action of DPP-IV led 
to an elevated interest in inhibition of this enzyme for the treatment of type 2 diabetes [15]. 
Some previous studies have shown that specific DPP-IV inhibition increased the half-life of 
total circulating GLP-1, decreased plasma glucose, and improved impaired glucose 
tolerance in animal and human experiments [16-18]. 

There are several chemical compounds used in vitro and in animal models to inhibit DPP-IV 
activity, such as Val-pyrrolidide [17], NVP-DPP728 [18], Lys[Z(NO2)]-thiazolidide and 
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2 min following secretion in response to the nutrients ingestion because of its inactivation by 
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DPP-IV (CD26; E.C. 3.4.14.5) is a 110-kDa plasma membrane glycoprotein ectopeptidase that 
belongs to the prolyl oligopeptidase family [11]. It acts as a cleaving enzyme with the 
specificity for removing X-Pro or X-Ala dipeptides from the N terminus of polypeptides and 
proteins. It has a strong preference for Pro > Ala > Ser as the penultimate amino acid residue 
[10-12]. This enzyme is also capable of cleavage of N-terminal dipeptides with 
hydroxyproline (Hyp), dehydroproline, Gly, Val, Thr or Leu [10-14]. GLP-1 has Ala as the 
N-terminal penultimate amino acid residue, and therefore it is the substrate of DPP-IV. This 
finding that over 95% of the degradation of GLP-1 is attributed to the action of DPP-IV led 
to an elevated interest in inhibition of this enzyme for the treatment of type 2 diabetes [15]. 
Some previous studies have shown that specific DPP-IV inhibition increased the half-life of 
total circulating GLP-1, decreased plasma glucose, and improved impaired glucose 
tolerance in animal and human experiments [16-18]. 

There are several chemical compounds used in vitro and in animal models to inhibit DPP-IV 
activity, such as Val-pyrrolidide [17], NVP-DPP728 [18], Lys[Z(NO2)]-thiazolidide and 
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Lys[Z(NO2)]-pyrrolidide [19]. However, such chemical compounds, which often have to be 
administered by injection, may result in side effects as chemical drugs often do. Thus, to 
develop safe and natural DPP-IV inhibitors as the therapeutic agents of type 2 diabetes is 
necessary. 

Proteins are well known as precursors of bioactive peptides. In recent years, peptides have 
been identified to possess physiological functions, such as immunomodulatory [20], 
antimicrobial [21], antihypertensive [22], anticancer [23], antioxidative [24] and cholesterol-
lowering activities [25]. These bioactive peptides are mostly derived from milk, wheat, 
soybean, egg and fish proteins by enzymatic hydrolysis or fermentation [26]. Food protein 
hydrolysates are well-used and natural food ingredients, and therefore they are believed to 
be safe for consumers when they are served as functional foods. Some studies have reported 
that bioactive peptides possessed DPP-IV inhibitory activity. Diprotins A and B, isolated 
from culture filtrates of Bacillus cereus BMF673-RF1, are bioactive peptides found to exhibit 
the DPP-IV inhibitory activity with IC50 values of 1.1 and 5.5 μg/mL; they were elucidated to 
be Ile-Pro-Ile and Val-Pro-Leu, respectively [27]. Two bioactive peptides, Ile-Pro-Ala and 
Val-Ala-Gly-Thr-Trp-Tyr, derived from β-lactoglobulin hydrolysed by proteinase K and 
trypsin, showed IC50 values of 49 and 174 μM, respectively, against DPP-IV in vitro [28,29]. 
Two patents, WO 2006/068480 and WO 2009/128713 have shown that peptides derived from 
casein and lysozyme hydrolysates, respectively display DPP-IV inhibitory activity, and the 
peptides show in particular the presence of at least one Pro within the sequence and mostly 
as the penultimate N-terminal residue [30,31]. 

It is well-known that the dominant amino acid in gelatin is Gly, while the imino acids (Pro 
and Hyp) come second in abundance [32]. The amino acid composition of gelatin is 
characterized by a repeating sequence of Gly-X-Y triplets, where X is mostly Pro and Y is 
mostly Hyp. Inside gelatin molecule, Gly constitutes approximately 27% of the total amino 
acid pool [33]. The total amount of the imino acids is higher in mammalian (20-24%) than in 
fish (16-20%). In our previous study, we successfully isolated two peptides, Gly-Pro-Ala-Glu 
and Gly-Pro-Gly-Ala from Atlantic salmon skin gelatin, that showed dose-dependent 
inhibitory effects on DPP-IV with IC50 values of 49.6 and 41.9 μM, respectively [34]. 
According to the report of previous studies, DPP-IV inhibitory peptides consisted of at least 
one Pro and mostly as the penultimate N-terminal residue [32]. Therefore, the aim of this 
study was to examine the DPP-IV inhibitory activity of peptides derived from porcine skin 
gelatin, which constitutes higher content of imino acids than skin gelatin of Atlantic salmon, 
a kind of cold-water fish. This is expected to give insight into the possible utilization of 
porcine skin as a potential source of DPP-IV inhibitors that may be used in the treatment of 
type 2 diabetes to lower the risk of side effects. 

2. Materials and methods 

2.1. Materials and reagents 

Porcine skin gelatin (G-2500) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Alcalase® 2.4 L FG (from Bacillus licheniformis, 2.4 AU/g) (ALA) was the product from Novo-
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zymes North America Inc. (Salem, NC, Canada). DPP-IV (D7052, from porcine kidney), Gly-
Pro-p-nitroanilide hydrochloride, trichloroacetic acid (TCA), L-Leu and Diprotin A were 
purchased from Sigma-Aldrich. Trinitrobenzenesulfonic acid (TNBS) was from Fluka 
Biochemika (Oakville, ON, Canada). Other chemicals and reagents used were analytical 
grade and commercially available. 

2.2. Enzymatic hydrolysis 

One gram of the gelatin added with 50 mL ddH2O was incubated at 50°C for 10 min prior to 
the enzymatic hydrolysis. ALA in liquid form were weighed 10, 30, 50 mg and mixed with 1 
mL ddH2O. The hydrolysis reaction was started by the addition of enzymes at various 
enzyme/substrate ratios (E/S: 1%, 3%, and 5%). The reaction with ALA was conducted at pH 
8.0, respectively, and 50°C for up to 6 h. After hydrolysis, the hydrolysates were heated in 
boiling water for 15 min to inactivate enzymes and then cooled in cold water at room 
temperature for 20 min. Hydrolysates were adjusted their pH to 7.0 with 1 M NaOH and 
centrifuged (Du Pont Sorvall Centrifuge RC 5B, Mandel Scientific Co. Ltd, Guelph, ON, 
Canada) at 12,000g and room temperature for 15 min. The supernatant was lyophilized and 
stored at -25°C . 

2.3. Measurement of degree of hydrolysis 

Immediately prior to termination of hydrolysis, 4 mL of the hydrolysate were mixed with an 
equal volume of 24% TCA solution and centrifuged at 12200g for 5 min. The supernatant 
(0.2 mL) was added to 2.0 mL of 0.05 M sodium tetraborate buffer (pH 9.2) and 1 mL of 4.0 
mM TNBS and incubated at room temperature for 30 min in the dark. Then the mixture was 
added with 1.0 mL of 2.0 M NaH2PO4 containing 18 mM Na2SO3, and the absorbance was 
measured at 420 nm using a spectrophotometer (Cary 50 Bio UV-vis spectrophotometer, 
Varian, Inc., Santa Clara, CA, USA) [35,36]. Degree of hydrolysis (DH) was calculated as % 
DH=(h/htot) × 100, where DH=percent ratio of the number of peptide bonds broken (h) to the 
total number bonds per unit weight (htot) and htot=11.1 mequiv/g of gelatin [35]. L-Leu was 
used for drawing a standard curve. 

2.4. Determination of DPP-IV inhibitory activity 

DPP-IV activity determination in this study was performed in 96-well microplates 
measuring the increase in absorbance at 405 nm using Gly-Pro-p-nitroanilide as DPP-IV 
substrate [37]. The lyophilized hydrolysates were dissolved in 100 mM Tris buffer (pH 8.0) 
to the concentration of 10 mg/mL and then serially diluted. The hydrolysates (25 μL) were 
added with 25 μL of 1.59 mM Gly-Pro-p-nitroanilide (in 100 mM Tris buffer, pH 8.0). The 
mixture was incubated at 37°C °C for 10 min, followed by the addition of 50 μL of DPP-IV 
(diluted with the same Tris buffer to 0.01 Unit/mL). The reaction mixture was incubated at 
37°C for 60 min, and the reaction was stopped by adding 100 μL of 1 M sodium acetate 
buffer (pH 4.0). The absorbance of the resulting solution was measured at 405 nm with a 
microplate reader (iEMS reader MF; Labsystems, Helsinki, Finland). Under the conditions of 
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Lys[Z(NO2)]-pyrrolidide [19]. However, such chemical compounds, which often have to be 
administered by injection, may result in side effects as chemical drugs often do. Thus, to 
develop safe and natural DPP-IV inhibitors as the therapeutic agents of type 2 diabetes is 
necessary. 

Proteins are well known as precursors of bioactive peptides. In recent years, peptides have 
been identified to possess physiological functions, such as immunomodulatory [20], 
antimicrobial [21], antihypertensive [22], anticancer [23], antioxidative [24] and cholesterol-
lowering activities [25]. These bioactive peptides are mostly derived from milk, wheat, 
soybean, egg and fish proteins by enzymatic hydrolysis or fermentation [26]. Food protein 
hydrolysates are well-used and natural food ingredients, and therefore they are believed to 
be safe for consumers when they are served as functional foods. Some studies have reported 
that bioactive peptides possessed DPP-IV inhibitory activity. Diprotins A and B, isolated 
from culture filtrates of Bacillus cereus BMF673-RF1, are bioactive peptides found to exhibit 
the DPP-IV inhibitory activity with IC50 values of 1.1 and 5.5 μg/mL; they were elucidated to 
be Ile-Pro-Ile and Val-Pro-Leu, respectively [27]. Two bioactive peptides, Ile-Pro-Ala and 
Val-Ala-Gly-Thr-Trp-Tyr, derived from β-lactoglobulin hydrolysed by proteinase K and 
trypsin, showed IC50 values of 49 and 174 μM, respectively, against DPP-IV in vitro [28,29]. 
Two patents, WO 2006/068480 and WO 2009/128713 have shown that peptides derived from 
casein and lysozyme hydrolysates, respectively display DPP-IV inhibitory activity, and the 
peptides show in particular the presence of at least one Pro within the sequence and mostly 
as the penultimate N-terminal residue [30,31]. 

It is well-known that the dominant amino acid in gelatin is Gly, while the imino acids (Pro 
and Hyp) come second in abundance [32]. The amino acid composition of gelatin is 
characterized by a repeating sequence of Gly-X-Y triplets, where X is mostly Pro and Y is 
mostly Hyp. Inside gelatin molecule, Gly constitutes approximately 27% of the total amino 
acid pool [33]. The total amount of the imino acids is higher in mammalian (20-24%) than in 
fish (16-20%). In our previous study, we successfully isolated two peptides, Gly-Pro-Ala-Glu 
and Gly-Pro-Gly-Ala from Atlantic salmon skin gelatin, that showed dose-dependent 
inhibitory effects on DPP-IV with IC50 values of 49.6 and 41.9 μM, respectively [34]. 
According to the report of previous studies, DPP-IV inhibitory peptides consisted of at least 
one Pro and mostly as the penultimate N-terminal residue [32]. Therefore, the aim of this 
study was to examine the DPP-IV inhibitory activity of peptides derived from porcine skin 
gelatin, which constitutes higher content of imino acids than skin gelatin of Atlantic salmon, 
a kind of cold-water fish. This is expected to give insight into the possible utilization of 
porcine skin as a potential source of DPP-IV inhibitors that may be used in the treatment of 
type 2 diabetes to lower the risk of side effects. 

2. Materials and methods 

2.1. Materials and reagents 

Porcine skin gelatin (G-2500) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
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zymes North America Inc. (Salem, NC, Canada). DPP-IV (D7052, from porcine kidney), Gly-
Pro-p-nitroanilide hydrochloride, trichloroacetic acid (TCA), L-Leu and Diprotin A were 
purchased from Sigma-Aldrich. Trinitrobenzenesulfonic acid (TNBS) was from Fluka 
Biochemika (Oakville, ON, Canada). Other chemicals and reagents used were analytical 
grade and commercially available. 

2.2. Enzymatic hydrolysis 

One gram of the gelatin added with 50 mL ddH2O was incubated at 50°C for 10 min prior to 
the enzymatic hydrolysis. ALA in liquid form were weighed 10, 30, 50 mg and mixed with 1 
mL ddH2O. The hydrolysis reaction was started by the addition of enzymes at various 
enzyme/substrate ratios (E/S: 1%, 3%, and 5%). The reaction with ALA was conducted at pH 
8.0, respectively, and 50°C for up to 6 h. After hydrolysis, the hydrolysates were heated in 
boiling water for 15 min to inactivate enzymes and then cooled in cold water at room 
temperature for 20 min. Hydrolysates were adjusted their pH to 7.0 with 1 M NaOH and 
centrifuged (Du Pont Sorvall Centrifuge RC 5B, Mandel Scientific Co. Ltd, Guelph, ON, 
Canada) at 12,000g and room temperature for 15 min. The supernatant was lyophilized and 
stored at -25°C . 

2.3. Measurement of degree of hydrolysis 

Immediately prior to termination of hydrolysis, 4 mL of the hydrolysate were mixed with an 
equal volume of 24% TCA solution and centrifuged at 12200g for 5 min. The supernatant 
(0.2 mL) was added to 2.0 mL of 0.05 M sodium tetraborate buffer (pH 9.2) and 1 mL of 4.0 
mM TNBS and incubated at room temperature for 30 min in the dark. Then the mixture was 
added with 1.0 mL of 2.0 M NaH2PO4 containing 18 mM Na2SO3, and the absorbance was 
measured at 420 nm using a spectrophotometer (Cary 50 Bio UV-vis spectrophotometer, 
Varian, Inc., Santa Clara, CA, USA) [35,36]. Degree of hydrolysis (DH) was calculated as % 
DH=(h/htot) × 100, where DH=percent ratio of the number of peptide bonds broken (h) to the 
total number bonds per unit weight (htot) and htot=11.1 mequiv/g of gelatin [35]. L-Leu was 
used for drawing a standard curve. 

2.4. Determination of DPP-IV inhibitory activity 

DPP-IV activity determination in this study was performed in 96-well microplates 
measuring the increase in absorbance at 405 nm using Gly-Pro-p-nitroanilide as DPP-IV 
substrate [37]. The lyophilized hydrolysates were dissolved in 100 mM Tris buffer (pH 8.0) 
to the concentration of 10 mg/mL and then serially diluted. The hydrolysates (25 μL) were 
added with 25 μL of 1.59 mM Gly-Pro-p-nitroanilide (in 100 mM Tris buffer, pH 8.0). The 
mixture was incubated at 37°C °C for 10 min, followed by the addition of 50 μL of DPP-IV 
(diluted with the same Tris buffer to 0.01 Unit/mL). The reaction mixture was incubated at 
37°C for 60 min, and the reaction was stopped by adding 100 μL of 1 M sodium acetate 
buffer (pH 4.0). The absorbance of the resulting solution was measured at 405 nm with a 
microplate reader (iEMS reader MF; Labsystems, Helsinki, Finland). Under the conditions of 
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the assay, IC50 values were determined by assaying appropriately diluted samples and 
plotting the DPP-IV inhibition rate as a function of the hydrolysate concentration. 

2.5. Ultrafiltration 

Hydrolysates were fractionated by ultrafiltration (UF; Model ABL085, Lian Sheng Tech. Co., 
Taichung, Taiwan) with spiral wound membranes having molecular mass cutoffs of 2.5 and 
1 kDa. The fractions were collected as follows: >2.5 kDa, peptides retained without passing 
through 2.5 kDa membrane; 1-2.5 kDa, peptides permeating through the 2.5 kDa membrane 
but not the 1 kDa membrane; <1 kDa, peptides permeating through the 1 kDa membrane. 
All collected fractions were lyophilized and stored in a desiccator until use. 

2.6. High Performance Liquid Chromatography (HPLC) 

The fractionated hydrolysates by ultrafiltration exhibiting DPP-IV inhibitory activity were 
further purified using high performance liquid chromatography (Model L-2130 HPLC, 
Hitachi Ltd., Katsuda, Japan). The lyophilized hydrolysate fraction (100 μg) by gel filtration 
was dissolved in 1 mL of 0.1% trifluoroacetic acid (TFA) and 90 μL of the mixture, was then 
injected into a column (ZORBAX Eclipse Plus C18, 4.6 × 250 mm, Agilent Tech. Inc., CA, 
USA) using a linear gradient of acetonitrile (5 to 15% in 20 min) in 0.1% TFA under a flow 
rate of 0.7 mL/min. The peptides were detected at 215 nm. Each collected fraction was 
lyophilized and stored in a desiccator until use. 

2.7. Identification of amino acid sequence 

An accurate molecular mass and amino acid sequence of the purified peptides was 
determined using a Q-TOF mass spectrometer (Micromass, Altrincham, UK) coupled with 
an electrospray (ESI) source. The purified peptides were separately infused into the ESI 
source after being dissolved in methanol/water (1:1, v/v), and the molecular mass was 
determined by the doubly charged (M+2H)+2 state in the mass spectrum. Automated Edman 
sequencing was performed by standard procedures using a 477-A protein sequencer 
chromatogram (Applied Biosystems, Foster, CA, USA). 

2.8. Peptide synthesis 

Peptides were prepared by the conventional Fmoc solid-phase synthesis method with an 
automatic peptide synthesizer (Model CS 136, CS Bio Co. San Carlos, CA, USA), and their 
purity was verified by analytical RP-HPLC-MS/MS. 

2.9. Statistical analysis 

Each data represents the mean of three samples was subjected to analysis of variance 
(ANOVA) followed by Tukey‘s studentized range test, and the significance level of P＜0.05 
was employed. 
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3. Results and discussion 

3.1. Degree of hydrolysis 

The DH of porcine skin gelatin hydrolyzed with ALA increased dramatically during the 
initial 1 h, and then increased gradually thereafter (Fig. 1). Also the highest DH was 
obtained with the highest E/S ratio. The highest DH (%) for ALA was 16.7% and obtained at 
the E/S ratio of 5% and 6-h hydrolysis. 
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Figure 1. Degree of hydrolysis of porcine skin gelatin hydrolyzed with ALA at various E/S ratio. 

3.2. DPP-IV inhibitory activity of hydrolysates 

The DPP-IV inhibitory activity of porcine skin gelatin hydrolysates at the concentration of 10 
mg/mL was shown in Fig. 2. The gelatin sample without hydrolysis (0 h) showed 9.2% 
inhibitory rate on DPP-IV. The DPP-IV inhibitory activity of the gelatin hydrolysates 
increased with E/S ratio and hydrolysis time. The DPP-IV inhibition rates of the 1-h 
hydrolysates with the E/S ratio of 1, 3 and 5% were 27.2, 44.3 and 48.8%, respectively; while 
those of 6-h hydrolysates increased to 52.0, 59.7 and 60.0%. The hydrolysates with the E/S 
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the assay, IC50 values were determined by assaying appropriately diluted samples and 
plotting the DPP-IV inhibition rate as a function of the hydrolysate concentration. 
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Figure 1. Degree of hydrolysis of porcine skin gelatin hydrolyzed with ALA at various E/S ratio. 

3.2. DPP-IV inhibitory activity of hydrolysates 

The DPP-IV inhibitory activity of porcine skin gelatin hydrolysates at the concentration of 10 
mg/mL was shown in Fig. 2. The gelatin sample without hydrolysis (0 h) showed 9.2% 
inhibitory rate on DPP-IV. The DPP-IV inhibitory activity of the gelatin hydrolysates 
increased with E/S ratio and hydrolysis time. The DPP-IV inhibition rates of the 1-h 
hydrolysates with the E/S ratio of 1, 3 and 5% were 27.2, 44.3 and 48.8%, respectively; while 
those of 6-h hydrolysates increased to 52.0, 59.7 and 60.0%. The hydrolysates with the E/S 
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ratio of 3% and 5%, and the hydrolysis time of 4 h and 6 h showed the highest DPP-IV 
inhibition rates between 57.4 to 60.0% among all the samples (P<0.05); in the meanwhile, the 
inhibition rates between the four samples were not significantly different (P>0.05). The 
results showed that the hydrolysates with the smaller size of peptides due to the higher DH 
possessed greater DPP-IV inhibitory activity. Patent WO 2006/068480 has demonstrated that 
the hydrolysates possessed great DPP-IV inhibitory activities referred to a mixture of 
peptides derived from hydrolysis of proteins with the percentage of hydrolysed peptide 
bonds of most preferably 20 to 40% [30]. As the economic concern for saving time and 
enzyme used, the hydrolysate with E/S ratio of 3% and 4-h hydrolysis was adopted for 
furher purification and analysis. 

 

Hydrolysis Time (h)

0 1 2 4 6

In
hi

bi
tio

n 
R

at
e 

(%
)

0

10

20

30

40

50

60

70

Gelatin without hydrolysis
E/S: 1%
E/S: 3%
E/S: 5%

a

b

c

d

ef
g

fg
h

h hh

d

fg

 
 

Figure 2. DPP-IV inhibitory rate of porcine skin gelatin hydrolysates. Different letters indicate the 
significant differences (P<0.05). 

3.3. DPP-IV inhibitory activtiy of hydrolysates fractionated by UF 

The DPP-IV inhibitory activity of hydrolysates with the E/S ratio of 3% and 4-h hydrolysis at 
the concentration of 1 mg/mL fractionated by UF was shown in Fig. 3A. The result showed 
the UF fractions of 1-2.5 kDa and < 1 kDa had insignificantly different (P>0.05) and higher 
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DPP-IV inhibition rates of 30.6% and 30.7%, respectively (P<0.05), than that within the > 2.5 
kDa fraction displaying an inhibition rate of 28.2%. < 1-kDa fraction was selected for further 
analysis on the basis of the small size peptides may pass through the digestive tract without 
degradation. The IC50 value of the < 1 kDa fraction was determined and found as 1.50 
mg/mL (Fig. 3B). The result in this study is in agreement with the former studies using 
various protein sources that reported the preferable DPP-IV inhibitory peptides derived 
from food protein consisted of 2-8 amino acid residues [30,31], and their molecular weights 
were supposed between 200 to 1000 Da. 
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Figure 3. (A) DPP-IV inhibition rate of porcine skin gelatin hydrolysate fractionated by UF at the 
concentration of 1 mg/mL. (B) DPP-IV inhibition rate of the < 1 kDa UF fraction at various 
concentrations. Different letters indicate the significant differences (P<0.05). 
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DPP-IV inhibition rates of 30.6% and 30.7%, respectively (P<0.05), than that within the > 2.5 
kDa fraction displaying an inhibition rate of 28.2%. < 1-kDa fraction was selected for further 
analysis on the basis of the small size peptides may pass through the digestive tract without 
degradation. The IC50 value of the < 1 kDa fraction was determined and found as 1.50 
mg/mL (Fig. 3B). The result in this study is in agreement with the former studies using 
various protein sources that reported the preferable DPP-IV inhibitory peptides derived 
from food protein consisted of 2-8 amino acid residues [30,31], and their molecular weights 
were supposed between 200 to 1000 Da. 
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Figure 3. (A) DPP-IV inhibition rate of porcine skin gelatin hydrolysate fractionated by UF at the 
concentration of 1 mg/mL. (B) DPP-IV inhibition rate of the < 1 kDa UF fraction at various 
concentrations. Different letters indicate the significant differences (P<0.05). 
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3.4. Purification of DPP-IV-inhibitory peptides by HPLC 

The elution profile and DPP-IV inhibitory activity of the peptide fractions from the < 1 kDa 
UF fraction separated by HPLC were shown in Fig. 4A and B. To obtain a sufficient  
amount of purified peptide, chromatographic separations were performed repeatedly. Five 
fractions (F-1 to F-5) were obtained upon HPLC separation of the < 1 kDa UF fraction (Fig. 
4A), and they were lyophilized and then used to determine their DPP-IV inhibitory activities 
at the concentration of 100 μg/mL. The result showed that the fraction F-3 had the highest 
DPP-IV inhibition rate of 64.6% (P<0.05), as compared to the others which showed the 
inhibition rates between 26.7 to 45.6%, and its IC50 value was also determined as 62.9 μg/mL 
(Fig. 4C). Therefore, the fraction F-3 was used to identify the amino acid sequences of the 
peptides. 

 
 

 
 
Figure 4. (A) Elution profile and (B) DPP-IV inhibition rate of the peptide fractions from the < 1 kDa UF 
fraction separated by HPLC. (C) DPP-IV inhibition rate of fraction F-3 at various concentrations. The 
DPP-IV inhibition rate was determined with each HPLC fraction at the concentration of 100 μg/mL. 
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3.5. Amino acid sequence of DPP-IV inhibitory peptides 

Two peptides were identified in fraction F-3, and their amino acid sequences were  
Gly-Pro-Hyp (285.3 Da) and Gly-Pro-Ala-Gly (300.4 Da). Patent WO 2006/068480 has 
reported that 21 peptides which were capable of inhibiting DPP-IV activity showed  
a hydrophobic character, had a length varying from 3-7 amino acid residues and in 
particular the presence of Pro residue within the sequence [30]. The Pro residue  
was located as the first, second, third or fourth N-terminal residue, but mostly as the 
second N-terminal residue. Besides, the Pro residue was flanked by Leu, Val, Phe, Ala 
and Gly. In the present study, both peptides comprised Pro as the second N-terminal 
residue, and the Pro residue was flanked by Ala and Gly. Moreover, the peptides were 
composed of mostly hydrophobic amino acid residues, such as Ala, Gly and Pro, and one 
peptide comprised a charged amino acid, Glu, as the C-terminal residue. The present 
results therefore are consistent with the hypothesis demonstrated in the previous study 
[30]. 

3.6. DPP-IV-inhibitory activity of the synthetic peptides 

The DPP-IV inhibitory activity of the two synthetic peptides and Diprotin A at various 
concentrations was determined (Fig. 5). The IC50 was calculated for each of the peptides. 
Diprotin A is well-known as the peptide with the greatest DPP-IV inhibitory activity, 
and its IC50 value was found as 24.7 μM in the present study (Fig. 4C). The IC50 values of 
the two synthetic peptides, Gly-Pro-Hyp and Gly-Pro-Ala-Gly, were 49.6 and 41.9 μM, 
respectively (Fig. 4A, B). In the previous study, the IC50 values against DPP-IV of 
Diprotin A and Diprotin B isolated from culture filtrates of B. cereus BMF673-RF1 were 
3.2 and 16.8 μM, respectively [27]. Moreover, Ile-Pro-Ala and Val-Ala-Gly-Thr-Trp-Tyr, 
both prepared from β-lactoglobulin showed IC50 values of 49 and 174 μM against DPP-
IV, respectively [28,29]. Patent WO 2006/068480 reported that Diprotin A showed the IC50 
value of about 5 μM against DPP-IV, and five peptides, His-Pro-Ile-Lys, Leu-Pro-Leu-
Pro, Leu-Pro-Val-Pro, Met-Pro-Leu-Trp and Gly-Pro-Phe-Pro, comprised 4 amino acids 
with Pro as the penultimate N-terminal residue displayed their IC50 values between 76 to 
120 μM [30]. The results showed that the two peptides obtained in this study showed 
lower DPP-IV inhibitory activity than only Diprotin A and B, which were composed with 
3 amino acid residues. However, they had similar inhibition effect to Ile-Pro-Ala but 
greater than other peptides comprised 4 or more amino acid residues. It is interesting 
that the ultimate N-terminal residues of the peptides mentioned above are all 
hydrophobic amino acids, and therefore we assumed that DPP-IV inhibitory activity of 
bioactive peptides may be determined by the amino acid length and the two N-terminal 
amino acid sequence of X-Pro, where X is the hydrophobic amino acid and preferably 
smaller in size. In conclusion, we found two peptides, Gly-Pro-Hyp and Gly-Pro-Ala-
Gly, isolated from porcine skin gelatin hydrolysates having the inhibitory activity 
against DPP-IV. 
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Figure 5. DPP-IV inhibition rates and IC50 values of the synthetic peptides and diprotin A. 
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4. Conclusion 

This study has clearly demonstrated that porcine skin gelatin could be a good protein source 
to produce DPP-IV inhibitory peptides by hydrolysis with ALA. The two peptides identified 
in this study may have the potential for the therapy or prevention of type 2 diabetes. Further 
studies using in vitro simulated gastrointestinal digestion and Caco-2 cell permeate analysis 
and in vivo animal model systems are therefore necessary to ascertain the required standards 
of evidence for DPP-IV inhibitory potential of bioactive peptides derived from porcine skin 
gelatin. 
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1. Introduction 

Tumorigenesis and metastasis are two processes with inter-related mechanisms. These 
include tumor growth and angiogenesis, detachment of tumor cells from the primary tumor, 
followed by migration through the local connective tissue and penetration into the 
circulation (intravasation). Once in the blood stream, tumor cells interact with circulating 
blood cells, arrest in the microvasculature of target organs, then extravasate and secondary 
proliferate. During each of these steps, integrin-mediated adhesion, migration, proliferation 
and survival of tumor cells and angiogenic endothelial cells play crucial roles [1,2]. 

Integrins are a family of heterodimeric transmembrane receptors that mediate cell-cell and 
cell-extracellular matrix (ECM) interactions. These cell adhesion molecules are composed by 
non covalent association of α and β subunits. Although 18 α and 8 β subunits have been 
described, only 24 different combinations have been identified to date [3]. Specific integrin 
heterodimers preferentially bind distinct ECM proteins. The repertory of integrins present 
on a given cell dictates the extent to which that cell will adhere to and migrate on different 
matrices. Several integrins, among others αv and α5β1, recognize the RGD sequence on 
their respective ligands. Other adhesive sequences in ECM proteins have also been 
observed, including the EILDV and REDV sequences that are recognized by integrin α4β1 in 
an alternatively spliced form of fibronectin [3]. On ligation to the ECM, integrins cluster in 
the plane of the membrane and recruit various signalling and adaptor proteins to form 
structures known as focal adhesions [4]. 

Integrin expression can also vary considerably between normal and tumor tissue. Most 
notably, integrins αvβ3, α5β1 and αvβ6 are usually expressed at low or undetectable levels 
in most adult epithelia but can be highly up-regulated in some tumors. Expression levels of 
some integrins, such as α2β1, decrease in tumor cells; potentially increasing tumor cell 
dissemination [5]. The integrin αvβ3 is particularly important for tumor growth and 
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invasiveness [6]. The receptor plays a major role in neo-vessels formation, its expression 
being strongly up-regulated in endothelial cells and specifically required during 
angiogenesis stimulated by basic fibroblast growth factor (bFGF) and tumor necrosis factor-
α [7,8]. αvβ3 is functionally involved in the malignant spread of various tumor cell types 
such as breast carcinoma, prostate carcinoma and melanoma, and supports tumor cell 
adhesion and migration through endothelium [9] and matrix proteins [10,1]. Blocking αvβ3 
is therefore expected to have a broad impact in cancer therapy and diagnosis. In the last 
decade, several clinical trials evaluating the efficacy of αvβ3 blockers have led to 
encouraging results. Thus, MEDI-522 (Vitaxin), a humanized antibody derived from the 
mouse LM609 monoclonal antibody, was recently reported to give positive results in a 
phase II trial enrolling patients with stage IV metastatic melanoma [11]. Cilengitide is an 
inhibitor of both αvβ3 and αvβ5 integrins; it is currently being tested in phase II trials in 
patients with lung and prostate cancers [12] and in phase II and Phase III trials studying 
their role against glioblastoma are currently underway.  

In addition to their role in tumor cells, integrins are also important for the host cellular 
response against cancer. Endothelial cells, fibroblasts, pericytes, bone marrow-derived cells, 
inflammatory cells and platelets all use integrins for various functions, including 
angiogenesis, desmoplasia and immune response. 

Nature has been a source of medicinal products for thousands of years among which snake 
venoms form a rich source of bioactive molecules such as peptides, proteins and enzymes 
with important pharmacological activities. International research and development in this 
area, based on multidisciplinary approaches including molecular screening, proteomics, 
genomics and pharmacological in vitro, ex vivo and in vivo assays, allow the identification 
and characterization of highly specific molecules from snake venom that can potently inhibit 
integrin functions. These anti-adhesive snake venom proteins belong to different families 
(phospholipases, disintegrins, C-type lectins and metalloproteinases). By targeting integrins, 
they exhibit various pharmacological activities such as anti-tumor, anti-angiogenic and/or 
pro-apoptotic effects. 

2. Snake venom protein families 

2.1. The Snake Venom Metalloproteinases (SVMP) 

Metalloproteinases are among the most abundant toxins in many Viperidae venoms. SVMPs 
are monozinc endopeptidases varying in size from 20 to 100 kDa. They are phylogenetically 
most closely related to the mammalian disintegrin and metalloproteinase (ADAM) family of 
proteins. SVMPs are grouped into several subclasses according to their domain organization 
[13, 14, 15]. P-I SVMPs are the simplest class of enzymes that contain only a metalloproteinase 
(M) domain. P-II SVMPs contain a M domain followed by a disintegrin (D) domain. P-III 
SVMPs contain M, disintegrin-like (D) and cysteine-rich (C) domains. Formally called P-IV, the 
heterotrimeric class of SVMPs that contain an additional snake C-type lectin-like (snaclec) 
domain [16] is now included in the P-III group as a subclass (P-IIId).  
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Most of the functional activities of SVMPs are associated with hemorrhage or the disruption 
of the hemostatic system, which are primarily mediated by the proteolytic activity of the M 
domain. SVMPs cause hemorrhage by disturbing the interactions between endothelial cells 
and the basement membrane through the degradation of endothelial cell membrane proteins 
(e.g., integrin, cadherin) and basement membrane components (e.g., fibronectin, laminin, 
nidogen, type IV collagen) [17]. Blood coagulation proteins (e.g., fibrinogen, factor X, 
prothrombin) are also targets of their proteolytic activities. 

Echis carinatus venom contains the specific prothrombin activators, ecarin [18,19] and 
carinactivase [20]. Adamalysin II, a non-hemorrhagic P-I SVMP isolated from Crotalus 
adamantus venom, cleaves and inactivates serum proteinase inhibitors including 
antithrombin III [21]. Kaouthiagin, isolated from the venom of Naja kaouthia specifically 
binds and cleaves von Willebrand factor (vWF), resulting in loss of both the ristocetin-
induced platelet aggregation and collagen-binding activity of vWF [22]. Additionally, a 
large number of the P-III SVMPs can inhibit platelet aggregation, thus enhancing the 
hemorrhagic state [23]. The hemorrhagic P-III SVMP jararhagin from the venom of Bothrops 
jararaca has been shown to degrade platelet collagen receptor α2β1 integrin in addition to 
fibrinogen and vWF, resulting in the inhibition of platelet aggregation [24]. Other platelet 
receptors are also degraded by SVMPs. GPIbα is cleaved by kistomin; mocarhagin and 
crotalin [25-27], and GPVI is degraded by alborhagin, crotarhagin and kistomin [28,29]. 

In the other side, it was reported that several SVMPs inhibited integrin-mediated adhesion 
of cancer cells on ECM proteins (table 1). BaG, a dimeric PIII class of SVMP from Bothrops 
alternatus with inactivated enzymatic domain but intact D/C domain, has been reported to 
inhibit fibronectin-mediated K562 cell adhesion via α5β1 integrin [30]. 

Proteins Snake Integrins Effects References 
VAP1, VAP2 Crotalus atrox α3,α6,β1 Induce apoptosis of HUVEC [31,36] 

HV1 Trimeruserus 
flavoviridis - Inhibits adhesion of HUVEC 

and induces apoptosis 
[32] 

Halysase Gloydius halys α1β1;α5β1 Inhibits proliferation and 
Induces apoptosis of HUVEC 

[33] 

VLAIPs Vipera lebetina - Inhibits proliferation and 
Induces apoptosis of HUVEC 

[34] 

Graminelysin Trimeresurus 
gramineus α1β1;α5β1 Inhibits proliferation and 

Induces apoptosis of HUVEC 
[35] 

BaG Bothrops 
alternatus αβ Inhibits adhesion of K562 cells [30] 

TSV-DM Trimeresurus 
stejnegeri - Inhibits cell proliferation and 

induces transient cell 
morphologic changes of 
endothelial cells. 

[113] 

Table 1. SVMP affecting tumor cells 
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induces transient cell 
morphologic changes of 
endothelial cells. 

[113] 

Table 1. SVMP affecting tumor cells 
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Several apoptosis-inducing proteins have been purified from hemorrhagic snake venom, 
such as VAP1 and VAP2 (Crotalus atrox), HV1 (Trimeresurus flavoviridis), halysase (Gloydius 
halys), and VLAIPs (Vipera lebetina) [31-34], graminelysin [35]. They are members of the 
SVMP and ADAM family and induce apoptosis of human umbilical vein endothelial cells 
(HUVECs) [31,36]. The detachment of endothelial cells and resulting apoptosis could be an 
additional mechanism for the disruption of normal hemostasis by SVMPs. TSV-DM a basic 
metalloproteinase from Trimeresurus stejnegeri venom inhibits cell proliferation and induces 
cell morphologic changes transiently of ECV304 cells. However, DNA fragmentation and 
DNA content analysis demonstrated that this metalloproteinase could not induce ECV304 
cells apoptosis. 

2.2. The disintegrins 

Disintegrins are a family of non-enzymatic and low molecular weight proteins derived from 
viper venom [37-39]. They are able to inhibit platelet aggregation and interact with adhesion 
molecules in particular integrins in a dose-dependent manner. They have a K / RTS 
sequence which is known as the RGD adhesive loop [37-39]. Their primary structure shows 
a strong conservation in the arrangement of cysteines [38]. Most disintegrins represent the 
C-terminal domain of metalloproteinases PIIa, d and e classes and are released into the 
venom by proteolytic cleavage [40,37,38]. A minority of these proteins exist as D / C 
domains from the class of SVMPs PIIIb.  

Disintegrins can be conveniently divided into five different groups according to their length 
and the number of disulfide bridges [41]. The first group includes short disintegrins, single 
polypeptide composed of 49 - 51 amino acids with four disulfide bridges. The second group 
comprises medium disintegrins containing about 70 amino acids and six disulfide bridges. 
The third group includes long disintegrins of 83 residues linked by seven disulfide bridges. 
The disintegrin domains of PIII snake-venom metalloproteinases, containing approx. 
hundred amino acids with 16 Cysteine residues involved in the formation of eight disulfide 
bonds, constitute the fourth subgroup of the disintegrin family. Unlike short-, medium- and 
long-sized disintegrins, which are single-chain molecules, the fifth subgroup is composed of 
homo and heterodimers. The dimeric disintegrins subunits contain about 67 residues with 
four disulfide intra-chain bridges and two interchain bridges [42,43].  

Although disintegrins are highly homologous, significant differences exist in their affinity 
and selectivity for integrins, which explains the multitude of effects of these molecules 
(Table 2). 

Disintegrins were first identified as inhibitors of platelet aggregation and were subsequently 
shown to antagonize fibrinogen binding to platelet integrin αIIbβ3 [44,45]. After that, 
studies on disintegrins have revealed new uses in the diagnosis of cardiovascular diseases 
and the design of therapeutic agents in arterial thrombosis, osteoporosis, and angiogenesis-
related tumor growth and metastasis (table 2). Triflavin from Trimeresurus flavoviridis venom 
was one of the first RGD-disintegrins shown to inhibit angiogenesis both in vitro and in vivo 
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[46]. Triflavin strongly inhibited cell migration toward vitronectin and fibronectin nearly 
thirty orders of magnitude greater than anti-αvβ3 monoclonal antibodies [46]. Triflavin was 
also more effective in inhibiting TNF-α-induced angiogenesis in the chicken chorioallantoic 
membrane (CAM) assay. Similar results were obtained with another RGD-disintegrin, 
rhodostomin, from Agkistrodon rhodostoma venom, which inhibits endothelial cell migration, 
invasion and tube formation induced by bFGF in MatrigelTM both in vitro and in vivo [47]. 
Rhodostomin effects were inhibited by anti-αvβ3 but not by anti-αvβ5 antibodies, thus 
supporting the hypothesis that the effects of RGD-disintegrins are mediated by blockade of 
the vitronectin receptor.  

Proteins Snake Integrins Effects References 
Triflavin Trimeresurus 

flavoviridis 
α5β1,αvβ3,
α3β1 

Inhibits adhesion of tumor 
cells to matrix proteins, cell 
migration and angiogenesis 
in vitro and in vivo 

[46] 

Rhodostomin Agikistrodon 
rhodostoma 

αvβ3,αvβ5 Inhibits cell migration, 
invasion of endothelial cells; 
inhibits angiogenesis in vivo 
and in vitro 

[47] 

Contortrostatin Agkistrodon 
contortrix 
contortrix 

αvβ3,α5β1,
αvβ5, 
αIIββ3 

Blocks adhesion, migration 
invasion of different type of 
tumor cells 

[48] 

Lebestatin Macrovipera 
lebetina 

α1β1 Inhibits migration and 
angiogenesis 

[56] 

Accurhagin-C Agkistrodon 
acutus 

αvβ3 Prevents migration and 
invasion of endothelial cells; 
anti-angiogenic activity in 
vitro and in vivo; elicites 
anoïkis 

[58] 

Eristostatin Eritocophis 
macmahoni 

α4β1,other 
integrin not 

yet 
determined

Inhibits cell motility; no 
effect on cell proliferation or 
angiogenesis 

[59,60] 

DisBa-01 Bothrops 
alternatus 

αvβ3 Anti-angiogenic and anti-
metastatic effect on 
melanoma cells 

[62] 

Leberagin-C Macrovipera 
lebetina 

αvβ3 Inhibits cell adhesion of 
melanoma tumor cells 

[114] 

Accutin Agkistrodon 
acutus 

αvβ3 Inhibits angiogenesis in vitro 
and in vivo; induces 
apoptosis 

[115] 

Table 2. Effects of disintegrins on cancerous cells 



 
Bioactive Food Peptides in Health and Disease 

 

222 

Several apoptosis-inducing proteins have been purified from hemorrhagic snake venom, 
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(HUVECs) [31,36]. The detachment of endothelial cells and resulting apoptosis could be an 
additional mechanism for the disruption of normal hemostasis by SVMPs. TSV-DM a basic 
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DNA content analysis demonstrated that this metalloproteinase could not induce ECV304 
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Disintegrins are a family of non-enzymatic and low molecular weight proteins derived from 
viper venom [37-39]. They are able to inhibit platelet aggregation and interact with adhesion 
molecules in particular integrins in a dose-dependent manner. They have a K / RTS 
sequence which is known as the RGD adhesive loop [37-39]. Their primary structure shows 
a strong conservation in the arrangement of cysteines [38]. Most disintegrins represent the 
C-terminal domain of metalloproteinases PIIa, d and e classes and are released into the 
venom by proteolytic cleavage [40,37,38]. A minority of these proteins exist as D / C 
domains from the class of SVMPs PIIIb.  

Disintegrins can be conveniently divided into five different groups according to their length 
and the number of disulfide bridges [41]. The first group includes short disintegrins, single 
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comprises medium disintegrins containing about 70 amino acids and six disulfide bridges. 
The third group includes long disintegrins of 83 residues linked by seven disulfide bridges. 
The disintegrin domains of PIII snake-venom metalloproteinases, containing approx. 
hundred amino acids with 16 Cysteine residues involved in the formation of eight disulfide 
bonds, constitute the fourth subgroup of the disintegrin family. Unlike short-, medium- and 
long-sized disintegrins, which are single-chain molecules, the fifth subgroup is composed of 
homo and heterodimers. The dimeric disintegrins subunits contain about 67 residues with 
four disulfide intra-chain bridges and two interchain bridges [42,43].  

Although disintegrins are highly homologous, significant differences exist in their affinity 
and selectivity for integrins, which explains the multitude of effects of these molecules 
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Disintegrins were first identified as inhibitors of platelet aggregation and were subsequently 
shown to antagonize fibrinogen binding to platelet integrin αIIbβ3 [44,45]. After that, 
studies on disintegrins have revealed new uses in the diagnosis of cardiovascular diseases 
and the design of therapeutic agents in arterial thrombosis, osteoporosis, and angiogenesis-
related tumor growth and metastasis (table 2). Triflavin from Trimeresurus flavoviridis venom 
was one of the first RGD-disintegrins shown to inhibit angiogenesis both in vitro and in vivo 
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[46]. Triflavin strongly inhibited cell migration toward vitronectin and fibronectin nearly 
thirty orders of magnitude greater than anti-αvβ3 monoclonal antibodies [46]. Triflavin was 
also more effective in inhibiting TNF-α-induced angiogenesis in the chicken chorioallantoic 
membrane (CAM) assay. Similar results were obtained with another RGD-disintegrin, 
rhodostomin, from Agkistrodon rhodostoma venom, which inhibits endothelial cell migration, 
invasion and tube formation induced by bFGF in MatrigelTM both in vitro and in vivo [47]. 
Rhodostomin effects were inhibited by anti-αvβ3 but not by anti-αvβ5 antibodies, thus 
supporting the hypothesis that the effects of RGD-disintegrins are mediated by blockade of 
the vitronectin receptor.  
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Triflavin Trimeresurus 

flavoviridis 
α5β1,αvβ3,
α3β1 

Inhibits adhesion of tumor 
cells to matrix proteins, cell 
migration and angiogenesis 
in vitro and in vivo 

[46] 

Rhodostomin Agikistrodon 
rhodostoma 

αvβ3,αvβ5 Inhibits cell migration, 
invasion of endothelial cells; 
inhibits angiogenesis in vivo 
and in vitro 

[47] 

Contortrostatin Agkistrodon 
contortrix 
contortrix 

αvβ3,α5β1,
αvβ5, 
αIIββ3 

Blocks adhesion, migration 
invasion of different type of 
tumor cells 

[48] 

Lebestatin Macrovipera 
lebetina 

α1β1 Inhibits migration and 
angiogenesis 

[56] 

Accurhagin-C Agkistrodon 
acutus 

αvβ3 Prevents migration and 
invasion of endothelial cells; 
anti-angiogenic activity in 
vitro and in vivo; elicites 
anoïkis 

[58] 

Eristostatin Eritocophis 
macmahoni 

α4β1,other 
integrin not 

yet 
determined

Inhibits cell motility; no 
effect on cell proliferation or 
angiogenesis 

[59,60] 

DisBa-01 Bothrops 
alternatus 

αvβ3 Anti-angiogenic and anti-
metastatic effect on 
melanoma cells 

[62] 

Leberagin-C Macrovipera 
lebetina 

αvβ3 Inhibits cell adhesion of 
melanoma tumor cells 

[114] 

Accutin Agkistrodon 
acutus 

αvβ3 Inhibits angiogenesis in vitro 
and in vivo; induces 
apoptosis 

[115] 

Table 2. Effects of disintegrins on cancerous cells 
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Contortrostatin, a disintegrin isolated from the venom of the southern copperhead snake, 
exhibits anti-cancer activity in a variety of tumor cells [48-50]. It does not display cytotoxic 
activity in vitro nor animals upon injection. Contortrostatin inhibits adhesion, migration, 
invasion, metastatic and angiogenesis of tumor and endothelial cells mediated by 
αvβ3,α5β1 and αvβ5 [48,50-54]. Recently, contortrostatin showed an additive inhibitory 
effect in combination with docetaxel on the growth of xenograft tumors derived from 
prostate cancer cells [55]. 

Lebestatin is an example of a non toxic KTS-disintegrin isolated from Macrovipera lebetina 
that inhibits migration and VEGF-induced in vivo angiogenesis [56]. The presence of a WGD 
motif in CC8, a heterodimeric disintegrin from Echis carinatus, increases its inhibitory effect 
on αvβ3 and α5β1 integrins [57]. 

There are few reports regarding the effects of ECD-disintegrins on endothelial cell 
migration. Acurhagin-C, dose-dependently blocked HUVEC migration toward a 
vitronectin-coated membrane. Furthermore, acurhagin-C elicited endothelial anoïkis via 
disruption of the αvβ3/FAK/PI3K survival cascade and subsequent initiation of the 
procaspase-3 apoptotic signaling pathway [58].  

Eristostatin, an RGD-disintegrin from Eristocophis macmahoni was tested on individual 
metastasis steps such as cell arrest, extravasation and migration [59]. Eristostatin treatment 
did not prevent tumor cell extravasation or migration [60]. However, it was shown later that 
eristostatin inhibited melanoma cell motility, an effect mediated by fibronectin-binding 
integrins [61]. Interestingly, this disintegrin, contrary to other RGD-disintegrins, did not 
inhibit angiogenesis, as stated before [61]. DisBa-01, a αvβ3 integrin-blocking RGD-
disintegrin, inhibits not only migration of endothelial cells in vivo [62] but also in vitro 
migratory ability of fibroblasts and two tumor cell lines. 

Since integrin receptors are also quite indiscriminate as they support cell adhesion to several 
substrates, it seems highly reasonable that the general RGD-disintegrin scaffold of the 
integrin-binding motif could be employed as a prototype for drug design for new anti-
metastatic therapies via blocking both tumor cell adhesion and tumor angiogenesis. 

2.3. The snake venom phospholipases 

Snake venom is one of the most abundant sources of secretory phospholipases A2 (PLA2), 
which are one of the potent molecules in snake venoms [63-65].  

PLA2 (EC 3.1.1.4)—are enzymes that catalyze the hydrolysis of sn-2-acyl bond of sn-3-
phospholipids, generating free fatty acids and lysophospholipids as products [66]. They are 
currently classified in 15 groups and many subgroups that include five distinct types of 
enzymes, namely secreted PLA2 (sPLA2), cytosolic PLA2 (cPLA2), Ca2+ independent PLA2s 
(iPLA2), platelet-activating factor acetyl-hydrolases (PAF-AH), lysosomal PLA2, and a 
recently identified adipose-specific PLA2 [65,67]. PLA2 are low molecular weight proteins 
with molecular masses ranging from 13-19 kDa that generally require Ca2+ for their activities 
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[69,70]. Snake venom sPLA2 are secreted enzymes belonging to only two groups that are 
based on their primary structure and disulfide bridge pattern [68,71,72]. Those of group I 
are similar to pancreatic sPLA2 present in mammals, were found in venom of Elapidae 
snakes, while group II PLA2s belong to the Viperidae and are similar to mammals 
nonpancreatic, inflammatory sPLA2s [73,74]. The group II can be subdivided mainly in two 
subgroups, depending on the residue at position 49 in the primary structure: Aspartic acid-
49 PLA2s are enzymatically active, while Lysine 49 present low or no enzymatic activity 
[75]. There are other subgroups, such as Asparagine-49, Serine-49, Glutamine-49 and 
Arginine -49 [76-83]. Studies have found that catalytic activity is reduced or even abolished 
when an Aspartic acid of native PLA2 is replaced by another amino acid [80,84]. 

Despite a high identity of their amino acid sequences, sPLA2 exhibit a wide variety of 
pharmacological properties such as anticoagulant, haemolytic, neurotoxic, myotoxic, 
oedema-inducing, hemorrhagic, cytolytic, cardiotoxic, muscarinic inhibitor and antiplatelet 
activities [63,85-92]. 

Recently, PLA2s have been shown to possess anti-tumor and anti-angiogenic properties 
(Table 3). CC-PLA2-1 and CC-PLA2-2 from Cerastes cerastes viper are non-toxic and acidic 
proteins. They have high inhibitory effects on platelet aggregation and coagulation. In 
addition, CC-PLA2-1 and CC-PLA2-2 inhibit the adhesion of the human fibrosarcoma 
(HT1080) and melanoma (IGR39) cells to fibrinogen and fibronectin. In the same direction, 
CC-PLA2-1 and CC-PLA2-2 potently reduces HT1080 cell migration to fibrinogen and 
fibronectin with nearly similar IC50 values [93]. This anti-adhesive effect was due to the 
inhibition of α5β1and αv-containing integrins [94]. A recent report demonstrated that Bth-
A-I, a non-toxic PLA2 isolated from Bothrops jararacussu venom display an anti-tumoral 
effect upon breast adenocarcinoma as well as upon human leukaemia T and Erlich ascetic 
tumor [95]. 

Proteins Snake Integrins Effects References 
CCPLA2-1; 
CCPLA2-2 

Cerastes 
cerastes 

α5β1,αv Inhibits migration and 
adhesion of fibrosarcoma 
and melanoma cells 

[93,94] 

Bth-A-I-
PLA2 

Bothrops 
jararacussu 

- Anti-tumor activity on 
adenocarcinoma and 
leukaemia cells 

[95] 

MVL-
PLA2 

Macrovipera 
lebetina 

α5β1,αv Inhibits adhesion and 
migration of human 
microvascular cells and 
inhibits angiogenesis in vivo 
and in vitro. 

[96] 

BP II Prothobotrops 
flavoviridis 

- Induces cell death in human 
leukaemia cells 

[97] 

Table 3. PLA2s targeting tumor cells 
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procaspase-3 apoptotic signaling pathway [58].  
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did not prevent tumor cell extravasation or migration [60]. However, it was shown later that 
eristostatin inhibited melanoma cell motility, an effect mediated by fibronectin-binding 
integrins [61]. Interestingly, this disintegrin, contrary to other RGD-disintegrins, did not 
inhibit angiogenesis, as stated before [61]. DisBa-01, a αvβ3 integrin-blocking RGD-
disintegrin, inhibits not only migration of endothelial cells in vivo [62] but also in vitro 
migratory ability of fibroblasts and two tumor cell lines. 

Since integrin receptors are also quite indiscriminate as they support cell adhesion to several 
substrates, it seems highly reasonable that the general RGD-disintegrin scaffold of the 
integrin-binding motif could be employed as a prototype for drug design for new anti-
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(iPLA2), platelet-activating factor acetyl-hydrolases (PAF-AH), lysosomal PLA2, and a 
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[69,70]. Snake venom sPLA2 are secreted enzymes belonging to only two groups that are 
based on their primary structure and disulfide bridge pattern [68,71,72]. Those of group I 
are similar to pancreatic sPLA2 present in mammals, were found in venom of Elapidae 
snakes, while group II PLA2s belong to the Viperidae and are similar to mammals 
nonpancreatic, inflammatory sPLA2s [73,74]. The group II can be subdivided mainly in two 
subgroups, depending on the residue at position 49 in the primary structure: Aspartic acid-
49 PLA2s are enzymatically active, while Lysine 49 present low or no enzymatic activity 
[75]. There are other subgroups, such as Asparagine-49, Serine-49, Glutamine-49 and 
Arginine -49 [76-83]. Studies have found that catalytic activity is reduced or even abolished 
when an Aspartic acid of native PLA2 is replaced by another amino acid [80,84]. 

Despite a high identity of their amino acid sequences, sPLA2 exhibit a wide variety of 
pharmacological properties such as anticoagulant, haemolytic, neurotoxic, myotoxic, 
oedema-inducing, hemorrhagic, cytolytic, cardiotoxic, muscarinic inhibitor and antiplatelet 
activities [63,85-92]. 

Recently, PLA2s have been shown to possess anti-tumor and anti-angiogenic properties 
(Table 3). CC-PLA2-1 and CC-PLA2-2 from Cerastes cerastes viper are non-toxic and acidic 
proteins. They have high inhibitory effects on platelet aggregation and coagulation. In 
addition, CC-PLA2-1 and CC-PLA2-2 inhibit the adhesion of the human fibrosarcoma 
(HT1080) and melanoma (IGR39) cells to fibrinogen and fibronectin. In the same direction, 
CC-PLA2-1 and CC-PLA2-2 potently reduces HT1080 cell migration to fibrinogen and 
fibronectin with nearly similar IC50 values [93]. This anti-adhesive effect was due to the 
inhibition of α5β1and αv-containing integrins [94]. A recent report demonstrated that Bth-
A-I, a non-toxic PLA2 isolated from Bothrops jararacussu venom display an anti-tumoral 
effect upon breast adenocarcinoma as well as upon human leukaemia T and Erlich ascetic 
tumor [95]. 

Proteins Snake Integrins Effects References 
CCPLA2-1; 
CCPLA2-2 

Cerastes 
cerastes 

α5β1,αv Inhibits migration and 
adhesion of fibrosarcoma 
and melanoma cells 

[93,94] 

Bth-A-I-
PLA2 

Bothrops 
jararacussu 

- Anti-tumor activity on 
adenocarcinoma and 
leukaemia cells 

[95] 

MVL-
PLA2 

Macrovipera 
lebetina 

α5β1,αv Inhibits adhesion and 
migration of human 
microvascular cells and 
inhibits angiogenesis in vivo 
and in vitro. 

[96] 

BP II Prothobotrops 
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- Induces cell death in human 
leukaemia cells 

[97] 

Table 3. PLA2s targeting tumor cells 
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MVL-PLA2 is a snake venom phospholipase purified from Macrovipera lebetina venom 
that  inhibited adhesion and migration of human microvascular endothelial cells (HMEC-1) 
without being cytotoxic. Using MatrigelTM and chick chorioallantoic membrane assays, 
MVL-PLA2, as well as its catalytically inactivated form, significantly inhibited angiogenesis 
both in vitro and in vivo. Also, the actin cytoskeleton and the distribution of αvβ3 integrin, a 
critical regulator of angiogenesis and a major component of focal adhesions, were disturbed 
after MVL-PLA2 treatment. The enhancement of microtubule dynamics of HMEC-1 cells, in 
consequence of treatments by MVL-PLA2, may explain the alterations in the formation of 
focal adhesions, leading to inhibition of cell adhesion and migration [96].  

A cell death activity was discovered in Lysine 49-PLA2 called BPII. It induces caspase-
independent cell death in human leukaemia cells regardless of its depressed enzymatic 
activity [97]. 

2.4. The C-type lectins  

The C-type lectins are abundant components of snake venom with various function. 
Typically, these proteins bind calcium and sugar residues. However, the C-type lectin like 
proteins from snake venom (termed actually snaclec) does not contain the classic 
calcium/sugar binding loop and have evolved to bind a wide range of physiologically 
important proteins and receptors [98]. 

Snaclecs have a basic heterodimeric structure with two subunits, nearly always linked 
covalently, via a disulphide bond. The heterodimers are often further multimerized either 
non-covalently or covalently via additional disulphide bonds, to form larger structures [99]. 
The two subunits form a concave surface between them [100] thus constituting the main site 
of ligand binding [101,102]. The subunits have a high structural degree of homology 
between them and with other snaclecs [103]. Despite their highly conserved primary 
structure, the snaclecs are characterized by various biological activities. They were and are 
still considered as modulators of platelet aggregation by targeting vWF, GPIb-IX-V, GPVI 
and possibly other platelet receptors.  

Recently, novel activities of snaclecs were highlighted. They were described for their 
potential anti-tumor effect by blocking adhesion, migration, proliferation and invasion of 
different cancer cell lines (Table 4). Among these proteins, EMS16, a heterodimer isolated 
from the venom of Echis multisquamatus, inhibits the adhesion of HUVECs cells on ECM 
proteins and their migration by inhibiting the binding of integrin α2β1 to collagen [104].  

Lebecetin and lebectin, purified from Macrovipera lebetina venom, are the only snaclecs, until 
today, with an evident anti-tumor effect in addition to their anti-aggregation activity on 
platelets. Indeed, these two non cytotoxic proteins inhibit the adhesion of various cancer cell 
lines: melanoma (IGR39), adenocarcinoma (HT29-D4), fibrosarcoma (HT1080) and leukemia 
cells (K562) on different ECM proteins. They also inhibit the proliferation, migration and 
invasion of HT1080 cells [105,106]. Lebectin also displays anti-angiogenic activity at very 
low concentrations both in vitro and in vivo [107]. Thus, lebectin presents the best anti-
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angiogenic efficacy yet described for snake venom-derived peptides [108,109]. These 
observed effects are mediated by α5β1 and αv integrins [107].  

Extensive researches have been shown that cell adhesion activities in cancer disease are 
deregulated. According to this idea, it was also reported that lebectin inhibits these 
alterations by promoting N-cadherin/catenin complex reorganisation at cell-cell contacts, 
inducing a strengthening of intercellular adhesion [110].  

Another snaclec, BJcuL isolated from Bothrops jararacussa venom, was also described for its 
anti-tumor, but the receptor or integrin implicated has not been determined yet. This 
homodimeric protein inhibits proliferation of several cell lines of renal, pancreatic, prostate 
and melanoma origin, but no effect was observed on colon or breast cancer cells [111]. BJcuL 
also affects the viability of some tumor cell lines of different origins, but has no effect on the 
growth of K562 and T24 cells, suggesting that these cells do not express the receptor 
recognized by the lectin. BJcuL induces apoptosis in human gastric carcinoma cells 
accompanied by inhibition of cell adhesion and actin cytoskeleton disassembly [112].  

Proteins Snake Integrins Effects References 
Lebecetin, 

lebectin 
Macrovipera 

lebetina 
α5β1,αv Inhibits adhesion, migration and 

invasion of human tumor cells; 
inhibits angiogenesis 

[106] 

BJcuL Bothrops 
jararacussu 

 Inhibits tumor cell and endothelial 
cell growth; induces apoptosis of 
human gastric carcinoma cells; 
inhibits cell adhesion and actin 
cytoskeleton disassembly 

[111,112] 

EM16 Echis 
multisquamatus

α2β1 Inhibits adhesion and migration of 
HUVEC cells 

[104] 

Table 4. Snaclecs and their effects on tumor cells 

3. Potential application of snake venom compounds 

Venoms are a rich source of molecules endowed with diverse pharmacological effects. Most 
part of these molecules act via the adhesion molecules. The intervention of the scientists and 
the clinicians in the pharmaceutical development field would employ these molecules as 
therapeutic agents for several pathologies such as cancer, thrombosis, diabetes....  

Until now, no medicine was produced from a native molecule purified from venom. 
However, several peptidomimetics were designed by basing on the structure of these 
molecules. The benefits of these peptidomimetics compared to antibodies that can be used 
for the treatment of certain diseases are: a shorter half-life, reversible inhibition, easier to 
control a problem and very low immunogenicity. For example, the antihypertensive drug 
captopril, modelled from the venom of the Brazilian arrowhead viper (Bothrops jaracusa); the 
anticoagulant Integrilin (eptifibatide), a heptapeptide derived from a protein found in the 
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MVL-PLA2 is a snake venom phospholipase purified from Macrovipera lebetina venom 
that  inhibited adhesion and migration of human microvascular endothelial cells (HMEC-1) 
without being cytotoxic. Using MatrigelTM and chick chorioallantoic membrane assays, 
MVL-PLA2, as well as its catalytically inactivated form, significantly inhibited angiogenesis 
both in vitro and in vivo. Also, the actin cytoskeleton and the distribution of αvβ3 integrin, a 
critical regulator of angiogenesis and a major component of focal adhesions, were disturbed 
after MVL-PLA2 treatment. The enhancement of microtubule dynamics of HMEC-1 cells, in 
consequence of treatments by MVL-PLA2, may explain the alterations in the formation of 
focal adhesions, leading to inhibition of cell adhesion and migration [96].  

A cell death activity was discovered in Lysine 49-PLA2 called BPII. It induces caspase-
independent cell death in human leukaemia cells regardless of its depressed enzymatic 
activity [97]. 

2.4. The C-type lectins  

The C-type lectins are abundant components of snake venom with various function. 
Typically, these proteins bind calcium and sugar residues. However, the C-type lectin like 
proteins from snake venom (termed actually snaclec) does not contain the classic 
calcium/sugar binding loop and have evolved to bind a wide range of physiologically 
important proteins and receptors [98]. 

Snaclecs have a basic heterodimeric structure with two subunits, nearly always linked 
covalently, via a disulphide bond. The heterodimers are often further multimerized either 
non-covalently or covalently via additional disulphide bonds, to form larger structures [99]. 
The two subunits form a concave surface between them [100] thus constituting the main site 
of ligand binding [101,102]. The subunits have a high structural degree of homology 
between them and with other snaclecs [103]. Despite their highly conserved primary 
structure, the snaclecs are characterized by various biological activities. They were and are 
still considered as modulators of platelet aggregation by targeting vWF, GPIb-IX-V, GPVI 
and possibly other platelet receptors.  

Recently, novel activities of snaclecs were highlighted. They were described for their 
potential anti-tumor effect by blocking adhesion, migration, proliferation and invasion of 
different cancer cell lines (Table 4). Among these proteins, EMS16, a heterodimer isolated 
from the venom of Echis multisquamatus, inhibits the adhesion of HUVECs cells on ECM 
proteins and their migration by inhibiting the binding of integrin α2β1 to collagen [104].  

Lebecetin and lebectin, purified from Macrovipera lebetina venom, are the only snaclecs, until 
today, with an evident anti-tumor effect in addition to their anti-aggregation activity on 
platelets. Indeed, these two non cytotoxic proteins inhibit the adhesion of various cancer cell 
lines: melanoma (IGR39), adenocarcinoma (HT29-D4), fibrosarcoma (HT1080) and leukemia 
cells (K562) on different ECM proteins. They also inhibit the proliferation, migration and 
invasion of HT1080 cells [105,106]. Lebectin also displays anti-angiogenic activity at very 
low concentrations both in vitro and in vivo [107]. Thus, lebectin presents the best anti-
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angiogenic efficacy yet described for snake venom-derived peptides [108,109]. These 
observed effects are mediated by α5β1 and αv integrins [107].  

Extensive researches have been shown that cell adhesion activities in cancer disease are 
deregulated. According to this idea, it was also reported that lebectin inhibits these 
alterations by promoting N-cadherin/catenin complex reorganisation at cell-cell contacts, 
inducing a strengthening of intercellular adhesion [110].  

Another snaclec, BJcuL isolated from Bothrops jararacussa venom, was also described for its 
anti-tumor, but the receptor or integrin implicated has not been determined yet. This 
homodimeric protein inhibits proliferation of several cell lines of renal, pancreatic, prostate 
and melanoma origin, but no effect was observed on colon or breast cancer cells [111]. BJcuL 
also affects the viability of some tumor cell lines of different origins, but has no effect on the 
growth of K562 and T24 cells, suggesting that these cells do not express the receptor 
recognized by the lectin. BJcuL induces apoptosis in human gastric carcinoma cells 
accompanied by inhibition of cell adhesion and actin cytoskeleton disassembly [112].  

Proteins Snake Integrins Effects References 
Lebecetin, 

lebectin 
Macrovipera 

lebetina 
α5β1,αv Inhibits adhesion, migration and 

invasion of human tumor cells; 
inhibits angiogenesis 

[106] 

BJcuL Bothrops 
jararacussu 

 Inhibits tumor cell and endothelial 
cell growth; induces apoptosis of 
human gastric carcinoma cells; 
inhibits cell adhesion and actin 
cytoskeleton disassembly 

[111,112] 

EM16 Echis 
multisquamatus

α2β1 Inhibits adhesion and migration of 
HUVEC cells 

[104] 

Table 4. Snaclecs and their effects on tumor cells 

3. Potential application of snake venom compounds 

Venoms are a rich source of molecules endowed with diverse pharmacological effects. Most 
part of these molecules act via the adhesion molecules. The intervention of the scientists and 
the clinicians in the pharmaceutical development field would employ these molecules as 
therapeutic agents for several pathologies such as cancer, thrombosis, diabetes....  

Until now, no medicine was produced from a native molecule purified from venom. 
However, several peptidomimetics were designed by basing on the structure of these 
molecules. The benefits of these peptidomimetics compared to antibodies that can be used 
for the treatment of certain diseases are: a shorter half-life, reversible inhibition, easier to 
control a problem and very low immunogenicity. For example, the antihypertensive drug 
captopril, modelled from the venom of the Brazilian arrowhead viper (Bothrops jaracusa); the 
anticoagulant Integrilin (eptifibatide), a heptapeptide derived from a protein found in the 
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venom of the American southeastern pygmy rattlesnake (Sistrurus miliarius barbouri); 
Ancrod, a compound isolated from the venom of the Malaysian pit viper (Agkistrodon 
rhodostoma) for use in the treatment of heparin-induced thrombocytopenia and stroke and 
alfimeprase, a novel fibrinolytic metalloproteinase for thrombolysis derived from southern 
copperhead snake (Agkistrodon contortrix contortrix) venom (Table 5). Two venom proteins 
from the Australian brown snake, Pseudonaja textilis, are currently in development as human 
therapeutics (QRxPharma). The first is a single agent procoagulant that is a homolog of 
mammalian Factor Xa prothrombin activator, whereas the other is a plasmin inhibitor, 
named Textilinin-1, with antihemorrhagic properties.  

Name Snake Target and 
function/treatment 

Clinical stage 

Capoten ® 
(Captropil) Bothrops jaracusa

Angiotensin converted 
enzyme (ACE) inhibitor/ 
high blood pressure 

Granted FDA approval 

Integrilin ® 
(Eptifibatide) 

Sisturus miliarus 
barbouri 

Platelet aggregation 
inhibitor/acute coronary 
syndrome 

Granted FDA approval 

Aggrastat ® 
(tirofiban) 

Echis carinatus 

GPIIb-IIIa inhibitor/ 
myocardial infarct, 
refractory ischemia 

Approved for use with 
heparin and aspirin for 
the treatment of acute 
coronary syndrome 

Exanta 
Cobra 

Thrombin inhibitor/ 
arterial fibrillation and 
blood 

Seeking FDA approval 

Alfimeprase 
(Agkistrodon 

contortrix 
contortrix) 

Thrombolytic/ Acute 
ischemic stroke, acute 
peripheral arterial 
occlusion 

Phase III 

Ancrod ® 
(viprinex) 

Agkistrodon 
rhodostoma 

Fibrinogen inhibitor/ stroke Phase III 

hemocoagulase Bothrops atrox 

Thrombin-like effect and 
thromboplastin activity/ 
prevention and treatment 
of haemorrhage 

Phase III 

Protac/ Protein C 
activator 

Agkistrodon 
contortrix 
contortrix 

Protein C activator/clinical 
diagnosis of haemostatic 
disorder 

Granted FDA approval 

Reptilase 
Bothrops jaraca 

Diagnosis of blood 
coagulation disorder 

Granted FDA approval 

Ecarin 
Echis carinatus 

Prothrombin activator/ 
diagnostic 

Granted FDA approval 

Table 5. Drugs and clinical diagnostic kits from snake venom 
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Actually, most of the current anticancer therapies (radiotherapy, chemotherapy) are not 
specific and are targeting at both tumor cells and healthy cells. However, in recent years, 
new treatments tend to focus on the tumor microenvironment and particularly on the 
inhibition of tumor angiogenesis. These treatments are based on several active and non toxic 
proteins from snake venom, as for example contortrostatin from Agkistrodon contortrix 
contortrix and eristostatin from Eristocophis macmahoo. Although all these molecules are still 
currently in clinical trials, they could in the future open new ways of healing and could be 
used as drugs. 

4. Conclusions 

From the initial discovery of captopril, the first oral ACE inhibitor, to the recent application 
of disintegrins for the potential treatment of cancer, the various components of snake 
venoms have never failed to reveal amazing new properties. While the original native snake 
venom compounds are usually unsuitable as therapeutics, interventions by medicinal 
chemists as well as scientists and clinicians in pharmaceutical R&D have made it possible to 
use the snake venom proteins as potential drugs for multiple disorders or scaffolds for drug 
design.  
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1. Introduction 

Nowadays the most common way to obtain bioactive peptides is by enzymatic hydrolysis of 
protein solutions. The most studied substrates used to produce bioactive peptides are milk 
proteins in the form of co-products from dairy industries: caseins, cheese whey, buttermilk, 
whey protein concentrates and isolates or even pure single proteins that can be obtained at a 
reasonable price on an industrial scale (e.g. β-lactoglobulin, β-Lg). 

Different specific and non-specific enzymes are used to obtain hydrolysates (trypsin, pepsin, 
pancreatin and alcalase). The catalytic activity of some of them is quite specific and the 
composition of the hydrolysate is predictable when substrates are quite pure [1]. In other 
cases, the activity of the enzyme is non-specific and produces a complex mixture of peptides 
and amino acids in which individual effect of each molecule in the subsequent fractionation 
process is difficult to demonstrate and quantify. The design of an efficient fractionation 
methodology is then of paramount importance for peptides separation and even more, 
when the process must applied on an industrial scale. Separation technologies, which 
discriminate small differences in charge, size and hydrophobicity, can be employed to 
fractionate protein hydrolysates and obtain peptide fractions with higher functionality or 
higher nutritional value in a more purified form. Membrane separation techniques seem to 
be well suited for this purpose. These processes are based upon selective permeability of one 
or more of the liquid constituents through the membrane according to the driving forces.  

2. Overview of techniques used for peptide fractionation 

Due to the demonstration of their impact on human health, the market for functional food 
and nutraceuticals containing bioactive peptides is increasing very rapidly and, 
consequently, the food and bio-pharmaceutic industries are looking for processes allowing 
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the production of this kind of products from natural sources. Considering that most 
functional peptides are present in complex mixtures containing a large number of 
hydrolysed protein fractions, their separation and purification are required.  

The methodologies commonly used for peptide fractionation and enrichment include: 
selective precipitation, membrane filtration, ion exchange, gel filtration technologies and 
liquid chromatography [1]. However, significant differences concerning the number and 
type of extracted peptides occur among extraction procedures. Additionally, undesired 
peptides, such as allergenic or bitter-tasting peptides, could be enriched in the process when 
using some of those techniques [2].  

Fractionation methods involving precipitation steps are carried out by means of the addition 
of organic solvents like ethanol, methanol or acetone; adding acids like trichloroacetic acid 
(TCA), sulphosalicylic acid or phosphotungstic acid (PPTA); by means of the addition of 
salts (ammonium sulphate) or just by adjusting the pH to the isoelectric point. Precipitation 
often results in a selective fractionation of peptides depending on their solubility in the 
precipitating agent [3]; however the addition of chemical compounds causes in some cases 
peptide degradation and changes in the biological and physical properties.  

Chromatographic methods for peptide separation are currently used at lab-scale: high 
performance liquid chromatography (HPLC), fast protein liquid chromatography (FPLC), 
isoelectric focusing (IEF) and ion exchange chromatography (IEC) are some of them. In most 
cases, one or two cycles of successive HPLC separation had been adequate to isolate 
peptides one by one. In the same way, IEC has been used for the enrichment of casein 
phosphopeptides from casein hydrolysates or for the isolation of cationic antibacterial 
peptides from lactoferrin. However, although chromatographic processes can provide good 
separation selectivity, the low productivity and high production costs involved in these 
processes make impossible its use at industrial scale. 

Size exclusion chromatography (SEC) and more frequently Ultrafiltration-Nanofiltration 
(UF-NF) are the main techniques used to isolate peptides according to their molecular size 
[4-10]. In addition it is possible to obtain more purified hydrolysate samples by removing 
salts and other interfering components by means of UF membranes [11]. In fact, 
investigations into these methodologies under optimized conditions to reduce time and cost 
are ongoing [12].  

Pressure-driven membrane-based processes, such as UF and NF, are used to fractionate 
peptide mixtures and amino acids [13]. These types of membrane have been widely used to 
fractionate milk protein hydrolysates with the aim of enhancing their biological or 
functional properties [14-15]. It has been shown that variations in operating conditions may 
favor the permeation of bioactive peptides [16-17].  

Membrane technology has become an important separation technology in recent decades 
probably because their main advantages (it works without the addition of chemicals, with a 
relatively low use of energy, it has low processing costs, the scale-up is an easy subject and 
the process lines are well arranged) make it the ideal technology for use on an industrial 
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scale. In addition, membrane processes are especially suitable for the food industry, because 
of the mild working conditions, relatively easy scale up and low processing costs in 
comparison to chromatographic techniques. 

The separation of peptides by UF mainly depends on the molecular weight (MW) cut-off 
(MWCO) of the membrane. However, when the MW of the peptides involved in the process 
is quite similar, their isolation is a hard subject; in these cases, NF is the best membrane 
separation technique [18]. The fact that NF membranes are usually charged offers the 
possibility of separating solutes through a combination of size and charge mechanisms.  

3. Membrane technology applied to peptide fractionation 

Membrane processes are now viewed as efficient tools for the development of new value-
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the production of this kind of products from natural sources. Considering that most 
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hydrolysed protein fractions, their separation and purification are required.  
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molecular cut off sizes of 30, 10 and 3 kDa [23]; whereas UF membranes < 1 kDa are efficient 
for peptides fractionation from milk hydrolysates if the last permeate contains free amino 
acids [21]. 

The combination of membrane processes (UF and NF) is also often used to separation of 
peptides. The first step of these processes consists in the UF of the hydrolysate in order to 
obtain complete rejection of intact proteins and intermediate peptides. The resulting 
permeate fractions is then subjected to a fractionation by NF and a peptide fraction having a 
molar mass < 1 kDa is isolated of the mixture by means of these membranes.  

In this case, permeates obtained after UF could be adjusted at two pH values (9.5 and 3.0) 
that corresponded to the different charged states of the membrane and of the peptides to 
improve of separation of polypeptides of molar mass < 1 kDa [23-24].  

Recently a method that couple UF and HPLC has also been applied on milk hydrolysate 
samples for enhance the peptides separation. A current study showed that an UF-membrane 
was enough to concentrate peptides and subsequently, both permeate and retentate were 
fractioned by SE-HPLC to obtain small peptides with biological activity [25].     

There are also other important UF-processes to separate specific compounds of whey as 
caseinomacropeptide (CMP). A first method was designed to obtain CMP fractions trough 
UF membranes with MWCO 20-50 kDa by two diafiltration steps [26]. The method is based 
on the ability of CMP to form non-covalent linked polymers with a molecular weight up to 
50 kDa at neutral pH, which dissociate at acid conditions. The dissociated form of CMP 
permeates through the UF-membrane at pH 3.5, whereas the majority of whey proteins such 
as β-Lg, α-lactalbumin (α-La), immunoglobulins (IGs) and bovine serum albumin (BSA) are 
held back. At pH 7.0, permeate containing CMP can be concentrated by means of the same 
membrane; however a low permeation rate is obtained with this technique. A second 
method for separation of CMP can be seen in [27]. Thermal stability of CMP is used in 
comparison to that of the rest of whey proteins. Complete denaturation and aggregation of 
proteins is obtained by treating whey at 90°C for 1h; with this method, the denatured 
proteins can be removed by centrifugation at 5200 g and 4°C for 15 min and the supernatant 
containing CMP can be concentrated by UF with MWCO 10 kDa after pH adjustment to 7.0; 
however whey proteins lose part of their functionality due to the denaturation.  

Another method for separation of CMP consists in the pretreatment of whey protein 
concentrate with the enzyme transglutaminase (Tgase) followed by microfiltration [28]. The 
amino acid sequence of CMP includes two glutamine and three lysine residues, whereby this 
peptide can be cross-linked by tranglutaminase. The covalent linked CMP aggregates can be 
removed be means of microfiltration or diafiltration to obtain CMP-free whey protein. 

3.1. Enzymatic membrane reactor equipped with membranes: first step to 
peptide fractionation   

Enzymatic membrane reactor (EMR) consists on a coupling of a membrane separation 
process with an enzymatic reaction. EMR allows the continuous production and separation 
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of specific peptide sequences by means a selective membrane, which is used to separate the 
biocatalyst from the reaction products and the peptides fractionation [29]. At present, EMR is 
used when working on an industrial scale. This technology for peptides separation is gaining 
interest, because it is a specific mode for running batch or continuous processes in which 
enzymes are separated from end products with the help of a selective membrane. By that way, 
it is possible to obtain complete retention of the enzyme without deactivation problems typical 
of enzyme immobilization. Furthermore, EMR have been shown to improve the efficiency of 
enzyme-catalyzed bioconversion and to increase product yields [13, 30-31].  

EMR technology has been investigated for the production and separation of peptides since 
the 90´s. Antithrombotic peptides derived from hydrolysed CMP can be recovered by UF 
membranes [32-33] and Lactorphin have been successfully produced through continuous 
hydrolysis of whey in an UF-reactor [34-35]. Multicompartment EMR has also been 
designed for the continuous hydrolysis of milk proteins. Nowadays, this technique is 
operated under an electric field for continuous harvesting of some biologically active 
peptides, such as phosphopeptides and precursors of casomorphins from the tryptic digest 
of β-casein [36]. Special attention had also had the study of the hydrolysis of whey protein 
isolates (WPI) using a tangential flow filter membrane (TFF) of 10 kDa in EMR [37]. The 
factors influencing on the operation of the EMR (substrate concentration, ionic strength, and 
transmembrane pressure) have been studied and discussed in other research works [30, 38]. 
In recent years, the use of EMR has emerged as an exciting area of research due to their low 
production cost, product safety and easy scaled up [39]. Table 1 summarizes some examples 
of processes for the separation or concentration of bioactive peptides by means of UF 
membranes. UF offers possibilities for a large-scale production of bioactive peptides but 
seems limited because of fouling and poor selectivity. Another drawback of UF membranes 
is their pore size, because the large pores are not selective enough to fractionate small 
peptides MW of bioactive peptides is usually smaller than 1 kDa). To sum up, with the use 
of an EMR equipped with UF membranes, the first peptide fractionation is achieved but if a 
more purified permeate is required; NF membranes should be used as an additional step 
instead of UF membranes. 

3.2. NF membranes and peptide fractionation 

NF is a pressure-driven membrane technique in which the pore size of the membrane is in 
the nanometers range. As can be observed in Figure 1, this technique is an intermediate step 
between reverse osmosis (RO) and UF and it is useful to separate/fractionate solutes with 
MW lower than 5 kDa. Transmembrane pressure in NF is lower than in RO and the 
permeate flux is usually higher, which represents an important energetic advantage in 
industrial applications. NF membranes of cut-off < 1 kDa are particularly useful for the 
filtration of the smaller peptides from hydrolysates solutions. 

The selectivity of NF membranes is based on both size and charge characteristics of the 
solutes and on the interaction between charged solutes and membrane surface. 
Hydrodynamic parameters (mainly transmembrane pressure and linear velocities) and 
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molecular cut off sizes of 30, 10 and 3 kDa [23]; whereas UF membranes < 1 kDa are efficient 
for peptides fractionation from milk hydrolysates if the last permeate contains free amino 
acids [21]. 

The combination of membrane processes (UF and NF) is also often used to separation of 
peptides. The first step of these processes consists in the UF of the hydrolysate in order to 
obtain complete rejection of intact proteins and intermediate peptides. The resulting 
permeate fractions is then subjected to a fractionation by NF and a peptide fraction having a 
molar mass < 1 kDa is isolated of the mixture by means of these membranes.  

In this case, permeates obtained after UF could be adjusted at two pH values (9.5 and 3.0) 
that corresponded to the different charged states of the membrane and of the peptides to 
improve of separation of polypeptides of molar mass < 1 kDa [23-24].  

Recently a method that couple UF and HPLC has also been applied on milk hydrolysate 
samples for enhance the peptides separation. A current study showed that an UF-membrane 
was enough to concentrate peptides and subsequently, both permeate and retentate were 
fractioned by SE-HPLC to obtain small peptides with biological activity [25].     

There are also other important UF-processes to separate specific compounds of whey as 
caseinomacropeptide (CMP). A first method was designed to obtain CMP fractions trough 
UF membranes with MWCO 20-50 kDa by two diafiltration steps [26]. The method is based 
on the ability of CMP to form non-covalent linked polymers with a molecular weight up to 
50 kDa at neutral pH, which dissociate at acid conditions. The dissociated form of CMP 
permeates through the UF-membrane at pH 3.5, whereas the majority of whey proteins such 
as β-Lg, α-lactalbumin (α-La), immunoglobulins (IGs) and bovine serum albumin (BSA) are 
held back. At pH 7.0, permeate containing CMP can be concentrated by means of the same 
membrane; however a low permeation rate is obtained with this technique. A second 
method for separation of CMP can be seen in [27]. Thermal stability of CMP is used in 
comparison to that of the rest of whey proteins. Complete denaturation and aggregation of 
proteins is obtained by treating whey at 90°C for 1h; with this method, the denatured 
proteins can be removed by centrifugation at 5200 g and 4°C for 15 min and the supernatant 
containing CMP can be concentrated by UF with MWCO 10 kDa after pH adjustment to 7.0; 
however whey proteins lose part of their functionality due to the denaturation.  

Another method for separation of CMP consists in the pretreatment of whey protein 
concentrate with the enzyme transglutaminase (Tgase) followed by microfiltration [28]. The 
amino acid sequence of CMP includes two glutamine and three lysine residues, whereby this 
peptide can be cross-linked by tranglutaminase. The covalent linked CMP aggregates can be 
removed be means of microfiltration or diafiltration to obtain CMP-free whey protein. 

3.1. Enzymatic membrane reactor equipped with membranes: first step to 
peptide fractionation   

Enzymatic membrane reactor (EMR) consists on a coupling of a membrane separation 
process with an enzymatic reaction. EMR allows the continuous production and separation 
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of specific peptide sequences by means a selective membrane, which is used to separate the 
biocatalyst from the reaction products and the peptides fractionation [29]. At present, EMR is 
used when working on an industrial scale. This technology for peptides separation is gaining 
interest, because it is a specific mode for running batch or continuous processes in which 
enzymes are separated from end products with the help of a selective membrane. By that way, 
it is possible to obtain complete retention of the enzyme without deactivation problems typical 
of enzyme immobilization. Furthermore, EMR have been shown to improve the efficiency of 
enzyme-catalyzed bioconversion and to increase product yields [13, 30-31].  

EMR technology has been investigated for the production and separation of peptides since 
the 90´s. Antithrombotic peptides derived from hydrolysed CMP can be recovered by UF 
membranes [32-33] and Lactorphin have been successfully produced through continuous 
hydrolysis of whey in an UF-reactor [34-35]. Multicompartment EMR has also been 
designed for the continuous hydrolysis of milk proteins. Nowadays, this technique is 
operated under an electric field for continuous harvesting of some biologically active 
peptides, such as phosphopeptides and precursors of casomorphins from the tryptic digest 
of β-casein [36]. Special attention had also had the study of the hydrolysis of whey protein 
isolates (WPI) using a tangential flow filter membrane (TFF) of 10 kDa in EMR [37]. The 
factors influencing on the operation of the EMR (substrate concentration, ionic strength, and 
transmembrane pressure) have been studied and discussed in other research works [30, 38]. 
In recent years, the use of EMR has emerged as an exciting area of research due to their low 
production cost, product safety and easy scaled up [39]. Table 1 summarizes some examples 
of processes for the separation or concentration of bioactive peptides by means of UF 
membranes. UF offers possibilities for a large-scale production of bioactive peptides but 
seems limited because of fouling and poor selectivity. Another drawback of UF membranes 
is their pore size, because the large pores are not selective enough to fractionate small 
peptides MW of bioactive peptides is usually smaller than 1 kDa). To sum up, with the use 
of an EMR equipped with UF membranes, the first peptide fractionation is achieved but if a 
more purified permeate is required; NF membranes should be used as an additional step 
instead of UF membranes. 

3.2. NF membranes and peptide fractionation 

NF is a pressure-driven membrane technique in which the pore size of the membrane is in 
the nanometers range. As can be observed in Figure 1, this technique is an intermediate step 
between reverse osmosis (RO) and UF and it is useful to separate/fractionate solutes with 
MW lower than 5 kDa. Transmembrane pressure in NF is lower than in RO and the 
permeate flux is usually higher, which represents an important energetic advantage in 
industrial applications. NF membranes of cut-off < 1 kDa are particularly useful for the 
filtration of the smaller peptides from hydrolysates solutions. 

The selectivity of NF membranes is based on both size and charge characteristics of the 
solutes and on the interaction between charged solutes and membrane surface. 
Hydrodynamic parameters (mainly transmembrane pressure and linear velocities) and 
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membrane material exert influence on membrane selectivity too. NF membranes have a 
slightly charged surface; because the dimensions of the pores are less than one order of 
magnitude larger than the size of ions [54].  
 

Protein Hydrolysate Source Biological Activity References 
Bovine caseinomacropeptide Antithrombotic [32-33] 
 Calcium bioavailability improvement [40] 

Bone and teeth mineralization 
Bovine whey β-lactoglobulin ACE inhibitor [41]  

Opioid [42]  
Anti microbial [43]  
Muscular contraction [44] 

Bovine whey α-lactalbumin ACE inhibitor [4] 
Fish protein ACE inhibitor [45] 
Alfalta white protein ACE inhibitor [46] 
Alfalta leaf protein Antioxidant [47] 
Wheat gluten ACE inhibitor [48] 
Soybean protein ACE inhibitor [49] 
Soybean β-conglycinin ACE inhibitor [50] 
Sea cucumber gelatin ACE inhibitor [51]  
Potato Antimicrobial [52] 
Potato Antimicrobial [53] 

Table 1. Bioactive peptides obtained by means of UF membranes 

3.2.1. NF transport mechanism 

The mechanism behind the selectivity of membrane processes is generally the size of the 
component. This mainly applies in the case of UF membranes and in the case of NF 
membranes with uncharged solutes. Charge effects are minimized in this case and the 
transmission of the solutes depends largely on the size exclusion effects of the membrane. 
This sieving effect is usually modeled and corrected [55] using continues hydrodynamic 
models such as originally proposed by Ferry. In this model, the membrane is assumed to be 
a network of perfectly cylindrical and parallel pores in which solvent velocity follows 
Poiseuille’s law with a parabolic profile and solutes are assimilated to hard spheres. The 
transmission coefficient (Tr) of a given solute can be calculated according to equation (1) 
However, the selectivity of NF membranes is based on both size and charge characteristics 
of the solutes and on the interaction between charged solutes and membrane surface [56]. 

 Tr = (1-( λ(λ-2))2 exp (-0.7146 λ2)   (1) 

Where λ is the relation between the radius of the solute and the radius of the pore. 

The selectivity of the separation when using NF membranes is based on the following 
factors: a) Solute (peptide) size, shape and charge. b) Membrane pore size and surface 
charge (sign and surface charge density). c) Hydrodynamic conditions of the fractionation 
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process (transmembrane pressure, lineal velocities and solute concentration). d) Membrane 
characteristics (manufacture process, surface roughness, porosity, film layer material and 
hydrophilic/hydrophobic surface). All these aspects must be considered in order to estimate 
the viability of a peptide fractionation process. 

Especially in NF membranes involving peptide fractionation from mixtures, charge 
exclusion mechanisms are predominant in the separation. The charge effects affect 
membrane-peptide and peptide-peptide interactions in the mixture or at the membrane 
surface. The transport mechanism through the pores is governed by convective and 
diffusive fluxes as well as by electromigrative flux. These phenomena make the prediction 
of the separation selectivity a difficult objective.  

The current state of science the knowledge of the NF process is not sufficient to make a 
model fulfilling the requirements. The difficulties in modeling permeate flow rates and 
solute rejection come from the scale at which the different phenomena takes place at the 
membrane surface and through the membrane pores, where most of the hydrodynamic and 
macroscopic interactions begin to break down. However, simplified approaches could be 
used to explain qualitatively the experimental results obtained, as can be seen below. 

The solute transfer through the membrane follow two main steps: distribution of ionic 
species at the selective interface according to their charge (both solutes and membrane) and 
transfer by a complex combination among diffusion, convection and electrophoretic 
mobility through the membrane, at least at low feed concentrations [13]. According to 
Donnan theory, the passage of charged solutes through a charged NF membrane is likely to 
be different whether they are considered to be co-ions, i.e. with the same charge of the 
membrane, or counter-ions, i.e. with a charge of opposite sign.  In fact, due to electrostatic 
repulsive/attractive forces between the membrane and the solutes the concentration of co-
ions will be lower in the membrane than in the solutions. On the contrary, the counter-ions 
have a higher concentration in the membrane than in the solution. This concentration 
difference of the ions generates a potential difference at the interface between the membrane 
and the solution, which is called Donnan potential. Under equilibrium conditions, electro-
neutrality and equality of electrochemical potentials are maintained through the system. The 
Donnan equilibrium depends on the ion concentration, the fixed charge concentration in the 
membrane and the valences of the co-ions and counter-ions. Figure 2 shows an adapted 
schematic representation [57] of the influence of the electrostatic interactions in the 
transmission of charged peptides through a charged NF membrane. 

Because of the electro-neutrality principle, and on the assumption that the charge density of 
the membrane is quite higher than the net charge of the co-ions, is possible to calculate the 

distribution of the co-ion resulting from a binary electrolyte A Bz zAB A B  between the 
membrane surface and the solution as a function of the charge density of the membrane.  

 K =	 ���	�� = 	 ���		���)�����
�������	�	��	����)

             (2) 
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membranes with uncharged solutes. Charge effects are minimized in this case and the 
transmission of the solutes depends largely on the size exclusion effects of the membrane. 
This sieving effect is usually modeled and corrected [55] using continues hydrodynamic 
models such as originally proposed by Ferry. In this model, the membrane is assumed to be 
a network of perfectly cylindrical and parallel pores in which solvent velocity follows 
Poiseuille’s law with a parabolic profile and solutes are assimilated to hard spheres. The 
transmission coefficient (Tr) of a given solute can be calculated according to equation (1) 
However, the selectivity of NF membranes is based on both size and charge characteristics 
of the solutes and on the interaction between charged solutes and membrane surface [56]. 

 Tr = (1-( λ(λ-2))2 exp (-0.7146 λ2)   (1) 

Where λ is the relation between the radius of the solute and the radius of the pore. 

The selectivity of the separation when using NF membranes is based on the following 
factors: a) Solute (peptide) size, shape and charge. b) Membrane pore size and surface 
charge (sign and surface charge density). c) Hydrodynamic conditions of the fractionation 
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process (transmembrane pressure, lineal velocities and solute concentration). d) Membrane 
characteristics (manufacture process, surface roughness, porosity, film layer material and 
hydrophilic/hydrophobic surface). All these aspects must be considered in order to estimate 
the viability of a peptide fractionation process. 

Especially in NF membranes involving peptide fractionation from mixtures, charge 
exclusion mechanisms are predominant in the separation. The charge effects affect 
membrane-peptide and peptide-peptide interactions in the mixture or at the membrane 
surface. The transport mechanism through the pores is governed by convective and 
diffusive fluxes as well as by electromigrative flux. These phenomena make the prediction 
of the separation selectivity a difficult objective.  

The current state of science the knowledge of the NF process is not sufficient to make a 
model fulfilling the requirements. The difficulties in modeling permeate flow rates and 
solute rejection come from the scale at which the different phenomena takes place at the 
membrane surface and through the membrane pores, where most of the hydrodynamic and 
macroscopic interactions begin to break down. However, simplified approaches could be 
used to explain qualitatively the experimental results obtained, as can be seen below. 

The solute transfer through the membrane follow two main steps: distribution of ionic 
species at the selective interface according to their charge (both solutes and membrane) and 
transfer by a complex combination among diffusion, convection and electrophoretic 
mobility through the membrane, at least at low feed concentrations [13]. According to 
Donnan theory, the passage of charged solutes through a charged NF membrane is likely to 
be different whether they are considered to be co-ions, i.e. with the same charge of the 
membrane, or counter-ions, i.e. with a charge of opposite sign.  In fact, due to electrostatic 
repulsive/attractive forces between the membrane and the solutes the concentration of co-
ions will be lower in the membrane than in the solutions. On the contrary, the counter-ions 
have a higher concentration in the membrane than in the solution. This concentration 
difference of the ions generates a potential difference at the interface between the membrane 
and the solution, which is called Donnan potential. Under equilibrium conditions, electro-
neutrality and equality of electrochemical potentials are maintained through the system. The 
Donnan equilibrium depends on the ion concentration, the fixed charge concentration in the 
membrane and the valences of the co-ions and counter-ions. Figure 2 shows an adapted 
schematic representation [57] of the influence of the electrostatic interactions in the 
transmission of charged peptides through a charged NF membrane. 

Because of the electro-neutrality principle, and on the assumption that the charge density of 
the membrane is quite higher than the net charge of the co-ions, is possible to calculate the 

distribution of the co-ion resulting from a binary electrolyte A Bz zAB A B  between the 
membrane surface and the solution as a function of the charge density of the membrane.  
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Figure 2. Schematic representation of solute flows across a negatively charged NF membranes. Je: 
electromigrative flow as a consequence of the transitory electric field. Tr: transmission of the solute. 
Attractive (>> <<) and repulsive (<< >>) electrostatic interactions between charged solutes and the 
membrane are also represented. 

CBm and CB represent the concentration of co-ions B in the membrane and in the solution 
respectively. The coefficient of distribution, K, can be used to predict the rejection value of a 
binary electrolyte if the ionic transport is mainly due to convection and size exclusion effects 
are negligible. Under these conditions, K will mainly depend on: the co-ion valence (zB), the 
counter-ion valence (zA), the membrane charge (Cxm), its valence (zx) and the concentration 
of the co-ion in the solution (CB). 

According to equation 2, Donnan equilibrium predicts that an increase in the concentration 
of co-ions in the global solution and/or a decrease in the membrane charge density lead to a 
decrease in the exclusion of co-ions from the membrane surface (K is increased) and to a 
decrease in the retention of the binary salt (co-ion and cointer-ion) in order to maintain 
electroneutrality in both sides of the membrane [58-59]. The concentration of co-ions in the 
membrane will change according to the valence of the co-ion and counter-ions present in the 
solution. Thus, if the valence of the co-ion (zB) has a lower value and the valence of the 
counter-ion (zA) is increased, the concentration of co-ions in the membrane will be favored. 
For example, the retention of some common salts by descending order (Na2SO4 > NaCl > 
CaCl2) through a negatively charged NF membrane can be predicted according to these 
principles [60-63].  

Donnan theory is generally used to describe the permeability and selectivity of NF 
membranes using solutions containing only one amino acid. For example, for an amino acid 
co-ion and its associated counter-ion, in accordance with the Donnan equilibrium, the amino 
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acid is electrically rejected by the charged active layer of the membrane. Simultaneously, the 
counter-ion is retained to ensure the balance of charges as the consequence of the 
electromigrative flow that opposes the convective one. However unfortunately, the 
extrapolation of Donnan theory to predict the behavior of individual solutes in mixed 
solutions containing several negative, neutral and positive solutes is very limited, mainly 
because of coupling and competitive effects. For this reason, NF process of complex 
mixtures of amino acids and peptides is a difficult object for mathematical modeling [64].  

3.2.2. NF Applied to amino acid and peptide fractionation: Review 

To clarify the mechanisms involved in the separation of biomolecules by NF membranes 
several fundamental researches have been published. Table 2 shows relevant NF studies 
involving amino acids and peptides. The data obtained are relative at different factors 
affecting the separation of single amino acid (AA) solutions, peptides mixtures and protein 
hydrolysates. For example, the influence of pH in the retention of amino acids through NF 
membranes was studied to analyse the separation of small peptides (only two amino acids). 
In this case, different isoelectric points (pI) by adjusting the pH of the mixture were 
considered in peptides rejection [65]. Another report showed the separation of a mixture of 
nine amino acids on the basis of electrostatic interactions of solutes-membrane [66]. 
According to results, pH has the greater influence on membrane selectivity. In addition the 
content of inorganic ions compared to the content of ionized amino acids affects also the 
separation. Therefore these variables are crucial for optimization of membrane selectivity.  
 

Reference  Solution Experiments Membrane 
[65] Single AA solutions

Mixtures of 
dipeptides 

pH variation experiments 
Separation experiments of 

mixed dipeptides 

Flat-sheet membranes 
Materials: Phosphatidic 
Acid (PA), Thin Film 
Composite (TFC), 
Sulfonated 
Polyethersulfone SPES) 
and Sulfonated 
Polystyrene (SPE) 
MWCO: 0.2-3 kDa 
Charge at pH 7: negative  
(SPES, SPE and TFC) or 
amphoteric (PA) 

[66] Mixtures of AA Separation of a mixture of 9 
AAs on the basis of 
differential electrostatic 
interactions with the 
membrane 

Membrane selectivity as a 
function of pH, AA 
concentration and Ionic 
Strength 

Material: Inorganic 
membrane, chemical 
modification of the ZrO2 
layer of a UF membrane 
with cross linked 
Polyetherimide (PEI) 
Charge: positive 
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Figure 2. Schematic representation of solute flows across a negatively charged NF membranes. Je: 
electromigrative flow as a consequence of the transitory electric field. Tr: transmission of the solute. 
Attractive (>> <<) and repulsive (<< >>) electrostatic interactions between charged solutes and the 
membrane are also represented. 

CBm and CB represent the concentration of co-ions B in the membrane and in the solution 
respectively. The coefficient of distribution, K, can be used to predict the rejection value of a 
binary electrolyte if the ionic transport is mainly due to convection and size exclusion effects 
are negligible. Under these conditions, K will mainly depend on: the co-ion valence (zB), the 
counter-ion valence (zA), the membrane charge (Cxm), its valence (zx) and the concentration 
of the co-ion in the solution (CB). 

According to equation 2, Donnan equilibrium predicts that an increase in the concentration 
of co-ions in the global solution and/or a decrease in the membrane charge density lead to a 
decrease in the exclusion of co-ions from the membrane surface (K is increased) and to a 
decrease in the retention of the binary salt (co-ion and cointer-ion) in order to maintain 
electroneutrality in both sides of the membrane [58-59]. The concentration of co-ions in the 
membrane will change according to the valence of the co-ion and counter-ions present in the 
solution. Thus, if the valence of the co-ion (zB) has a lower value and the valence of the 
counter-ion (zA) is increased, the concentration of co-ions in the membrane will be favored. 
For example, the retention of some common salts by descending order (Na2SO4 > NaCl > 
CaCl2) through a negatively charged NF membrane can be predicted according to these 
principles [60-63].  

Donnan theory is generally used to describe the permeability and selectivity of NF 
membranes using solutions containing only one amino acid. For example, for an amino acid 
co-ion and its associated counter-ion, in accordance with the Donnan equilibrium, the amino 
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acid is electrically rejected by the charged active layer of the membrane. Simultaneously, the 
counter-ion is retained to ensure the balance of charges as the consequence of the 
electromigrative flow that opposes the convective one. However unfortunately, the 
extrapolation of Donnan theory to predict the behavior of individual solutes in mixed 
solutions containing several negative, neutral and positive solutes is very limited, mainly 
because of coupling and competitive effects. For this reason, NF process of complex 
mixtures of amino acids and peptides is a difficult object for mathematical modeling [64].  

3.2.2. NF Applied to amino acid and peptide fractionation: Review 

To clarify the mechanisms involved in the separation of biomolecules by NF membranes 
several fundamental researches have been published. Table 2 shows relevant NF studies 
involving amino acids and peptides. The data obtained are relative at different factors 
affecting the separation of single amino acid (AA) solutions, peptides mixtures and protein 
hydrolysates. For example, the influence of pH in the retention of amino acids through NF 
membranes was studied to analyse the separation of small peptides (only two amino acids). 
In this case, different isoelectric points (pI) by adjusting the pH of the mixture were 
considered in peptides rejection [65]. Another report showed the separation of a mixture of 
nine amino acids on the basis of electrostatic interactions of solutes-membrane [66]. 
According to results, pH has the greater influence on membrane selectivity. In addition the 
content of inorganic ions compared to the content of ionized amino acids affects also the 
separation. Therefore these variables are crucial for optimization of membrane selectivity.  
 

Reference  Solution Experiments Membrane 
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pH variation experiments 
Separation experiments of 

mixed dipeptides 

Flat-sheet membranes 
Materials: Phosphatidic 
Acid (PA), Thin Film 
Composite (TFC), 
Sulfonated 
Polyethersulfone SPES) 
and Sulfonated 
Polystyrene (SPE) 
MWCO: 0.2-3 kDa 
Charge at pH 7: negative  
(SPES, SPE and TFC) or 
amphoteric (PA) 

[66] Mixtures of AA Separation of a mixture of 9 
AAs on the basis of 
differential electrostatic 
interactions with the 
membrane 

Membrane selectivity as a 
function of pH, AA 
concentration and Ionic 
Strength 

Material: Inorganic 
membrane, chemical 
modification of the ZrO2 
layer of a UF membrane 
with cross linked 
Polyetherimide (PEI) 
Charge: positive 
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[13] Single AA solutions
AA mixtures 
Peptides (from 
protein 
hydrolysate) 

NF of charged AA (single 
solutions and mixtures) 
and peptides(similar MW 
but different pI) 

Material: ZrO2 filtering 
layer on a mineral support 
Charge: weakly negative 
charge at pH 8.0 

[67] Single AA solutions
AA mixtures 

Influence of concentration 
and ionic composition (salt 
concentration and kind of 
salt added) on single AA 
retention. 

Separation of AA mixtures 

Material: cellulose acetate, 
SPES, SPS and 
Polysulfunate (PS) 
MWCO: 35-45% (NaCl 
retention), 1 kDa, 3, 6 kDa 
respectively 

[68] Protein hydrolysate Separation of a mixture of 10 
small peptides 

Influence of physicochemical 
conditions (ionic strength 
and pH) on the 
fractionation (permeate 
flux and Tr) 

M5+PEI: ZrO2 modified 
with PEI 
Kerasep Solgel: 
microporous active layer 
of ZrO2 

[16] Protein hydrolysate Effect of adjusting pH and 
ionic strength in the 
fractionation of the 
hydrolysate. 

Flat sheet TFC 
membranes. 
Material and MWCO: PA 
(2.5 kDa), cellulose acetate 
(0.5, 0.8, 1-5 and 8-10 kDa). 
Charge: anionic 
characteristics 

[69] Single AA solutions
AA mixtures 

Influence of experimental 
conditions on the steady-
state regime 

pH effect on retention 
coefficients of single AA 
solutions and AA mixtures

Influence of ionic strength 
and transmembrane 
pressure on retention 
coefficients of an AA 
mixture 

Cross-flow NF membrane 
Material: ceramic alumina 
γ with an average pore 
radius of 2.5 nm. 
Charge: zero point charge 
in the range of pH 8-9. 
Positively charged in the 
pH range tested. 

[70] AA mixtures Separation performance of 
two different NF 
membranes. 

Influence of pH and operation 
pressure on the selectivity 
of the separation. 

Simulation NF process system 
for separation and 
concentration of L-Phe and 

CTF membranes with 
asymmetric structure 
Material: aromatic PA and 
SPS 
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L-Asp 
[71] Protein hydrolysate Concentration polarization 

phenomena: effect of 
hydrodynamic conditions 
on the Tr of selected 
peptides from the 
hydrolysate 

Flat sheet membrane 
Material: cellulose acetate 
MWCO: 2.500 kDa 
Charge: anionic charge 
characteristics at basic pH 

[72] Single AA solutions
Fermentation broth

Effect of pH, concentration 
and physicoquemical 
environment (ionic 
strength and kind of salt 
added) on single AA 
rejection 

Effect of operating pressure 
and concentration of 
fermentation broth on NF 
(selectivity and AA 
rejection) 

Material: SPES 
Charge: high negative 
charge at neutral pH 

[14] Protein hydrolysate Effect of feed concentration, 
pH, transmembrane 
pressure and feed velocity 
in the ability of a “loose” 
composite NF membrane 
to fractionate acid, neutral 
and basic peptides. 

Evaluation of the effect of 
peptides fouling on sieving 
and electrostatic 
characteristics of the 
membrane: PEG and Effect 
of aggregating peptides on 
the fractionation of a 
protein hydrolysate 

Flat sheet membrane 
Material: PA (proprietary) 
MWCO: 2.5 kDa 
Charge: negatively 
charged at alkaline pH 

[57] Protein hydrolysate NaCl retention 
measurements. 

Flat sheet membrane 
Material: PA (proprietary) 
MWCO: 2.5 kDa 
Charge: negatively 
charged at alkaline pH 

[23] Peptide mixture Selectivity estimation in the 
separation peptides from 
lactose and effect of pH in 
fouling 

Material: SPES 
MWCO: 1 kDa 
Charge: negatively 
charged at neutral pH 

[73] 
 

AA mixtures Separation of neutral AA 
using multilayer 
polyelectrolyte NF 

Material: Bilayers of 
Phosphatidylserine 
synthase (PSS) on porous 
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and pH) on the 
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flux and Tr) 
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with PEI 
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(0.5, 0.8, 1-5 and 8-10 kDa). 
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pH effect on retention 
coefficients of single AA 
solutions and AA mixtures
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and transmembrane 
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coefficients of an AA 
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Cross-flow NF membrane 
Material: ceramic alumina 
γ with an average pore 
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in the range of pH 8-9. 
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pH range tested. 
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Simulation NF process system 
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L-Asp 
[71] Protein hydrolysate Concentration polarization 

phenomena: effect of 
hydrodynamic conditions 
on the Tr of selected 
peptides from the 
hydrolysate 

Flat sheet membrane 
Material: cellulose acetate 
MWCO: 2.500 kDa 
Charge: anionic charge 
characteristics at basic pH 

[72] Single AA solutions
Fermentation broth

Effect of pH, concentration 
and physicoquemical 
environment (ionic 
strength and kind of salt 
added) on single AA 
rejection 

Effect of operating pressure 
and concentration of 
fermentation broth on NF 
(selectivity and AA 
rejection) 

Material: SPES 
Charge: high negative 
charge at neutral pH 

[14] Protein hydrolysate Effect of feed concentration, 
pH, transmembrane 
pressure and feed velocity 
in the ability of a “loose” 
composite NF membrane 
to fractionate acid, neutral 
and basic peptides. 

Evaluation of the effect of 
peptides fouling on sieving 
and electrostatic 
characteristics of the 
membrane: PEG and Effect 
of aggregating peptides on 
the fractionation of a 
protein hydrolysate 

Flat sheet membrane 
Material: PA (proprietary) 
MWCO: 2.5 kDa 
Charge: negatively 
charged at alkaline pH 

[57] Protein hydrolysate NaCl retention 
measurements. 

Flat sheet membrane 
Material: PA (proprietary) 
MWCO: 2.5 kDa 
Charge: negatively 
charged at alkaline pH 

[23] Peptide mixture Selectivity estimation in the 
separation peptides from 
lactose and effect of pH in 
fouling 

Material: SPES 
MWCO: 1 kDa 
Charge: negatively 
charged at neutral pH 

[73] 
 

AA mixtures Separation of neutral AA 
using multilayer 
polyelectrolyte NF 

Material: Bilayers of 
Phosphatidylserine 
synthase (PSS) on porous 
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membranes alumina support 
[74] 
 

Protein hydrolysate Fractionation of small 
peptides using a 1 kDa NF 
membrane. 

Influence of pH and ionic 
strength on Tr 

Cross-flow filtration 
Material: cellulose acetate 
MWCO: 1 kDa 

[75] Single AA solutions Permeation of single AA 
solutions in the whole 
range of their solubility 
with a stepwise pH scan 
ranging from 0 to  -1 total 
net charge 

Membrane discs 
MWCO and material: 
0.15-0.30 kDa 
(proprietary), 1 kDa 
(proprietary), 2.5 kDa 
(proprietary), 0.15-0.30 
kDa (permanently 
hydrophilic PES) and 
1kDa (permanently 
hydrophilic PES) 

[76] Single AA solutions Study solute rejection versus 
concentration of 5 different 
AA. 

Comparison of experimental 
data against a combined 
steric and charge rejection 
model. 

Material: SPES 
MWCO: 1kDa 

 

Table 2. NF studies involving amino acids and peptides 

Influence of concentration and ionic composition (salt concentration and type of salt added) 
on single amino acid retention and on the separation of amino acid mixtures was also 
studied to explain peptides rejection [67]. The different results show that both parameters 
have a negative impact on the selectivity of the membrane when size effects are not 
dominant. Under these conditions, the membrane seems to be more permeable to charged 
components due to saturation of its charged sites which makes that repulsive/attractive 
force between the membrane and the charged peptides become weaker. 

Other studies have showed that the mixture of amino acids and their concentration affect 
also the behavior of NF membranes. However very few works have focused on concentrated 
amino acid or peptide mixtures. The most NF studies involve highly diluted amino acid 
solutions, which are the most likely to be found in industrial processes, and the results 
obtained to date are not completely understood due to at the difference in the data. For 
example, the results of the separation of l-glutamine (l-Gln) from Gln fermentation broth by 
NF, showed the effects of various experimental parameters such as transmembrane pressure, 
pH and concentration of broth on the rejection of l-Gln and l-glutamate (l-Glu). However, the 
rejection of fermentation broth from a single l-Gln or l-Glu solution was mainly caused by the 
complex ionic composition of the real fermentation broth [72]. Increase of I-GIn rejection was 
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reported as a function of concentration in a concentration range from 0.3 to 3% (w/v) while the 
rejection of I-Glu decreased in the range from 0.1 to 0.85%. 

Permeation experiments of aqueous solutions of diprotic amino acids (L-glutamine and 
glycine) showed different data [75]. Amino acid rejection became more concentration 
dependant at higher pH values due to the increased net charge of the solutes. In this high 
concentration regime (up to 2 M of glycine) and under alkaline conditions, an important 
decrease in amino acid rejection was observed in all tests. 

Recent results were also found in the experiments of rejection of five amino acids by NF 
membranes, where experimental data were compared against a combined steric and charge 
rejection model [76]. Only positive charged amino acids showed good agreement with the 
model in all the concentration range studied while the behavior of negatively charged 
peptides only agree with the model at the highest concentration values and rejection of 
neutral amino acids was decreased due to its smaller net charge. Despite these data, the 
separation of bioactive peptides from natural sources and the prediction of their individual 
behavior require previous NF studies of complex mixed solutions.   

At the other hand, the study of separation of tryptic β-casein peptides trough UF membranes 
showed that the separation of peptides is also affected by ionic strength by means a controlled 
dual mechanism: size exclusion and electrostatic repulsion [77]. Electrostatic interactions affect 
the peptides transport, especially if the ionic strength of the solution is low.  

Another subsequent work reported the interesting potential of NF membranes for 
separating peptides in the range of 0.3-1 kDa [68]. Specific conditions of ionic strength and 
especially pH promoted the separation of peptides because the membrane and peptides 
showed amphoteric properties. Three categories of peptides (acid, basic, neutral) were 
separated according to their pI. At optimum pH 8 this led to high transmissions of basic 
peptides (even over 100%), intermediate transmissions for neutral peptides, and low 
transmissions for acid peptides. The addition of multicharged cationic and anionic species in 
the hydrolysate induced a markedly enhanced selectivity when the polyelectrolyte was a 
membrane co-ion and a complete reversion of selectivity when it was a membrane. 

An additional research was later performed in order to understand the separation of peptide 
mixtures through NF membranes [13]. In this case, the solution tested was a mixture of 4 
small peptides (4-7 residues) obtained by trypsin hydrolysis of caseinomacropeptide. From 
above results, it was proposed the first comprehensive approach concerning at filtration of 
mixtures of peptides, under two principles: (i) electro-neutrality of the solutions is always 
recovered, which means that all charged solute transmission are interdependent, and (ii) the 
number of charges along the peptide sequence, rather than the global net charge, has to be 
considered in order to explain the transmission of a given peptide.  

Afterwards, it was investigated the potential of organic NF membranes with a MWCO 
between 1 and 5 kDa for the fractionation of whey protein hydrolysates. The effect of 
adjusting pH and ionic strength on the separation properties of the membranes was also 
characterized in these tests [16]. Highest selectivity between basic and acidic peptides was 
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membranes alumina support 
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Table 2. NF studies involving amino acids and peptides 

Influence of concentration and ionic composition (salt concentration and type of salt added) 
on single amino acid retention and on the separation of amino acid mixtures was also 
studied to explain peptides rejection [67]. The different results show that both parameters 
have a negative impact on the selectivity of the membrane when size effects are not 
dominant. Under these conditions, the membrane seems to be more permeable to charged 
components due to saturation of its charged sites which makes that repulsive/attractive 
force between the membrane and the charged peptides become weaker. 

Other studies have showed that the mixture of amino acids and their concentration affect 
also the behavior of NF membranes. However very few works have focused on concentrated 
amino acid or peptide mixtures. The most NF studies involve highly diluted amino acid 
solutions, which are the most likely to be found in industrial processes, and the results 
obtained to date are not completely understood due to at the difference in the data. For 
example, the results of the separation of l-glutamine (l-Gln) from Gln fermentation broth by 
NF, showed the effects of various experimental parameters such as transmembrane pressure, 
pH and concentration of broth on the rejection of l-Gln and l-glutamate (l-Glu). However, the 
rejection of fermentation broth from a single l-Gln or l-Glu solution was mainly caused by the 
complex ionic composition of the real fermentation broth [72]. Increase of I-GIn rejection was 
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reported as a function of concentration in a concentration range from 0.3 to 3% (w/v) while the 
rejection of I-Glu decreased in the range from 0.1 to 0.85%. 

Permeation experiments of aqueous solutions of diprotic amino acids (L-glutamine and 
glycine) showed different data [75]. Amino acid rejection became more concentration 
dependant at higher pH values due to the increased net charge of the solutes. In this high 
concentration regime (up to 2 M of glycine) and under alkaline conditions, an important 
decrease in amino acid rejection was observed in all tests. 

Recent results were also found in the experiments of rejection of five amino acids by NF 
membranes, where experimental data were compared against a combined steric and charge 
rejection model [76]. Only positive charged amino acids showed good agreement with the 
model in all the concentration range studied while the behavior of negatively charged 
peptides only agree with the model at the highest concentration values and rejection of 
neutral amino acids was decreased due to its smaller net charge. Despite these data, the 
separation of bioactive peptides from natural sources and the prediction of their individual 
behavior require previous NF studies of complex mixed solutions.   

At the other hand, the study of separation of tryptic β-casein peptides trough UF membranes 
showed that the separation of peptides is also affected by ionic strength by means a controlled 
dual mechanism: size exclusion and electrostatic repulsion [77]. Electrostatic interactions affect 
the peptides transport, especially if the ionic strength of the solution is low.  

Another subsequent work reported the interesting potential of NF membranes for 
separating peptides in the range of 0.3-1 kDa [68]. Specific conditions of ionic strength and 
especially pH promoted the separation of peptides because the membrane and peptides 
showed amphoteric properties. Three categories of peptides (acid, basic, neutral) were 
separated according to their pI. At optimum pH 8 this led to high transmissions of basic 
peptides (even over 100%), intermediate transmissions for neutral peptides, and low 
transmissions for acid peptides. The addition of multicharged cationic and anionic species in 
the hydrolysate induced a markedly enhanced selectivity when the polyelectrolyte was a 
membrane co-ion and a complete reversion of selectivity when it was a membrane. 

An additional research was later performed in order to understand the separation of peptide 
mixtures through NF membranes [13]. In this case, the solution tested was a mixture of 4 
small peptides (4-7 residues) obtained by trypsin hydrolysis of caseinomacropeptide. From 
above results, it was proposed the first comprehensive approach concerning at filtration of 
mixtures of peptides, under two principles: (i) electro-neutrality of the solutions is always 
recovered, which means that all charged solute transmission are interdependent, and (ii) the 
number of charges along the peptide sequence, rather than the global net charge, has to be 
considered in order to explain the transmission of a given peptide.  

Afterwards, it was investigated the potential of organic NF membranes with a MWCO 
between 1 and 5 kDa for the fractionation of whey protein hydrolysates. The effect of 
adjusting pH and ionic strength on the separation properties of the membranes was also 
characterized in these tests [16]. Highest selectivity between basic and acidic peptides was 
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found at alkaline conditions without the addition of NaCl. In addition the authors 
demonstrated that two peptides differing by only one amino acid are transmitted 
differently. Consequently a single change in the amino acid sequence can affect peptides 
transmission.  

Influence of peptide interactions on peptide separation was also established in some studies 
of NF membranes. The data show that the same peptide could be transmitted differently 
when issued from different hydrolysates, reflecting the importance of surrounding peptides, 
and, hence, the possible occurrence of peptide-peptide interactions [78]. Therefore 
hydrophobic interactions between peptides when the pH of the solution is close to their pI 
can lead to their aggregation and subsequent fouling of the NF membrane.  

By means of NF experiments on fractionation of β-Lg tryptic hydrolysate, it was shown that 
peptide-peptide interactions are mainly driven by hydrophobic interactions and that some 
peptides are aggregated at acidic pH [14]. The morphology of these aggregates avoids the 
neutralization of the negative charge of the membrane surface with the alkaline peptides in 
the bulk. Therefore, higher permeability and higher transmission of small positive peptides 
is obtained under these conditions.  

Furthermore peptide aggregates contribute at the polarization concentration on the 
membrane surface. In this case, the peptides can interact in the polarized layer during the 
filtration process and their transmission decreases with the time under specific conditions [79].  

Other successive tests demonstrated that although physico-chemical parameters such as pH 
and ionic strength are the dominant ones in the case of NF membranes, operational 
parameters which determine permeate flux through the membrane, and in particular 
transmembrane pressure, have also an important influence on the retention of peptides and 
therefore on the selectivity of the membrane [71]. Furthermore, it should be noted that the 
resulting sieving properties of some NF membranes could depend on the fouled peptide 
layer and the composition of this layer interacting with the membrane is pH dependant [28].  

The combination of membrane processes (UF and NF) was also recently used in the 
fractionation of whey hydrolysates to study peptides transmission [29]. The first step of this 
process consisted in the UF of the hydrolysate in order to obtain complete rejection of intact 
proteins and intermediate peptides. The resulting permeate fractions were then subjected to a 
fractionation by NF and a peptide fraction having a molar mass range of 5-2 kDa was isolated 
in this step. Transmission of peptides, amino acids and lactose were found to be mainly 
affected by the permeability of the fouling layer showing the effect of peptide aggregates. 

Comparison of results of NF peptides using a single amino acid solutions, amino acid 
mixtures and peptide mixtures, had enabled to conclude that whatever the complexity of 
the solution: the charge is the most important criterion for the separation of peptides having 
similar molecular weight. The pH value of the solution is the parameter, which has the 
greatest effect on the separation. Addition of salts (increase of ionic strength) could decrease 
the intensity of charge effects. The determination of both the membrane and the mixture 
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characteristics are of paramount importance in order to predict and optimize the 
performance of NF membranes for the fractionation of complex peptide mixtures.    

3.2.3. Main parameters influencing peptide fractionation using NF membranes 

The interactions of peptide-peptide and peptide-membrane affect the separation process 
performance and thus it is difficult to predict the selectivity of the membranes when the 
objective is the fractionation of complex peptide mixtures. According the literature, the most 
important parameters that cause effect on membrane selectivity are pH, ionic strength, 
polarization layer and fouling. 

1. The pH of solution is an important control variable in NF processes for the fractionation 
of complex peptide mixtures, because peptides are molecules that have at least one 
carboxylic group ( R COOH R COO    and one amine group 3 2( ).R NH R NH    
The total number of acid and basic groups depends on its primary structure (amino acid 
sequence) and it determines the pH value at which the peptides have the same number of 
negative than positive charges, i.e., its pI. Peptides can be classified in three different groups 
according to their pI: acidic peptides (pI ≤ 5), neutral peptides (5 < pI ≤ 7) and basic peptides 
(pI > 7). Their net charge depends on the pH of the solution, as well as the charge density of 
the NF membrane. This last value will vary because of the ionization of its functional groups 
(acidic and basic). 

In NF, the transmission of amino acids and peptides reaches its maximum value when the 
pH is equal to the pI. Under these conditions, repulsive electrostatic interactions are 
minimized. That way, the modification of NF membranes transmission is possible by 
changing the pH of the mixture.  

In the case of protein hydrolysates, which composition is more complex, there will be a pH 
value at which the fractionation of acid, neutral and basic peptides is maximized. For 
example, it has been shown that the separation factor between basic and acid peptides 
reaches its maximum value when the pH of the mixture is alkaline [16]. However, literature 
published on this topic only describes the behavior of “tracer” peptides in the hydrolysate 
and this limits the scope of the separation factor calculated. 

2. The ionic strength of peptides solution affects the selectivity of NF membranes. In an 
aqueous medium the increase of the ionic strength, for example by the addition of NaCl, 
results in a decrease of zeta potential of the NF membrane [80-83] as well as a decrease in 
the electrophoretic mobility of proteins and peptides [84]. According to these observations, 
electrostatic interactions between the membrane and the peptides become less intense, 
which usually leads to better transmission values of the peptides. 

Several authors have demonstrated the preponderance of a selectivity based on electrostatic 
interactions at low ionic strength values [16, 68, 85]. The fact that electrostatic interactions 
membrane-peptide lose significance at high ionic strength values results in a decrease of the 
double selectivity size/charge in processes involving NF membranes. In addition to the 
effect over the charge density of the membrane, ionic strength also influences the effective 
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found at alkaline conditions without the addition of NaCl. In addition the authors 
demonstrated that two peptides differing by only one amino acid are transmitted 
differently. Consequently a single change in the amino acid sequence can affect peptides 
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characteristics are of paramount importance in order to predict and optimize the 
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negative than positive charges, i.e., its pI. Peptides can be classified in three different groups 
according to their pI: acidic peptides (pI ≤ 5), neutral peptides (5 < pI ≤ 7) and basic peptides 
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changing the pH of the mixture.  
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example, it has been shown that the separation factor between basic and acid peptides 
reaches its maximum value when the pH of the mixture is alkaline [16]. However, literature 
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and this limits the scope of the separation factor calculated. 
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aqueous medium the increase of the ionic strength, for example by the addition of NaCl, 
results in a decrease of zeta potential of the NF membrane [80-83] as well as a decrease in 
the electrophoretic mobility of proteins and peptides [84]. According to these observations, 
electrostatic interactions between the membrane and the peptides become less intense, 
which usually leads to better transmission values of the peptides. 

Several authors have demonstrated the preponderance of a selectivity based on electrostatic 
interactions at low ionic strength values [16, 68, 85]. The fact that electrostatic interactions 
membrane-peptide lose significance at high ionic strength values results in a decrease of the 
double selectivity size/charge in processes involving NF membranes. In addition to the 
effect over the charge density of the membrane, ionic strength also influences the effective 
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hydrodynamic volume of charged proteins and peptides [86]. A charged protein is 
surrounded by a diffuse ion cloud, typically called the electrical double layer, and the 
thickness of this layer is characterized by the Debye length (LD): 

 �� � �����	����� (3) 

Where I is the ionic strength (mol/L) and LD is in nm. According to equation 3 the higher the 
ionic strength the narrower the Debye length.  

In addition, the effect of the electrical double layer could be described in terms of an 
increase in the effective protein radius Reff: 

 ���� � 	 �� � 	�����	�� 	����    (4) 

Where rs is the hard-sphere radius of the uncharged protein or peptide (in nm) and z is the 
surface charge of the protein (in electronic charge units).  

Equations (3) and (4) indicate that relatively low salt concentration is needed in order to 
enhance the magnitude of the electrostatic interactions. However, the increase in the ionic 
strength leads to an increase in the transmission of charged peptides though the membrane. 

This last observation, which is well known and it has been applied to explain the selectivity 
of several protein separation processes using UF membranes, is not usually mentioned in 
works involving the separation of peptides by NF membranes. The effects of the ionic 
strength over the charge density of the membrane and over the effective hydrodynamic 
volume of charged peptides are complementary and both of them contribute in the 
explanation of experimental results.  

Variation of these parameters has been applied by some authors [86-88] to obtain good 
selectivity values in the fractionation of different proteins with similar sizes. The wise 
combination between membranes, pH and ionic strength is called HPTFF (High-
performance-tangential flow filtration) and it is effective when proteins or peptides to be 
fractionated show different pI and when low or medium protein concentration is processed. 

3. Concentration polarization and fouling is also a condition affecting the peptides 
separation. Physico-chemical parameters such as pH and ionic strength are of paramount 
importance in NF processes because they modulate the electrostatic interactions on which 
the selectivity of these membranes is supported. In addition electrostatic interactions may 
partly explain the distribution of a peptide between the whole solution and the membrane 
interface [89-90]. However, when using porous membranes, peptides are involved in a 
convective transport flux and its rejection is therefore the result of (i) electrostatic 
interactions between the membrane and the peptides plus (ii) a steric mechanism through 
the porous. In this sense, hydrodynamic parameters have influence in peptide rejection [91]. 
Thus, for example, when the MWCO of the membrane and the molecular weight of the 
peptide have similar values or in the presence of electrostatic interactions, an increase in 
transmembrane pressure will result in an increase of amino acid retention. 
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Concentration polarization is one of the consequences of selective solute transport through 
membranes. The constituents of the solution that are retained by the membrane tend to 
accumulate over its surface and this creates a concentration gradient in the area called 
polarization boundary layer. This phenomenon is quickly established at the beginning of the 
process and leads to a modification in the efficiency of membrane processes as well as a 
change in the composition of the permeate stream. The management of hydrodynamic 
conditions could minimize its effects. In addition size exclusion properties related to the pore 
size of the membrane could be completely modified due to pore blocking by the peptides. 
Fouling is a general term for any accumulation of deposits and materials over the membrane 
surface or within the pores. Two kinds of fouling can be defined: reversible fouling, the one 
which can be reduced by adjusting hydrodynamic conditions (velocity or transmembrane 
pressure), and irreversible fouling, which effect can´t be avoid by cleaning procedures. 

In practice, the series resistance model is widely used for fouling quantification in 
membrane processes. This approach derives from Darcy’s phenomenological equation. The 
clean water flux rate (JW) through a membrane is defined by equations (5). 

 �� = 	 ��
����    (5) 

Where PT is the transmembrane pressure, μW the water viscosity and RM the intrinsic 
resistance of the membrane.   

The measurement of water flux rate through the same membrane after being used (JW’) can 
be expressed as: 

 JW’ = ��
��������)

    (6) 

Equation 6 allows the calculation of the resistance associated to fouling (Rf). 

Studies involving peptides transmission or retention don´t usually take into account the 
polarization and fouling phenomena but it has been demonstrated that these phenomena 
are crucial in the case of protein hydrolysates, especially at acid pH values [16, 68]. Complex 
peptide mixtures contain peptides, which with different physicochemical characteristics (pI, 
hydrophobicity, charge) promote the creation of strong interactions with filtration 
membranes [92-93]. 

4. Future potential of peptides fractionation by means of membrane 
techniques 

Currently, conventional membrane separation techniques can be employed to obtain 
peptide fractions in purified form with higher functionality and higher nutritional value. 
Special properties of the NF membranes make possible novel peptide separations. However, 
the specific separation of one or more peptides from a raw hydrolysate is a difficult subject 
because ionic interactions between peptides and membranes can markedly influence on 
peptides fractionation. In addition these pressure-driven processes involve the accumulation 
of particles on membrane leading formation of a fouling and to the modification of the 
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hydrodynamic volume of charged proteins and peptides [86]. A charged protein is 
surrounded by a diffuse ion cloud, typically called the electrical double layer, and the 
thickness of this layer is characterized by the Debye length (LD): 
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ionic strength the narrower the Debye length.  

In addition, the effect of the electrical double layer could be described in terms of an 
increase in the effective protein radius Reff: 
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Where rs is the hard-sphere radius of the uncharged protein or peptide (in nm) and z is the 
surface charge of the protein (in electronic charge units).  

Equations (3) and (4) indicate that relatively low salt concentration is needed in order to 
enhance the magnitude of the electrostatic interactions. However, the increase in the ionic 
strength leads to an increase in the transmission of charged peptides though the membrane. 

This last observation, which is well known and it has been applied to explain the selectivity 
of several protein separation processes using UF membranes, is not usually mentioned in 
works involving the separation of peptides by NF membranes. The effects of the ionic 
strength over the charge density of the membrane and over the effective hydrodynamic 
volume of charged peptides are complementary and both of them contribute in the 
explanation of experimental results.  

Variation of these parameters has been applied by some authors [86-88] to obtain good 
selectivity values in the fractionation of different proteins with similar sizes. The wise 
combination between membranes, pH and ionic strength is called HPTFF (High-
performance-tangential flow filtration) and it is effective when proteins or peptides to be 
fractionated show different pI and when low or medium protein concentration is processed. 

3. Concentration polarization and fouling is also a condition affecting the peptides 
separation. Physico-chemical parameters such as pH and ionic strength are of paramount 
importance in NF processes because they modulate the electrostatic interactions on which 
the selectivity of these membranes is supported. In addition electrostatic interactions may 
partly explain the distribution of a peptide between the whole solution and the membrane 
interface [89-90]. However, when using porous membranes, peptides are involved in a 
convective transport flux and its rejection is therefore the result of (i) electrostatic 
interactions between the membrane and the peptides plus (ii) a steric mechanism through 
the porous. In this sense, hydrodynamic parameters have influence in peptide rejection [91]. 
Thus, for example, when the MWCO of the membrane and the molecular weight of the 
peptide have similar values or in the presence of electrostatic interactions, an increase in 
transmembrane pressure will result in an increase of amino acid retention. 
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Concentration polarization is one of the consequences of selective solute transport through 
membranes. The constituents of the solution that are retained by the membrane tend to 
accumulate over its surface and this creates a concentration gradient in the area called 
polarization boundary layer. This phenomenon is quickly established at the beginning of the 
process and leads to a modification in the efficiency of membrane processes as well as a 
change in the composition of the permeate stream. The management of hydrodynamic 
conditions could minimize its effects. In addition size exclusion properties related to the pore 
size of the membrane could be completely modified due to pore blocking by the peptides. 
Fouling is a general term for any accumulation of deposits and materials over the membrane 
surface or within the pores. Two kinds of fouling can be defined: reversible fouling, the one 
which can be reduced by adjusting hydrodynamic conditions (velocity or transmembrane 
pressure), and irreversible fouling, which effect can´t be avoid by cleaning procedures. 

In practice, the series resistance model is widely used for fouling quantification in 
membrane processes. This approach derives from Darcy’s phenomenological equation. The 
clean water flux rate (JW) through a membrane is defined by equations (5). 
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Where PT is the transmembrane pressure, μW the water viscosity and RM the intrinsic 
resistance of the membrane.   

The measurement of water flux rate through the same membrane after being used (JW’) can 
be expressed as: 
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Equation 6 allows the calculation of the resistance associated to fouling (Rf). 

Studies involving peptides transmission or retention don´t usually take into account the 
polarization and fouling phenomena but it has been demonstrated that these phenomena 
are crucial in the case of protein hydrolysates, especially at acid pH values [16, 68]. Complex 
peptide mixtures contain peptides, which with different physicochemical characteristics (pI, 
hydrophobicity, charge) promote the creation of strong interactions with filtration 
membranes [92-93]. 

4. Future potential of peptides fractionation by means of membrane 
techniques 

Currently, conventional membrane separation techniques can be employed to obtain 
peptide fractions in purified form with higher functionality and higher nutritional value. 
Special properties of the NF membranes make possible novel peptide separations. However, 
the specific separation of one or more peptides from a raw hydrolysate is a difficult subject 
because ionic interactions between peptides and membranes can markedly influence on 
peptides fractionation. In addition these pressure-driven processes involve the accumulation 
of particles on membrane leading formation of a fouling and to the modification of the 
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membrane transport selectivity. Therefore, it is clear that NF still has to grow more in terms 
of understanding, materials, and process control. In addition modeling studies are necessary 
to predict of the process performance in all circumstances.  

Alternatively the application of an external electrical field, which acts as an additional driving 
force to the pressure gradient, can be seen as a technique that could improve the efficiency of 
the conventional membrane processes for the separation of charged bioactive molecules. In 
this sense, two different configurations can be distinguished: electrically-enhanced filtration, 
which can be used with conventional pressure driven membrane filtration, and forced-flow 
membrane electrophoresis, which is conducted in an electrophoretic cell. Intensive researches 
on these membrane processes have been carried out including electromembrane filtration 
(EMF) [94-95], electrodialysis with UF membranes (EDUF) [96-99] and forced-flow 
electrophoresis (FFE) [100] for the separation of charged bioactive molecules. 

EDUF couples size exclusion capabilities of UF membranes with the charge selectivity of 
electrodyalysis (ED) allowing separation of molecules according to their electric charges and 
to their molecular mass (membrane filtration cut-off). The feasibility of peptide fractionation 
by EDUF was demonstrated notably with β-Lg tryptic hydrolysate solutions and was 
suggested to improve the separation between basic and neutral peptides [97]. Actually, 
EDUF process also allowed a selective and a simultaneous separation of anionic and cationic 
peptides presents in an uncharacterized concentrated polypeptide mixture of snow crab by-
products hydrolysate [101]. 

Recently a comparative study on NF and EDUF was performed in terms of flux and mass 
balance [102]. The results showed that NF provides a greater mass flux while when using 
EDUF a wider range of peptides and more polar amino acids are recovered. EDUF can be 
seen to be a promising separation technology, but further scale-up developments will be 
necessary to confirm its feasibility at large scale. 

EMF combines the separation mechanisms of membrane filtration and electrophoresis. Ion 
exchange membranes are replaced by UF in a conventional electrodialysis cell. In 
electrophoretic separators, a porous membrane is used to put into contact two flowing 
liquids between which an electrically driven mass transfer takes place. During this process 
the mass transport is affected by electrostatic interactions taking place at the membrane 
solution interface. The perspectives in the field of peptide fractionation will be the complete 
understanding of the interactions of peptides and membrane as well as the development of 
new membrane materials of gels limiting or increasing these interactions to improve the 
selectivity and the yield of production of specific peptides [100]. 
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EDUF couples size exclusion capabilities of UF membranes with the charge selectivity of 
electrodyalysis (ED) allowing separation of molecules according to their electric charges and 
to their molecular mass (membrane filtration cut-off). The feasibility of peptide fractionation 
by EDUF was demonstrated notably with β-Lg tryptic hydrolysate solutions and was 
suggested to improve the separation between basic and neutral peptides [97]. Actually, 
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seen to be a promising separation technology, but further scale-up developments will be 
necessary to confirm its feasibility at large scale. 

EMF combines the separation mechanisms of membrane filtration and electrophoresis. Ion 
exchange membranes are replaced by UF in a conventional electrodialysis cell. In 
electrophoretic separators, a porous membrane is used to put into contact two flowing 
liquids between which an electrically driven mass transfer takes place. During this process 
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