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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 Hernandez-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












Chapter 1

1997-2012: Fifteen Years
of Research on Peptide Lunasin

Blanca Hernandez-Ledesma, Ben O. de Lumen and Chia-Chien Hsieh
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52368

1. Introduction

1.1. Chemopreventive role of food peptides

Cancer is a major Kkiller 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

I NT EC H © 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,
open science | open minds 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 (mg/ 11631;1;112 duct) Reference

Regular soymilk Soybeans 157 1.3 [22]
Soybeans 123 0.8 [22]
Soybeans 11.8 1.3 [22]
Whole soybeans 9.3 0.3 [23]
Soybeans, soybean oil, soy lecithin 92 17 [23]
Soy flour, Stevia sweetened 70 0.1 [23]
Soy flour, Stevia sweetened 63 0.2 [23]
Whole soybeans, filtered water 79 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 22 0.1 [23]
Soybeans, soy lecithin 52 07 [23]
Soybeans, calcium fortified 1.8 0.3 [23]
Aqueous extract of soybeans 23 04 [23]

Organic soymilk Organic soybeans, malted wheat and 189 26 22]
barley extract
Organic soybeans, malted wheat and 142 11 [22]
barley extract
Organic soybeans 13.8 2.6 [22]
Organic soybeans 144 24 [22]
Organic soybeans 147 0.8 [22]
Organic soybeans, rice syrup 13.7 0.9 [22]
Organic soybeans, soy protein isolate 139 1.0 [22]
Organic soybeans, malt syrup 183 24 [22]
Organic soybeans, barley extract 10.7 0.8 [22]
Whole organic soybeans, isoflavones 91 01 [23]
Organic soybeans 8.8 0.0 [23]
Organic soybeans, calcium fortified 82 0.0 [23]
Wh.ole organic soybeans, calcium 56 07 23]
enriched
Wh'ole organic soybeans, calcium 5406 23]
enriched
Organic soybeans 3.8 0.6 [23]
Organic soybeans 29 0.8 [23]

Soy formula Corn syrup, soy protein isolate 41 04 [22]
Corn syrup, soy protein 28 02 [22]
Rice syrup, soy protein concentrate 1.5 01 [22]

Soy protein isolate, soy oil, iron fortified 89 04 [23]
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Type of sample Composition-main ingredients (mg/ 1];):)“;;1:; duct) Reference
Soy protein isolate, soy oil, iron fortified 81 04 [23]
Soy protein isolate, iron fortified 73 04 [23]
Soft Tofu Soybeans 9.6 0.9 [22]
Soft Tofu Soybeans 73 1.0 [22]
ilj:zg;ﬁu Soybeans 96 07 [22]
Silken Tofu Soybeans 44 05 [22]
Silken Tofu Soybeans 37 05 [22]
Medium firm Tofu  Soybeans 143 1.8 [22]
g:ria;:fyedmm Soybeans 67 13 [22]
Firm Tofu Soybeans 35 0.2 [22]
i);ti]:efslerr;;;)efu Soybeans 3.7 01 [22]
Baked tofu Soybeans, soy sauce (wheat) 55 0.3 [22]
Fried tofu Soybean, soybean oil, soy sauce 04 0.1 [22]
Dry tofu Soybeans 25 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 20 0.04 23]
flavored
Soy, sor protein isolate, chocolate 36 0.02 23]
flavored
Organic tempeh Soybeans, Rhizopus oligosporus n.d. [22]
Soybeans, brown rice, R. oligosporus 82 04 [22]
S(?ybeans, flaxseed, brown rice, R. 61 04 22]
oligosporus
Soybeans, brown rice, R. oligosporus n.d. [22]
Marinated bean curd Soybeans, soy sauce 95 1.0 [22]
Soybean curd noodle Soybeans n.d. [22]
Deep fried soybean Soybeans, soybean oil 1.9 03 [22]
cake
Baked soybean cake Soybeans, soy sauce, sesame oil 1.1 02 [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 MCE-7 cells [33,36]. Furthermore, lunasin has been
demonstrated to compete with different histone acetyltransferase enzymes (HATs), such as
yGCNb5 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 ICso value of 181 M [48]. Studies carried out to establish a
structure/activity relationship showed an ICso 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-Lysl12 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)/pl6/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 CDK®6 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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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
RAF]1 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 ICso values of 13.0 uM, 21.6
uM, 26.3 uM and 61.7 pM, 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 5 1
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 ICso 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-a (TNF-a), 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 NEF- 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-q, interleukin-1p 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 Fe* to Fe?* 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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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 Phase I trial |Duration: 6 months. |Significant decrease (up to 43 %) in |[5]
prostatic 19 patients. Daily PSAP levels after treatment.
hyperplasia doses up to 800 CIU? |Decrease of prostate volume in

patients. No dose-limiting toxicity
Oral Phase I trial {Duration: 1 month. 24 |BBI was well tolerated. No clinical |[6]
leukoplakia patients. Single daily |evidence of toxicity or any adverse
dose: 800 CIU reaction
Plase II trial |Duration: 1 month. 32|31 % of patients achieved clinical  |[7]
patients. response and lesion area decreased
Administration: twice |after treatment. Dose-dependent
daily, up to 1066 CIU |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
Double-blind |148 patients. Daily =~ |Although this study has not been |[8]
randomized, |dose: 600 CIU completed yet, preliminary results
Placebo- suggest that BBIC is not fully
controlled effective in patients
phase IIb
trial
Ulcerative  |A 12 weeks of therapy. |BBIC might be associated with the |[[9]
colitis randomized, |28 patients. Daily regression of disease without
double dose: 800 CIU apparent toxicity or adverse side
blind, effects
placebo-
controlled
trial

*CIU: chymotrypsin inhibitory units; "PSA: 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, Hernandez-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 Keat). 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 sulthydryl
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 ['?°I] 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. Hajos 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



28 Bioactive Food Peptides in Health and Disease

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
[61]. 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].



Bowman-Birk Inhibitors from Legumes: Utilisation in Disease Prevention and Therapy 29

Cancer |BBI source|Carcinogen| Model system | Effect and/or mechanisms of | Refs.
type action
Colorectal [Soybean |DMH? Colon Reduction of incidence and [45]
carcinogenesis |frequency of tumors likely via
in rodents protease inhibition
Soybean |DMH Mouse colon Suppression of adenomatous |[56]
and anal tumors of the GIT
inflammation
Soybean |DSSP Mouse colon  [Suppression of histological [57]
inflammation |inflammation parameters,
lower mortality rate and
delayed onset of mortality
Horsegram| DMH Colorectal Protective role against [58]
carcinogenesis |inflammation and pre-
neoplastic lesions
Lentil - Colon cancer  |Proliferation of HT29 colon [30]
cells cancer cells was decreased
(ICs0 =32 uM), whereas the
non- malignant fibroblastic
CCD18Co cells were
unaffected
Pea - Colon cancer  |The anti-proliferative effect of |[15]
cells BBI in colon cancer cells are
demonstrated
Soybean |- Colon cancer  |Time- and concentration- [26]
cells dependent anti-proliferative
effect on HT?29 cells, arrest at
G0-G1 phase; trypsin- and
chymotrypsin-like proteases
are potential targets
Recombi- |- Colon cancer rTI1B, a major BBI isoinhibitor |[68]
nant cells from pea, having trypsin and
proteins chymotrypsin inhibitory
activity, affected the
proliferation of colon cancer
cells; however, a derived
inactive mutant did not
show any anti-proliferative
effect
Gastric Field bean (Benzo- Mouse stomach [BBI was more effective in [100]
pyrene carcinogenesis |prevention than in therapeutic

treatment, with activity
related to its protease
inhibitory ability
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Cancer |BBI source|Carcinogen| Model system | Effect and/or mechanisms of | Refs.
type action

Breast Black-eyed Breast cancer  |BBI induced apoptosis, cell [79]
pea cells death and lysosome
membrane permeabilization

Soybean |- Breast cancer  |Proteasome was reported as  |[78]

cells potential therapeutic target in
MCEF-7 cells
Prostate |Soybean |- Prostate cancer |[BBI exerted chemopreventive |[76,77]

cells and rat activity associated with
prostate induction of connexin-43
carcinogenesis |expression and apoptosis

Soybean |- Prostate cancer |BBI and BBIC inhibited the [72]
xeno-grafts in  |growth of LNCaP cells
nude mice

Soybean |- Prostate cancer [BBI prevented the generation |[74, 75]
cells of activated oxygen species

and activated DNA repair
through a p53-dependent

mechanism
Oral Soybean |- Oral BBIC exerted a dose- [6,7,69]
leukoplakia dependent reduction in oral

lesion size in 31% of patients
without any adverse effects;
modulation of protease
activity and neu oncogene
levels was observed

*DMH: dimethylhydrazine; *DSS: dextran sulphate sodium

Table 2. Invitro 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 BBL
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 Function Pathological process Refs.
protease

Tryptase Phagocytosis, degradation of Atherosclerosis, asthma, [97,
ECM? compounds, regulation of | inflammatory disorders 98]
inflammatory responses, blood
coagulation

Cathepsin G ECM degradation, migration, Inflammation, metastasis [62]
regulation of inflammatory
disorders

Matriptase Matrix degradation, regulation Pathogenesis of epithelial [55]
of intestinal barrier, iron tissues, tumor growth and
metabolism progression

Human Pathogen killing, ECM Pulmonary disease, [62,

elastase degradation, inflammatory inflammation 99]
disorders

Chymase Degradation of ECM Inflammation, asthma, [64]
compounds, regulation of gastric cancer
inflammatory responses

Proteasome Protein degradation, cell Carcinogenesis, [58,
proliferation, differentiation, inflammation, neurodeg- 78]
angiogenesis and apoptosis eneration

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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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.
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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
uM 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 Ila 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 'I-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, p21CPVWAR and
p27%pl; 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 a- and f-
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
(CDCQ) [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
AT and AT receptors which are located in peripheral tissues around the body and in the
brain. The vasocontriction produced by Ang II is mediated by the AT 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 B-receptors
which lead to an eventual increase in intracellular Ca?* level. The binding of bradykinin to -
receptors and the increase in Ca? 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 ICso 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
(ICs0=2.4 uM) was hydrolyzed by ACE to produce Leu-Lys-Pro [ICs50=0.32 uM; 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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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 ICso 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 uM 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 pyM, caused a significant reduction in
intracellular Ca?* concentration. The increase intracellular [Ca?"], 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 Ca?* influx through
voltage-gated L-type Ca?" channels [35]. Another recent study reported a similar result
with Trp-His which was also found to block L-type Ca?" channels. Trp-His at 300 pM
elicited an intracellular Ca? reduction of 23 % in 8 week-old male Wistar rat thoracic
aortae smooth muscle cells. In addition, the reduction in [Ca?"] brought about by Trp-His
was eliminated by verapamil indicating that Trp-His specifically works on L-type Ca?
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, a-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 0-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 a-lactophin along with a second milk-derived
peptide B-lactorphin (Tyr-Leu-Leu-Phe) on mesenteric arterial function to demonstrate the
regulatory mechanisms of action. It was shown with the NOS inhibitor N¢-nitro-L-arginine
methyl ester (L-NAME) that o-lactophin produced an endothelium-dependant
vasorelaxation, whereas, f-lactorphin also enhanced endothelium-independent
vasorelaxation. The study concluded that a-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 p-receptor and BK Bl-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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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 B-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 ICso for the tripeptide D-Val-Ala-Pro (2 pM) increased to 550 pM with L-
Val-Ala-Pro, yet only a slight increase in ICs0 was seen for the peptide L-Phe-Val-Ala-Pro (17
MM; 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 C-terminal tripeptide
Peptide conformation important | Bulky hydrophobic
for longer peptides 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

51
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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 ICso 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 ICso values of 258 and 217 UM, 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, -
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 PepTl. PepTl 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, B-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 (24 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].



Antihypertensive Peptides from Food Proteins 55

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].

lle-Pro-Pro (B-casein {74-76; K-casein f108-110) and Val-Pro-Pro (B-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 ICso values were obtained (Val-Pro-Pro and Ile-
Pro-Pro having ICsos of 9 and 5 pM, 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 ICso in vitro in
comparison to the synthetic ACE drug inhibitor Captopril (ICs 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. ICso values obtained were >1000 pmol/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



58 Bioactive Food Peptides in Health and Disease

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 Al 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 (0si-CN 90-
94) and Ala-Tyr-Phe-Tyr-Pro-Glu-Leu (0si-CN f143-149) and the stability of the
hydrolysate incorporated in a yoghurt to processing conditions, ie. 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].

59
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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-GIn-Val-Phe-Gly-Phe (0si-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 High dilution requiring costly dehydration
fraction in terms of amino acid residues

High salt content (ca. 10 % of dry matter)
(e.g. Lys, Thr, Leu, Ser)

High sugar content requiring delactosation
Possibility of lactose production in ) ) i
parallel Highly perishable raw material

Reduction in pollution owing to Widely dispersed cheese production facilities

biochemical oxygen demand of proteins | 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/Wary 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 Ca?,
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") MW (kDa)  Isoelectric point (pI)
-Lg 3-4 18.4 5.2
-La 1.5 14.2 47-51

BSA 0.3-0.6 69 47-49

IgG, IgA, IgM 0.6-0.9 150 - 1000 55-8.3

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, D, Dvax/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 B-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 Ca?" 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 Pheios-Metios 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 (1Gs)

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 B-lymphocytes. Igs
encompass three distinct classes: IgM, IgA and IgG (IgG: and IgGz) — with IgGi 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? [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 -Lgand -Lain 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

81

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, [81]
cholecystokinin and glucagon-like
peptide
Enzyme hydrolysis ACE#-inhibitor [82]
Antiulcerative
Prostaglandin production [83-85]
Enzyme hydrolysis Antiulcerative [83, 86]
BLactoglobulin Transporter
Retinol [9, 41, 87, 88]
Palmitate [89]
Fatty acids [90]
Cellular defence against oxidative stress  [31, 65, 91-93]
and detoxification
Enhancement of pregastic esterase [94]
activity
Transfer of passive immunity [95]
Regulation of mammary gland [96]
phosphorus metabolism
Enzyme hydrolysis; ACE2-inhibitor [97-107]
Fermentation
Enzyme hydrolysis Antimicrobial against several gram- [108-111]
positive bacteria
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]
a-Lactalbumin Prevention of cancer [119]
Apoptosis of tumoral cells [120-122]
Lactose synthesis [25, 123]
Treatment of chronic stress-induced [124]
disease
Antimicrobial (bactericidal)
Streptococcus pneumonia [125]
Stress reduction [123, 126]
Immunomodulation [127]
Enzyme hydrolysis Antimicrobial against several gram- [108-110]
positive bacteria
Enzyme hydrolysis Opioid agonist [97, 115, 128]
Enzyme hydrolysis ACE#-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 ACE#-inhibitor [136-137]
Enzyme hydrolysis Ileum contracting [138]
Enzyme hydrolysis Opioid agonist [97, 128, 139]
Immunoglobulins Immunomodulation [140]
Disease protection through passive [141-142]
immunity
Antibacterial [143-145]
Antifungal [146]
Opioid agonist [147]
Caseinomacropeptide Antithrombotic [148-153]
ACE?-inhibitor [154-156]
Antimicrobial [56, 111, 157-
160]
Enzyme hydrolysis Prebiotic [161]
Increment in plasma amino acids and [162-165]

cholecystokinin peptide

ACE®- 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
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
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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 0-La, either in whole whey or following concentration to whey
protein concentrate (WPC) [176-178]; conversely [-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 O-lactorfin, a tetrapeptide derived from a-
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 I 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 CCKi1 and IP-receptor-dependent
vasorelaxation; this peptide relaxes the mesenteric artery of SHR via prostaglandin I>-IP
receptor, followed by CCK-CCKi 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; Lépez-Fandino [173], FitzGerald [104, 137], Gobetti [213], Meisel
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[214], Korhonen and Pihlanto [4], Silva and Malcata [215], Vermeirssen [216], and Martinez-
Magqueda [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 Lépez-Fandifio [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 Enzyme Peptide Amino acid ICso Reduction in SBP*  Refe-
protein fragment sequence (uM)*  (mm Hg) rences
(Dose (mg kg'sw))
Whole whey Fermentation + trypsin ~ -Lg f9-14 GLDIQK 580 [104, 233]
protein + chymotrypsin
Yogurt starter + -Lg f15-20 VAGTWY 1682 [100]
trypsin + pepsin
Fermentation with -Lg f17-19 GTW 464.4 [105]
lactic acid bacteria +
prozyme 6
Cardosins -Lg £33-42 DAQSAPLR 122 10 (5) [107, 117]
VYe
Proteinase K -Lg £78-80 IPA¢ 141 31(8) [136]
Cardosins -La f16-26 KGYGGVSL 0.7 20 (5 [107, 117]
PEW¢
Cardosins -Laf97-103  DKVGINYc  99.9 [107]
Cardosins -Laf97-104 DKVGINY 254 15 (5) [107,117]
Wc
Fermentation + trypsin ~ -La f105-110 LAHKAL 621 [100]
+ chymotrypsin
Fermentation by -La f104-108 WLAHK 77 [233]
cheese microflora
Neutrase -La f105-110 INYWL 11 [234]
- Trypsin f7-9 MKG 71.8 [103]
Lactoglobulin ~ Trypsin f10-14 LDIQK 27.6 [103]
Pepsin + trypsin + 15-19 VAGTW 1054 [233]
chymotrypsin
Trypsin 22-25 LAMA 556 [233]
Trypsin £32-40 LDAQSAPL 635 [233]
R
Protease N Amano £36-42 SAPLRVY 8 [235]
Thermolysin £58-61 LQKWe 347 18.1 (10) [103, 236]
Trypsin £81-83 VKF 1029 [233]
Pepsin + trypsin + £94-100 VLDTDYK 946 [106, 233]
chymotrypsin
Pepsin + trypsin + £102-103 YL« 122 [214]
chymotrypsin
Pepsin + trypsin + £102-105 YLLF¢ 172 [113]
chymotrypsin
Thermolysin £103-105 LLFe 79.8 29 (10) [113, 236]
Pepsin + trypsin + f106-111 CMENSA 788 [233]
chymotrypsin
Pepsin + trypsin + 142-145 ALPMe 928 214 (8) [116]
chymotrypsin
Pepsin + trypsin + f142-146 ALPMHt¢ 521 [233]
chymotrypsin
Trypsin £142-148 ALPMHIR: 43 [226]
-Lactalbumin  Thermolysin f15-26 LKGYGGVS 83 [237]
LPEW
Thermolysin 18-26 YGGVSLPE 16 [237]
\4%
Thermolysin 20-26 GVSLPEW 30 [237]
Thermolysin 21-26 VSLPEW 57 [237]
Synthetic f50-51 or f18-  YGe 1522 [98]
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Source Enzyme Peptide Amino acid ICso Reduction in SBP®  Refe-
protein fragment sequence (uM)*  (mm Hg) rences
(Dose (mg kg'sw))
19

Pepsin + trypsin + £50-52 YGL 409 [233]

chymotrypsin

Pepsin £50-53 YGLF¢ 733 23.4(0.1) [129, 233]

Synthetic £52-53 LFe 349 [26]

Trypsin £99-108 VGINYWLA 327 [233]

HK

Trypsin £104-108 WLAHK 77 [233]
Bovine serum  Proteinase K 208-216 ALKAWSV 3 [238]
albumin ARe

Proteinase K 221-222 FP 315 27 (8) [136]
Caseinomacrop Trypsin f106-112 MAIPPKK 28 (10) [239]
eptide
Lactoferrin Pepsin 20-25 RRWQWR 16.7 (10) [240]

Pepsin 22-23 WQ 11.4 (10) [240]

*Concentration of peptide needed to inhibit 50 % of original ACE activity.
b Systolic blood pressure.
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 1. 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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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 ICso (i.e. the concentration of inhibitory
substance required to inhibit 50 % of ACE activity); a low ICs 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 b-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 Si1, 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 Zn?"
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 ICso
values of 24.1 mM and 249.5 mM, 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 ICso measured would be 200.3 mM, 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 PepTi 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 ICso 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 (ICso 22 mM)
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 (ICso> 1000 mM), 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 ICso of only 5 mM. 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 ICso of which is 720 mM; 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 (ICso = 4.7 mM) 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 YPL 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: Y-
La f(16-26), with the sequence KGYGGVSLPEW; Y-La f(97-104), with the sequence
DKVGINYW; and ¢-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, Bz, Bs, Biz, 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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