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Abstract

This review article is an attempt to update on research and recent
published data on food proteins as a source of bioactive peptides
contained in their primary structure sequences in inactive forms,
which can be released and activated by enzymatic action in vitro or
digestive system. Once absorbed in the active form they can per-
form various biochemical and biological functions to improve human
metabolism and health. The main bioactivities and functions already
described in the literature have been summarized. Methodology for
identification of these peptides as food ingredients or functional food
has already been applied in some countries. These potential appli-
cations have reached different degrees of advancement according to
technology and specific needs in various countries. Considerations
are also made on the development in this area of food science and
technology in Brazil and other countries in South America.

Introduction

Throughout the second half of the last century and early this centu-
ry the concept of the biological function of food proteins has changed
significantly. While in the past the food proteins were regarded only
as macronutrients capable of providing the amino acids to form the
protein component of organs and tissues, also participating in the
generation of metabolic energy for the normal functioning of living
organisms, today it is known that certain proteins present in food,
as well as fragments or peptides derived thereof, may participate in
the general metabolism in a much more interactive manner, through
bioactivities that go far beyond the nutritional functions that had been
established by the end of the first half of the prior century.

By making an analogy with the aeronautical activity we can say
that in the past the food proteins functioned as black boxes holding
numerous important pieces of information, which research and tech-
nology have only revealed, in part, in recent decades. In this period it
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was found that certain proteins present in foods are naturally bioac-
tive, and can be absorbed from the Gastrointestinal System (GIS) in
their intact or slightly modified form and exercise specific bioactiv-
ities in the systemic metabolism [1], or, in addition, resist the action
of digestive enzymes exercising different bioactivities in the gastroin-
testinal system [2]. Even more interesting were the findings that food
proteins, of both plant and animal origin, contain, in their primary
structures, specific amino acid sequences in their polypeptide chains,
which when cleaved in the form of peptides by proteolytic enzymes
or by specific chemical reagents may exercise diverse bioactivities
that were latent in the original structure of the protein from which
they originated.

Bioactive peptides have been obtained from precursor proteins
through the use of methodologies that have reached a high degree of
sophistication and complexity, such as: (a) enzymatic hydrolysis by
digestive enzymes; (b) proteolysis of the protein source by enzymes
derived from microorganisms or plants; (c) fermentation process us-
ing culture with high proteolytic power and specificity. The bioactive
potential of the peptides originating from the proteolysis of food pro-
teins can be explored in the integral hydrolysates, produced in special
conditions. However, in the current literature there are numerous re-
search works and literature reviews emphasizing the importance of
the isolation, purification, characterization, study of mechanisms and
impact of these peptides on human health [3-8].

Production and Processing of Bioactive Peptides
Derived from Food Proteins

A large number of plants and animals have been object of study as
source of Bioactive Peptides (BAPs). Several studies were conduct-
ed, particularly with milk proteins [9,10], eggs [11,12], and muscle
proteins from pigs [13], cattle [14], poultry [15], and fish [16]. BAPs
have been obtained from vegetable proteins such as soybeans [17,18],
lentils, chickpeas, peas, beans, and oilseeds such as canola and flax-
seed [8]. As to fish, the fishing industry has shown much interest in
obtaining bioactive peptides and hydrolysates from fishery by-prod-
ucts, including carcasses and viscera of aquatic animals, of very low
commercial value. Based on the current literature [6], food proteins
are selected as potential source of bioactive peptides based on two
main criteria: (a) with the objective of adding value and increasing the
use of abundant sources of under-utilized proteins; (b) utilization of
proteins containing specific peptide sequences or amino acid residues
of special interest for the pharmaceutical or food industry. Recent-
ly a strategy was developed and it enables to shorten the time and
investment in seeking proteins with high potential of bioactive pep-
tides. This strategy is the Quantitative Structure-Activity Relation-
ship (QSAR) analysis, based on prior knowledge of the amino acid
sequence in the polypeptide chain and of the specificity of a certain
number of proteolytic enzymes tested. Based on these two parame-
ters, computer programs (software) are established that are capable
of predicting the number of peptides released by specific proteases
with potential to exercise different bioactivities, a methodology now
known as proteolysis or digestibility in silico [19]. However, a detailed
experimental work should be conducted with the peptide identified
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and isolated to confirm possible bioactivities and repeatability as well
as the feasibility of the process in silico. A general scheme of method-
ologies available for production and processing of BAPs is presented
in Undenigwe and Aluko [6].

The several bioactivities described for peptides isolated from food
proteins include the following: antihypertensive; antimicrobial; anti-
oxidant; antitumor; immunomodulatory activity; binders and mineral
ion carriers; hypocholesterolemic; anti-inflammatory; multifunction
activity. Among the main food sources of bioactive peptides should
be highlighted the milk proteins (caseins and whey proteins), egg pro-
teins, fish proteins, meat proteins (cattle, pigs, poultry), some proteins
of cereal grains and legumes [2].

Antihypertensive Peptides

A significant number of proteins release into the Gastrointestinal
System (GIS) peptides containing 3 to 10 AA residues capable of
inhibiting the enzyme Angiostensin-Converting Enzyme (ACE), en-
zyme that converts angiotensin I into angiotensin II [20]. Angiotensin
I, an inactive decapeptide, is produced in the liver by action of the
proteolytic enzyme renin on the angiotensinogen polypeptide. Angio-
tensin [ is then converted by ACE into Angiotensin I, an octapeptide
that is a potent vasoconstrictor. The ACE also acts on the hormone
bradykinin, a vasodilator, converting it into inactive peptides. More-
over, angiotensin II stimulates the release of aldosterone, a hormone
produced by the suprarenal glands that promotes the retention of Na*
and water, hence contributing even more to elevate blood pressure.
Thus, ACE inhibitors contribute to maintain or lower blood pressure
through three mechanisms: a) by inhibiting the formation of angioten-
sin II (a potent vasoconstrictor); b) by inhibiting the degradation of
bradykinin (a vasodilator); and c) by helping maintain high levels of
aldosterone that acts stimulating the retention of Na* and water [21].
The ACE enzyme is found in various tissues and its inhibition can in-
fluence different systems involved in the regulation of blood pressure,
in addition to the immune and nervous systems [22].

ACE inhibitors have been isolated from the primary sequences of
aS1-casein (fs: 23-34; 23-27; 294-299), of bovine B-casein (f: 177-
183), human (f: 43-52) and of kappa-casein (f: 63-65). These peptides
are generally called casokinins [23]. Antihypertensive activity has
been described in numerous hydrolysates and peptides isolated from
a large number of food proteins. Ariyoshi [2] in a literature review
presents ACE inhibitory activity in a number of peptides isolated
from animal and vegetable proteins in terms of micromolar concen-
tration capable of inhibiting 50% of the ACE activity represented by
IC,(uM); the lower the IC, the greater the inhibitory activity of the
peptide. Examination of the composition and structure of the ACE
inhibitory peptides has shown a trend of greater inhibitory activity
as there is a decrease in the Molecular Mass (MM) of the peptide
and a very accentuated importance of the presence of proline and/
or hydroxyproline at the C-terminal extremity and of leucine and/or
isoleucine at the — NH, extremity.

From the 2000s the studies on ACE inhibitors were intensified
with the use of several methodologies of obtainment and character-
ization, from different protein sources. Wu and Ding [24] obtained
ACE inhibitors from the alkaline hydrolysis of soy protein after ul-
tra filtration and chromatography in cation-exchange resin. The final
yield was of 14.42% (protein base) and IC of 0.065 mg protein/
mL. The peptides maintained their activity under various conditions
of temperature and pH and showed resistance to digestion in vitro

by gastrointestinal proteases. The two most active peptides were se-
quenced after successive chromatographic isolations. Their structures
Asp-Leu-Pro and Asp-Gly with IC 4.8 and 12.3uM, respectively. In
later research, Wu et al., [25,26] based on database with 168 dipep-
tides and 140 tripeptides applied the QSAR analysis — Quantitative
Structure-Activity Relationship analysis — designed through compu-
tational-statistical modeling that enables to estimate, based on activi-
ties already described for peptides and primary structures of different
protein chains published in databases, possible ACE inhibitory pep-
tides. They managed to isolate 3 dipeptides and 6 tripeptides of very
high ACE inhibitory power, as shown in (Table 1).

iti : Log IC,
Peptide Position .m Protein of Origin 2
the Chain Predicted | Observed
f: 150-151 Legumin A2 (garden pea)
Fw f: 149-150 Legumin A (garden pea) 0.60 0.77
f: 150-151 Glycine G1 (soy)
ww f: 147-148 Glycine G2 (soy) 0.52 191
f: 122-123 a-lactalbumin (bovine milk)
f: 113-114 Albumin 2 (PA2); (garden pea)
f:219-220 Legumin J (garden pea)
f: 153-154 Legumin K (garden pea)
yw f: 13-14 B-conglycinin (soy) 0.92 1.64
f: 27-28 Glycinin G3 (soy)
f: 147-148 Glycinin G4 (soy)
f: 156-157 Glycinin (soy)
VRF f: 4-6 B-conglycinin (soy) 0.14 1.38
f: 265-267 Glycinin G1 (soy)
IKP f: 279-281 Legumin J (garden pea) 0.37 0.44
f: 6-8 Vicilin 47kDa (garden pea)
f:377-379 Legumin A2 (garden pea)
LRW f: 374-376 Legumin A (garden pea) 0.1 -0.64
LRF f: 36-38 aS1-casein (bovine milk) 0.22 1.33
VPP £:99-101 B-casein (bovine milk) 1.28 1.42
f: 89-91 B-casein (bovine milk)
PP f: 129-131 K-casein (bovine milk) 118 175
Table 1: Prediction, experimental validation, and location of potent ACE
inhibitory peptides

Adapted from Wu et al., [25] ExPASy - Expert Protein Analysis
System - Primary Sequences. F, Phenylalanine; W, Tryptophane; Y,
Tyrosine; V, Valine; R, Arginine; I, Isoleucine; K, Lysine; P, Proline;
L, Leucine.

In a recent work, Gu et al., [19] systematically researched the po-
tential of the main food proteins as precursors of ACE inhibitory pep-
tides, with the aid of the QSAR in silico technique in order to estab-
lish the rationality of choice of more appropriate proteins as substrate
in the preparation of these peptides. The in silico digestion of proteins
present in 15 foods that are common in the human diet, of vegetable
origin (soybeans, peas, barley, oats, canola), milk proteins (asl and
as2 caseins, k-casein, -lactoferrin, a-lactalbumin), meat (pigs, cat-
tle, poultry), and fish (tuna, salmon, hake) generated, based on the
specificity of the proteolytic enzyme thermolysine, 5,709 peptides in
the range of 2 to 6 amino acid residues. A significant number of these
peptides was resistant to the action of pepsin and trypsin; therefore,
potentially absorbable and antihypertensive. These peptides, in ad-
dition to inhibiting the activity of ACE in vitro (IC,;<10uM) after
hydrolysis by thermolysine, also resisted the action of pepsin and
trypsin, remaining intact and active, which highly increases the prob-
ability they are absorbed and exercise in the general metabolism the
antihypertensive functions.
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The results obtained by Gu et al., [19] indicated that the proteins
of meat (pigs, cattle, and poultry) released the highest number of ac-
tive peptides (IC, <10uM), followed by the proteins of milk, egg,
soybean, and canola, while the proteins of fish (except for salmon)
and cereals (except for oats and barley) contain the lowest number of
peptides of high activity. A high number of these peptides remained
active after being subjected to the action of pepsin and trypsin. It is
important to emphasize that the ACE inhibitory activity alone does
not prove the antihypertensive power of the peptides. They need to
be tested in vivo with SHR rats (naturally spontaneous hypertensive
rats), and the ultimate test will be conducted in clinical trials with
humans. A large number of recent researches, including literature
reviews, has focused on the study of the antihypertensive peptides,
with important contribution for the development of food and/or food
supplements that contribute to the control of hypertension in humans
such as egg proteins [27] dipeptides derived from pig muscle proteins
[28], milk proteins, proteins in seeds of cereals, oilseeds, fruits and
vegetables [29], milk proteins and fish [30], sarcoplasmatic proteins
in bovine brisket [14], gastrointestinal contents of swine meat [13].

Antimicrobial Activity

Peptides obtained from cleavage of Lactoferrin (LF) by swine
pepsin or acid protease of Penicillium duponti showed strong activity
against Escherichia coli. Low MM peptides generated by cleavage
of LF by porcine pepsin presented a broad spectrum of antibacterial
activity, inhibiting the growth of both gram-negative and gram-posi-
tive species, including lineages resistant to native LF. A precise way
to study the antimicrobial activity of a hydrolysate and/or peptide is
to determine the minimum concentration to inhibit proliferation or
“Minimum Inhibitory Concentration” (MIC). The MIC value defines
the minimum concentration of an antimicrobial agent to inhibit 100%
the growth of a given microorganism. The antibacterial power of the
hydrolysate was at least 8 times higher than that of the intact LF. The
selective cleavage of LF by pepsin generates the Lactoferricin (LF-
cin) with a very high bactericidal potential [31].

The proteolytic action of the enzymes pepsin, trypsin, and chy-
motrypsin on B-lactoglobulin (B-LG) originated 3 peptides with bac-
tericidal properties. Two fragments were obtained by the action of
trypsin, one pentapeptide with the sequence Glu-GLn-leu-Thr-Lys
(f: 1-5) and another one Gly-Tyr-Gly-Gly-Val-Ser-Leu-Pro-Glu-
Trp-Val-Cys-Thr-Thr-Phe-Ala-Cys-Ser-Glu-Lys (fs: 17-31-S-S-109
-114), composed of 2 peptides linked by a disulfide bond. The frag-
mentation of the a-LA by chymotrypsin produced the peptide Cys-
Lys-Asp-Gln-Asn-Pro-His-Ile-Ser-Cys-Asp-Lys-Phe (fs: 61-68-S-S-
75-80), also composed of 2 polypeptides linked by a disulfide bond.
The 3 polypeptides were synthesized and shown to have antimicrobial
action, having been more active against Gram (+) bacteria. Diges-
tion of the a-Lactalbumin (a-LA) by pepsin produced several poly-
peptides; however, they showed no antimicrobial activity. The intact
a-LA does not present antimicrobial activity [32]. In later research,
Pellegrini et al., [33] isolated, after action of trypsin on ($-LG), 4 poly-
peptides with bactericidal activity. The sequences of the 4 peptides
were determined, as follows: Val-Ala-Gly-Thr-Trp-Tyr (f: 15-20);
Ala-Ala-Ser-Asp-Ile-Ser-Leu-Leu-Asp-Gln-Ser-Ala-Pro-Leu-Arg (f:
25-40); Ile-Pro-Ala-Val-Phe-Lys (f: 78-83); Val-Leu-Val-Leu-Asp-
Thr-Asp-Tyr-Lys (f: 92-100). The 4 peptides were synthesized and
exercised bactericidal activity only against Gram (+) bacteria. These
results suggest a possible antimicrobial function of LG after partial
digestion by pancreatic endopeptidases.

Caseinomacropeptide (CMP) is the heterogencous C-terminal
fragment (f: 106-169) of bovine k-casein composed of glycosylated
and phosphorylated forms of different genetic variants. Malkoski et
al., [34] showed that CMP presented inhibitory activity against the
opportunistic pathogens of the oral cavity, Streptococcus mutans and
Porphyromonas gingivalis and against Escherichia coli. It was shown
that only the phosphorylated form inhibited the bacteria, while the
glycosylated form showed no activity. The active form (phosphory-
lated) was called kappacin. The kappacin was submitted to hydrolysis
by endoproteinase Glu-C and the peptides generated were separated
by RP-HPLC and HPLC-gel filtration, then tested for inhibition of
the pathogen S. mutans. Only the peptide isolated from the k-casein A
(f: 138-158) containing serine-P in position 149 presented inhibitory
activity against the aforementioned pathogen.

Peptides with antimicrobial activity have been isolated from dif-
ferent types of fish and by-products of the fishery industry [3]. Fish
hydrolysates can be obtained by different techniques, namely: a) lig-
uid extraction [35]; b) chemical treatment with acid or alkali [36]; c)
microbiological fermentation of protein [37]; d) enzymatic hydrolysis
by various enzymes [38]. According to Urakova et al., [39] peptides
obtained from fish hydrolysates are generally multifunctional and can
exercise activities such as antimicrobial, antihypertensive, antiviral,
antioxidant, immuno stimulating, antitumor, in addition to other ef-
fects. Antimicrobial peptides act through the disintegration of the cell
membrane of the microorganism. Most antimicrobial peptides have
a-helical structure and are cationic, others are a-helical and hydro-
phobic. The cationic property of peptides enables their binding with
the lipid-rich anionic cell membrane and the beginning of cell mem-
brane lysis.

Some examples of peptides with antimicrobial activity isolat-
ed from fish are presented below. From the liver tissue of Atlantic
salmon an antimicrobial polypeptide with MM 20,734Da was isolat-
ed, which after purified was characterized as a Histone and named
HI. Histones are polypeptides found in chromatin of the cell nucleus
and involved in the organization of the DNA structure. Three basic
polypeptides with antimicrobial activity were isolated from an extract
with acetic acid of skin of catfish (Ictalurus punctatus). The molecu-
lar mass of these peptides were reported as 15.5kDa (HLP-1), 30kDa
(HLP-2), and 15kDa (HLP-3), respectively. HLP-1 showed to be the
dominant peptide and to be closely related to the histone H2B, with
inhibitory effect against pathogenic bacteria of fish such as Esche-
richia coli D31. It has been shown that the activity of the HLP-1 was
stable in acidic conditions and in heat [40]. Other catfish (Parasilurus
asotus) also contained a peptide with strong antimicrobial activity
named Parasin I [40]. This peptide consists of 19 amino acid resi-
dues including 3 arginine residues and 5 lysine residues with MM of
2,000Da. It was shown the existence of homology between parasin |
and the N-terminal region of histone H2A, suggesting that parasin I
may have derived from H2A through cleavage by specific protease.
It was also shown [40] that parasin I has immunomodulatory activity.
A peptide called pleurocidin was found in epithelial mucosal cells of
winter flounder, with an aliphatic conformation in a-helix similar to
other antimicrobial peptides. This structure enables the binding to the
cellular membrane rich in anionic phospholipids acting similarly to
detergents in lysis of the membrane and destruction of the microbial
cell. From the yellow head catfish (Pelteobagrus fulvidrago) a pep-
tide with 19 amino acid residues was isolated, Pelteobagrin (Gly-Lys-
Leu-Asn-Leu-Phe-Leu-Ser-Arg-Leu-Glu-lle-leu-Lys-Phe-Val-Gly-
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Ala-Leu), with activity against Gram (+) and Gram (-) bacteria [41].
The best studied antimicrobial peptides were isolated from hydroly-
sates of the intestine of the fish known as Atlantic bonito. The C111
(Gly-Val-Tyr-Pro-His-Lys) and C112 (Ile-Arg-Pro-Val-Gln) peptides
isolated from autolysates of liver and intestine of bonito also inhibited
the activity of ACE in vitro with IC, of 1.6 and 1.4, respectively. The
antihypertensive effects of these peptides were also shown in vivo in
SHR and Sprague-Dawley® rats [16,42]. A JF2 peptide containing
26 amino acid residues was isolated from Japanese flounder (Para-
lichthys olivaceus) which showed antimicrobial activity against Gram
(-) Escherichia coli and Gram (+) Streptooccus aureus and Lacrococ-
cus garvieae, but had no effect on the Gram (-) bacteria Edwardsiella
tarda [43]. Expression of the JF2 peptide was observed in the liver,
heart, kidneys, spleen, and stomach of the flounder.

Fogaca et al., [44] identified and sequenced the first antimicrobial
peptides from bovine Hemoglobin (Hb). The sequence of amino ac-
ids was identified by mass spectrometry: Phe-Leu-Ser-Phe-Pro-Thr-
Thr-Lys-Thr-Tyr-Phe-Pro-His-Phe-Asp-Leu-Ser-His-Gly-Ser-Ala-
Gly-Val-Lys-Gly-Hys-Gly-Ala-Lys (MM 3,205.7Da) corresponding
to the (f: 33-61) of a-hemoglobin. A second peptide with antimicro-
bial activity was obtained from bovine a-hemoglobin (f: 1-23) by
hydrolytic action of pepsin [45] and purified by ion-exchange and
Reversed-Phase Chromatography (RP-HPLC). The following amino
acid composition was established through the use of mass spectrom-
etry: Val-Leu-Ser-Ala-Ala-Asp-Lys-Gly-Asn-Val-Lys-Ala-Ala-Trp-
Gly-Lys-Val-Gly-Gly-His-Ala-Ala-Glu (MM 2,236.9Da). Activity
was tested against growth of M. luteus A270 bacteria in liquid culture
medium.

A more recent research [46] submitted bovine hemoglobin to hy-
drolysis by pepsin (pH 4.5, 23°C), isolating and purifying from the
hydrolysate the peptide: Val-Thr-Leu-Ala-Ser-His-Leu-Pro-Ser-Asp-
Phe-Thr-Pro-Ala-Val-His-Ala-Ser-Leu-Asp-Lys-Phe-Leu-Ala-Asn-
Val-Ser-Thr-Val-Leu (MM 3.150Da). Antimicrobial activity was test-
ed against 9 lineages: 3 Gram (-) lineages, Escherichia coli, Shigiella
sonnei, and Salmonella enteritidis; 6 Gram (+) lineages, M. luteus
A270, Listeria innocua, Enterococcus faecalis, Bacillus cereus, Staph-
ylococcus saprophyticus, and Staphylococcus similans. After purifi-
cation by RP-HPLC the peptide showed antimicrobial activity against
M. luteus A270, Listeria innocua, E. coli, and S. enteritidis. Jang et
al., [47] isolated from hydrolysate of bovine sarcoplasmatic protein a
peptide with antimicrobial action, whose composition and structure is
the following: Gly-Phe-His-Ile-Phe-His-Gly-Asp-Phe-His-Ile-Asn-
Gly-Gly-Leu-Ser-Asp-Gly-Glu-Trp-Gln (MM 2,438.6Da). This pep-
tide presented inhibitory activity against all lineages tested in the 3
previous researches.

Ovotransferrin, a protein from egg yolk presents an antimicrobial
domain as characteristic of the transferrin family. Ibrahim et al., [48]
reported that practically all bactericidal activity of ovotransferrin can
be attributed to the N-lobe. An antimicrobial peptide (OTAP-92) with
92 AA res (Leu 109 — Asp 200) contains 6 cysteines involved in the
formation of 3 intra chain disulfide bonds. The peptide was obtained
by partial acidic proteolysis. Maintenance of the tertiary structure of
OTAP-92 is essential for antimicrobial activity, which is exercised
through a mechanism of degradation of the microorganism’s mem-
brane [49]; however, the OTAP-92 peptide does not exercise Fe bind-
ing [48,50].

Antioxidant Activity

Peptides with antioxidant action have been isolated and charac-

terized from a significant number of food proteins, specially: fish,
meat, eggs, milk proteins, cereals and legumes [5,8,14,39,51,52]. In
addition to the Caseinophosphopeptides (CPPs) with antioxidant ac-
tion, several peptides are contained in the primary sequences of the
aS1-caseins, B-caseins, k-caseins, and -LG. The antioxidant activity
of these peptides has been attributed to the high contents of histidine
and some hydrophobic amino acids. A hexapeptide, Tyr-Phe-Tyr-
Pro-Gln-Leu, with antioxidant activity was released from aS1-casein
(f: 144-149) by the proteolytic action of pepsin in vitro [53]. It has
been shown by Frong et al., [15] that ovotransferrin acts by retarding
oxidation in turkey meat. The antioxidant activity of ovotransferrin
was enhanced by the rupture of its structure, allowing the approach
of amino acid residues that scavenge free radicals and form chelates
with pro-oxidant metals [54]. Recent research by Wu and Acero-Lo-
pez [50] showed that hydrolysis of ovotransferrin increases the anti-
oxidant activity. Fourteen peptides were isolated and characterized
from ovotransferrin [55]. Two tetrapeptides — Trp-Asn-Ile-Pro and
Gly-Trp-Asn-Ile — showed higher antioxidant activity, suggesting that
(Trp-Asn-Ile) should represent the nucleus responsible for the high
antioxidant activity of these peptides.

Di Bernardini et al., [14] conducted systematic research of sarco-
plasmatic proteins extracted from bovine brisket. The extraction was
carried out according to the procedure described by Jang and Lee [56]
and the extract contained mostly myoglobin, troponin and enzymes
of the metabolism of muscle tissue. The proteins were submitted to
hydrolysis by papain (24 h at 37°C). The hydrolysate was submitted to
UF with 10kDa and 3kDa cut-off membranes. Total hydrolysate and
fractions were tested for antioxidant activity, by the 3 usual methods:
2,2-diphenyl-1-picrylhydrazyl (DPPH), which measures free radical
scavenging activity; antioxidant power to reduce ferric ion (FRAP);
and Fe™ chelation capacity. The peptidic content and the composition
of the peptides were studied by spectrophotometric and chromato-
graphic methods that identified and characterized 11 peptides in the
total hydrolysate, 15 peptides in the 10-kDa fraction, and 9 peptides in
the 3-kDa fraction, all showing antioxidant activity for the 3 methods.

A significant number of recent publications reports the presence
of peptides with antioxidant action in hydrolysates from fish proteins
and in by-products of the fishery industry [5,39,57,58]. Je et al., [57]
obtained peptides from dark muscles of a variety of tuna (Thunnus
obesus) through the enzymatic action of several proteases and evalu-
ated their antioxidant potential. A peptic hydrolysate with potent an-
tioxidant action was obtained, from which it was possible to isolate
the peptide (Leu-Asn-Leu-Pro-Thr-Ala-Val-Tyr-Met-Val-Tyr), MM
1,222 Da, with strong free radical scavenging action and antioxidant
effect on inhibition of Peroxidation of Unsaturated Fatty Acids (PU-
FAs). The scavenging power of this peptide was also tested in cellular
systems, showing high degree of effectiveness. The authors conclude
that the peptide obtained from dark muscles of this species of tuna
may have great potential as antioxidant ingredient in the protection of
functional foods and/or medicinal products. Urakova et al., [39] also
describe antioxidant activity in peptides derived from hydrolysates of
several species of fish. A peptidic fraction with MM of about 10kDa
isolated from a hydrolysate of cod skeleton proteins showed high an-
tioxidant activity, as opposed to the fractions with MMs of 5kDa and
30kDa. According to Klompong [59] the antioxidant properties of
hydrolysates of trevally (Selaroides leptolepsis) with yellow stripes
was dependent on the Degree of Hydrolysis (DH) and on the type of
product. The peptidic fraction with MM of 1.77kDa, obtained from
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the hydrolysate by the enzyme flavourzyme presented the highest
antioxidant effect. A hydrolysate obtained with the alcalase enzyme
originated a fraction (2.44kDa) that also showed antioxidant activity.
Ranathunga et al., [60] isolated from the marine species Conger (Con-
ger myriaster) a peptide that presented high antioxidant action, with
the following structure: Leu-Gly-Leu-Asn-Gly-Asp-Asp-Val-Asn
(MM 1,060Da).

Najafian and Babji [5] reported on a number of peptides with anti-
oxidant action, isolated from different species of fish, with their char-
acteristic structures and molecular masses, using different proteolytic
enzymes and hydrolysis techniques.

Peptides with Antitumor Activity

Although antitumor activity has been described for protein hydro-
lysates of various foods that are common in human diet, very few
peptides with antitumor action have been isolated from food proteins
with proven antitumor action. Freiburghaus et al., [61] describe the
action of Lactoferricin (LFcin), polypeptide derived from the milk
protein lactoferrin by pepsin hydrolysis, as being capable of partially
inhibiting, in vitro, the proliferation of human colon cancer. On the
other hand, Mader et al., [62] demonstrated that LFcin inhibits some
vasoendotelial growth factors and angiogenesis, competing for a sim-
ilar binding site to heparin, in endothelial cells. Angiogenesis is an
important component in carcinogenesis, especially in the phenomena
of metastasis.

Ohami et al., [63] demonstrated cytotoxic effect in the-f unit of
Ovalbumin (OVA) in culture of tumor cells, using scanning electron
microscopy. The B-subunit and glycoprotein fragments obtained from
the digesta of glycoproteins presented in vitro antitumor potential
similar to that described for intact glycoproteins. Antitumor effects of
heavily glycosylated peptides (220 and 120kDa) separated from egg
white ovomucin, after treatment with pronase, were tested on a dual
tumor-implantation system. Mice of BALB/c lineage received simul-
taneous inoculation of fibrosarcoma cells Meth-A (1x10° cells) in the
right flank and (2x10° cells) in the left flank, on day zero (beginning)
of the experiment. There was injection of (100pg/animal/d) of the
two peptides in the right flank in days 3, 4, and 5 and the mice were
maintained for 21 days. The 2 peptides cured the tumors injected in
the right side and slightly inhibited the growth of the tumors implant-
ed in the left flank. With the removal of sialic acid of the peptide of
120kDa it was observed that the sialic acid residue was not necessar-
ily indispensable to the direct action, in loco in the elimination of the
tumor, but it seems to have been indispensable to the regression of the
distant tumors (left flank). The absence of inhibitory activity when
the animals received inoculation of tumor cells only in the left flank
and the increase of acid immunosuppressive protein in blood serum
suggests a slight activation of the immune system by the fragments
with antitumor action [64]. Castro et al., [65] investigated, in vitro,
the antitumor effect of a Whey Protein Isolate (WPI), a Bovine Colla-
gen Hydrolysate (BCH), and fractions of this hydrolysate on BI6F10
cells of human melanoma. In this study they considered the percent-
age of non-viable cells, cell cycle phases, and possible mechanisms
involved in the anti proliferative action on cancer cells, in an ideal
culture medium. The collagen derivatives for this study were obtained
from a bovine skin collagen hydrolysate provided by “Gelita South
America,” Cotia, SP, Brazil. The hydrolysate fractions were obtained
through the techniques of molecular exclusion (membranes) and
fractionation by Reversed-Phase Chromatography (RP-HPLC). The

fractions obtained through molecular exclusion of the BCH fraction
(mean MM 3kDa) were: permeate P, (BCH-P,, mean MM 2.5kDa);
permeate P, (BCH-P,, mean MM 1.7kDa); permeate P, (BCH-P,,
mean MM 1.3kDa). From fraction BCH-P , they obtained 5 reten-
tates (R, R, R;, R, and R,), by UF in membranes (UFC Millipore,
SP, Brazil) whose final retentate R, (MM<3kDa) was also tested in
the experiments. From BCH-P they also obtained 4 fractions (F1-F4)
through reversed-phase chromatography (preparative column Vydac
C18). Permeate BCH-P, and all its fractions were tested comparative-
ly to a negative control (B16F10 cells+culture medium) and a positive
control (B16F10+culture medium+WPI).

Product concentration required to inhibit 50% of proliferation of
B16F10 cells (IC, ) ranged from 0.19 to 156.9mg/mL for all products
tested (Table 2). Hydrolysate fractions from BCH-P, and F —F, with
IC,, of less than Img/mL were the most active in inhibiting the pro-
liferation of melanoma cells B16F10. Alterations in cell cycle phases
were characterized by a strong decrease in the G2/M transition that
characterizes an inhibition of cell reproduction, some increase in S
phase for (BCH-P, and F) but a strong increase of cells in the G0/G1
transition by the hydrolysates BCH-P| and F,. Caspase-3 expression
increased significantly in all mediums containing the fractions F -F,
and retentates R, increase also observed in the presence of the integral
hydrolysate (BCH) or of the WPI. Apoptosis was extremely high in
the presence of the fractions F -F,, at low concentrations (400pg/mL).
Considering these results, the authors suggest that the mechanism of
tumorigenesis inhibition by these peptides should involve the cascade
action of caspases and apoptosis.

Sample IC,, (mg/mL) Concentration Range Studied
HCB 70.87 6 - 100mg/mL
HCB-P, 100.74 6 - 100mg/mL
HCB-P, 0.31 0.002 - Img/mL
HCB-P, 177.11 6 - 100mg/mL
HCB-P, 72.42 6 - 100mg/mL
R, 6.11 0.004 - 8mg/mL
R, 2.10 0.004 - 8mg/mL
R, 1.79 0.004 - 8mg/mL
R, 3.65 0.004 - 8 mg/mL
R, 1.78 0.004 - 8mg/mL
P 2.35 0.004 - 8mg/mL
F, 0.34 0.098 - 500pg/mL
F, 0.19 0.098 - 500pug/mL
F, 0.42 0.098 - 500ug/mL
F, 0.41 0.098 - 500pg/mL
WPI 6.8 0.15 - 100mg/mL
Table 2: IC, for Bovine Collagen Hydrolysate (BCH) and a Whey Protein
Isolate (WPI) for melanoma cells (B16F10), in culture medium, Castro et
al., [65].

Some peptides with antitumor action are naturally expressed in
some foods such as milk (Ubiquitin) and soy, rye, barley, wheat, oats,
which contain lunasin. Lunasin, a peptide formed of 43 AA res (MM
4.8kDa) was described in soy [66], wheat [67], oats [68], barley [69],
and rye [70].

Freiburghaus et al., [71] described the presence of a new peptide
in bovine milk, Ubiquitin (Ub), with molecular mass of approxi-
mately 8.6kDa. The presence of Ub in bovine milk was confirmed by
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Western blot technique and its concentration in milk was estimated at
0.003umol/L of milk. The authors investigated the effect of the treat-
ment of CaCo-2 cells of human colon cancer with Ub and in higher
concentration than in bovine milk. CaCo-2 cells were treated with
Ub in the range of concentrations of 0.02 to 0.2pmol/L. The method
of flow cytometry using DNA labeled with bromodesoxiuridine was
used in the study of cell cycle kinetics of CaCo-2 cells treated with
Ub. The data pointed to an extension of the G1 phase. The levels of
various cell cycle regulatory proteins were affected. The research data
suggest that Ubiquitin (Ub) is possibly one of the milk components
capable of reducing the risk of colon cancer. The milk components
and mechanisms that contribute to decreased risk of colon cancer are
not yet fully known.

Bioactive Glycopeptides and Phosphopeptides

As the names suggest, phosphopeptides are peptides derived from
phosphoproteins. Phosphoproteins are quite common in nature; how-
ever, those best known for their bioactivity are the phosphocaseins
in milk and the proteins found in egg, particularly in egg yolk. It is
also commonly found in foods phospholipoproteins and phosphogly-
coproteins or even phospholipoglycoproteins.

A large number of phosphopeptides have been obtained from ca-
seins. However, a subunit of casein contains only 1 to 13 phosphoser-
ine residues to stabilize the amorphous calcium phosphate, while an
egg yolk protein molecule (phosvitin) contains approximately 120
phosphoserine residues, suggesting that several phosphopeptides with
different sizes capable of binding and releasing calcium ions can form
from phosvitin [72]. The granular fraction of egg yolk (after centrifu-
gation, 10,000g, 30 min) is composed of phosvitin (60%) and lipovi-
telin. Phosvitin contains 90% of all phosphorus of egg yolk. Phosvitin
is considered one of the most phosphorylated proteins found in na-
ture with phosphorus content ranging from 3% to 10% of the mole-
cule [73]. Phosvitin is highly hydrophilic, it presents a high number
of negative charges and a very low percentage of hydrophobic side
chains [74]. Although phosvitin can be considered a potential source
of bioactive phosphopeptides, it is highly resistant to proteolytic di-
gestion in vitro due to its extraordinarily complex primary structure,
composed of long continuous segments of oligophosphoserine [75].
Goulas et al., [11] submitted phosvitin to hydrolysis by pepsin, tryp-
sin, and a-chymotrypsin. Pepsin produced 3 peptides: Gly4 — Glu 41
(38 res); Asn 44 — Leu 193 (150 res); and a C-terminal fragment, Leu
193 — Glu 214 (21 res). Action of trypsin resulted in 2 main peptides,
Ala 1 — Arg 35 (35 res) and Gln 49 — Arg 212 (164 res). Digestion
by a-chymotrypsin released 2 peptides, Gly4 — Gln 49 (46 res) and
Ala 50 — Trp 210 (161 res). Electrophoretic analysis (SDS-PAGE) of
the tryptic digestion of phosvitin indicated that the molecular mass
of the largest fragment was 28kDa. Phosvitin dephosphorylation by
treatment with alkali (NaOH at 37°C) increased the susceptibility of
phosvitin to proteolysis, resulting in peptides with 10 to 20 AA res. (1
to 3kDa) after digestion with trypsin [76].

According to a recent review by Samaraweera et al., [77], al-
though phosvitin is an attractive source of phosphopeptides, the high
price of phosvitin limits its application for the production of bioactive
phosphopeptides. Therefore, research aimed at lowering the cost of
obtaining phosvitin needs to be developed in order to enable its via-
ble application in the food industry. The authors propose the use of
phosphopeptides derived from phosvitin in the pharmaceutical and
cosmetics industries in the production of antioxidant and anti-aging
derivatives in the form of mineral chelating peptides. To this end, spe-
cific studies should be conducted in this area.

Caseinophosphopeptides (CPPs) and Glycomacro-
peptide (GMP)

The term CPP was introduced in the 1950s to describe phosphor-
ylated peptides derived from caseins and capable of improving the
calcification of children with rickets. These peptides presented high
phosphoserine content and were capable of increasing the calcium
balance by 39% to 70% in newborn children with rickets. Later stud-
ies showed that the CPPs could also bind, in addition to Ca, othermin-
erals like Mg, Fe, Ba, Cr, Ni, Co, and Se [78,79].

New studies have shown that the CPPs are a mixture of peptides
with different molecular masses in the range from 1.4 to 9.6kDa and
that about 50% of the CPPs identified presented the sequence (SerP-
SerP-SerP-Glu-Glu), responsible for the property of binding minerals
[80]. In addition to increasing the solubility, absorption, and fixation
of minerals to bones and teeth, the CPPs along with the caseinogly-
comacropeptide (GMP) also act by inhibiting the adherence of Strep-
tococcus sobrinus and S. mutans, thus decreasing the incidence of
tooth decay and dental erosion [81]. CPPs also act as antioxidant at
intestinal level, protecting the intestine against oxidative stress and
helping to maintain intestinal health [82]. The glycomacropeptide
originates from Kappa casein in the milk-clotting process by action of
the enzyme chymosin and represents the C-terminal portion of k-ca-
sein (f: 106-169), which due to being water soluble remains in whey
after coagulation and separation of caseins. In addition to protecting
the teeth against caries by its adhesive action, GMP also presents pre-
biotic, immunomodulatory, and antithrombotic action (res 106-116)
and stimulates the action of the intestinal hormone cholecystokinin,
produced in the small intestine (duodenum) and regulator of appetite
and food intake [4,83].

Opioid and Antiopioid Peptides

Opioids are released by all caseins and by some whey proteins.
Three types of receivers have been recognized in the membranes of
cells of the central and peripheral nervous systems called du, p, and
8. These receptors may bind to the opioids that start to modulate the
functioning of cells [84]. Natural opioids are peptides known as en-
kephalin, endorphin, and dynorphin and are derived respectively from
proopiomelanocortin, proenkephalin, and prodynorphin. All these
opioids present the N-terminal sequence (Tyr-Gly-Gly-Phe). Opioid
peptides were obtained from [-casein (f: 60-70), which are the 3-caso-
morphins, and from a-S1-casein (f: 90-96), called a-casomorphins.
Unlike the a- and B-caseins, the Kappa-caseins release antagonist
opioid or antiopioid [85]. It has been shown that casomorphins can
produce analgesia, increase the intestinal transit time of food bolus,
produce antidiarrheal effect, stimulate the absorption of amino acids
and electrolytes as well as the secretion of insulin and somatostatin
[85-88] demonstrated that opioids can influence the choice and intake
level for certain types of foods, especially foods that are rich in sugar
and fat, stimulating the preference and intake by consumers.

Immunomodulatory Peptides

Fewer investigations have been conducted with immunomodula-
tory peptides isolated from food proteins. Models in vitro enable the
study of different parameters of cellular metabolism, such as: prolifer-
ation and activation of lymphocytes, antibody production, impacts on
non-specific immune response, among others. There has been major
interest in the study of B-cell proliferation for production of antibod-
ies and T cells that control the specific immune response to antigens,
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including inflammatory reactions that can lead to degradation of tis-
sue in diseases of the Gastrointestinal System (GIS). According to
Gauthier et al., [10] there are many discrepancies between authors
about the positive effect of peptides on lymphocyte proliferation, with
far greater agreement about the effect of milk peptides on antibody
production. The discrepancies observed should be attributed to differ-
ences in the methodologies applied, in the materials studied, as well
as in the study models used.

Two synthetic peptides corresponding to o-LA, Tyr-Gly (f:50-
51) and Tyr-Gly-Gly (f: 18-20), stimulated protein synthesis and the
proliferation of peripheral lymphocytes isolated from human blood,
when stimulated by Concanavalin A (Con A), a mitogenic protein.
Maximum stimulation was reached at a concentration of 10“mol/L for
Tyr-Gly and 10*mol/L for Ty-Gly-Gly [89]. Peptides released during
milk fermentation by lactic bacteria modulate the proliferation of hu-
man lymphocytes, by controlling the production of certain cytokines
and stimulating the phagocytic activity of macrophages [90,91]. It
was also suggested that immunomodulatory peptides from milk can
alleviate atopic allergic reactions in humans and strengthen the immu-
nity of the gastrointestinal tract mucosa [92].

The Glycomacropeptide (GMP) and its derivatives have shown to
exercise various immunomodulatory functions, such as: immunosup-
pressive effects on the production of IgG antibodies [93,94], in addi-
tion to stimulatory effects on the proliferation of phagocytic activities
in human cells similar to macrophages, such as U937 [95]. The oli-
gopeptide lactoferricin, derived from lactoferrin, stimulated the pro-
duction of human neutrophil-activating Interleukin-8 (IL-8) by hu-
man polymorphonuclear leukocytes [96]. Whey Protein Concentrate
(WPC) enriched with the Glycomacropeptide (GMP) suppressed the
secretion of Interleukin-4 (IL-4) and of Interferon-Gamma (INF-y) in
culture of mouse lymphocytes; an effect that was partly ceased after
enzymatic digestion with pepsin and pancreatin. The GMP also in-
duced the production of the family of Interleukins-1 (IL-1) in mouse
macrophage cells [97,98]. A synthetic peptide (Gly-Leu-Leu), corre-
sponding to the sequence (51-53) of a-lactalbumin significantly in-
creased phagocytosis of peripheral blood cells by mouse peritoneal
macrophages, protecting the animals against infection by lethal K/eb-
siella pneumonia [99]. Bovine lactoferricin also promoted phagocytic
activity in human neutrophils. Recently it has been shown that the
strengthening of the immune system, partly attributed to the presence
of bioactive peptides in food, has contributed decisively to reduce the
risk of chronic diseases [100].

The bioactive peptides action mechanism is related to direct in-
teraction with pathogens, as well as with the suppression or stimu-
lation of immune responses [101]. Studies show that both immuno-
suppression and immunostimulation can be important in preventing
and combating several pathological conditions of the organism, and
the biopeptides may act against inflammation, autoimmune diseases,
preventing rejection in transplants and improving general health [10].
There are numerous examples in the literature of such interactions,
most with peptides derived from milk [102].

Antihyperlipidemic and Antithrombotic Peptides

A significant number of peptides with anticholesterolemic (antil-
ipidemic) and antithrombotic properties has been described recently
[6,12,30,53,103], among other studies. The vast majority of the stud-
ies have been conducted with milk proteins. Pihlanto [53] described
2 peptides with hypocholesterolemic action resulting from hydrolysis

of B-lactoglobulin by trypsin, Ile-Ile-Ala-Glu-Lys (B-Lg, f: 71-75)
and Ala-Leu-Pro-Met-His (B-Lg, f: 142-146), with proven action in
vitro, in cell cultures and in animal model, both receiving the name
of lactostatin. The B-lactostatin (Ile-Ile-Ala-Glu-Lys) caused decrease
of micellar cholesterol of intestinal environment reducing its absorp-
tion. This lactostatin was also capable of inducing gene transcription
for production of the human enzyme 7a-hydroxylase, an enzyme that
metabolizes cholesterol producing a hypocholesterolemiant effect.
According to Canovas et al., [30] hyperlipidemia, especially hyper-
cholesterolemia, is one of the most important factors for the increased
risk and the development of cardiovascular diseases. It has been
shown that soy-derived peptides can be responsible for its hypocho-
lesterolemic action, since it has been shown that soy protein hydro-
lysates promote greater decrease in plasma cholesterol than the intact
protein. The hypocholesterolemiant effect of active peptides can be
attributed to two different action mechanisms: (a) inhibiting choles-
terol absorption, by decreasing micellar cholesterol in the intestine;
(b) some peptides may activate LDL receptors, typically blocked by
hypercholesterolemia or excessive intake of cholesterol by diet [104].

According to Undenigwe and Aluko [6] protein sources of hy-
pocholesterolemic and hypolipidemic peptides include soy protein
[17], milk proteins [105], egg white proteins [106], and fish proteins
[107]. Enzymatic hydrolysis can also produce peptides capable of re-
ducing TAG with reduction of lipidemia [108]. Most of the literature
on peptides with hypolipidemic property has been obtained from soy
proteinhydrolysates. The hypocholesterolemic and hypolipidemic
properties of soy protein hydrolysates have been studied in animals
[109] and in humans [110] and have been partially attributed to soy
7S globulin (B-conglycinin). This protein’s a+a’ subunits strongly
increase the expression of the Low Density Lipoprotein (LDL) re-
ceptor in hepatocyte cultures, resulting in increased LDL inactivation
and degradation [111]. The peptide region responsible for this activity
was identified and sequenced. With 24 amino acid residues this pep-
tide corresponds to position 127-150 of the a-subunit, of conglycinin,
being responsible for modulating cholesterol homeostasis mediating
LDL binding in Hepatocyte Cells (HepG2) [112]. On the other hand,
Cho et al., [18] also identified an octopeptide (Phe-Val-Val-Asn-Ala-
Tyr-Ser-Asn) of the enzymatic digesta of soy protein as a more potent
stimulator of LDL receptor transcription in human liver cells, Hep
T9A4. Therefore, the proteolytic digestion of soy protein was import-
ant in the release of small bioactive peptides with capacity to enhance
the cardioprotective function. This property was also demonstrated in
a study by Mockizuki et al., [113], who produced bioactive peptides
from isoflavone-free 7S B-conglycinin, using bacterial proteases. The
peptides derived from 7S B-conglycinin showed capacity of reducing
triacylglycerols by altering the expressions of genes related to tria-
cylglycerol synthesis, also decreasing Apo B-100 protein buildup in
Hep G2 cells, partly due to increased expression of m-RNA for LDL
receptor synthesis [113]. Apolipoprotein B (apo B-100) is a functional
component of Very Low-Density Lipoprotein (VLDL) and its degra-
dation reduces VLDL synthesis. These observations support previous
studies showing that soy 3-conglycinin provides beneficial effects re-
lated to plasma levels of triacylglycerols in humans [114].

In addition to alterations in gene expression, soy protein hydro-
lysates and their peptides also showed hypocholesterolemic function
through binding with bile acids and neutral sterolsin the intestine, re-
sulting in increased fecal elimination of these compounds that when
pass to the systemic circulation will stimulate cholesterol synthesis in
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the organism [17,115]. This function shows that although bioactive
peptides with high molecular mass cannot go through the intestinal
epithelium and into the bloodstream, indirectly they will be exercis-
ing a beneficial action contributing to the lowering of lipidemia and
cholesterolemia in hepatocytes and other types of cells, contributing
to cholesterol homeostasis by increasing the removal of bile acids
and cholesterol from the diet via fecal elimination, depending on their
hydrophobic properties.

Lunasin, a polypeptide containing 43 AA res (MM 4.8kDa) — nat-
urally present in soybeans, barley, rye, and wheat—, best known for
its antitumor property, also exercises hypocholesterolemic activi-
ty by blocking the acetylation of histone H, (Lys 14) reducing the
production of the enzyme hydroxymethyl glutaryl-CoA reductase
(HMG-CoA reductase), resulting in a reduction in cholesterol bio-
synthesis. Lunasin also increases the production of LDL receptors,
resulting in reduction of circulating LDL-cholesterol (LDL-c) [116].
Structure-function studies are required for better understanding of the
properties of bioactive peptides capable of interfering with the blood
and liver cholesterol levels.

Several peptides with antithrombotic activity have been isolated
and characterized, most derived from milk proteins (k-casein and
lactoferrin). A peptide (His-Gly-Lys) was obtained from myofibrillar
protein FK633, with antithrombotic property [117]. The main pep-
tides with antithrombotic action, the casoplatelins, were obtained
by hydrolysis of k-casein and are similar to the fibrinogen y-chain
[118]. The hypothesis is that the fibrinogen y-chain and the k-casein
must have originated from a common ancestor 450 million years ago
[119]. Table 3 presents the characteristics of some peptides with an-
tithrombotic activity isolated from k-casein and lactoferrin proteins,
of bovine milk. It has been observed, in different animal models, that
the fraction (39-42) of human lactoferrin has important antithrom-
botic effect; however, its application has not been recommended due
to inducing endothelial cell detachment in vitro [120]. Hydrolysis of
lamb casein also produced antithrombotic peptides [121]. Peptides
with antithrombotic activity were isolated from k-casein (f: 113-116),
and have also been found in fermented dairy products such as yo-
gurt [122]. The AA sequence corresponding to the fraction (109-111)
of k-casein was isolated from water extract of two fermented dairy
drinks available at the Spanish market [123].

e

Protein

Reference
Precursor

Sequence of the AA

Leu-Ser-Phe-Met-Ala-Ile-

Pro-Pro-Lys K-cas (f: 103-111)

(Fiat et al.) [124]

Met-Ala-Ile-Pro-Pro-Lys-

~cas (f: 106-116
Lys-Asn-Gln-Asp-Asp-Lys K-cas ( )

(Fiat and Jolles) [9]

Met-Ala-Ile-Pro-Pro-Lys K-cas (f: 106-112) (Fiat and Jolles) [9]

Asn-Gln-Asp-Lys K-cas (f: 113-116) (Fiat and Jolles) [9]

Lys-Asp-Gln-Asp-Lys K-cas (f: 112-116) (Fosset and Tome) [121]

Pro-Pro-Leu K-cas (f: 109-111) | (Hernandez-Ledesma et al.) [123]

ND K-cas (f: 152-160) (Golbetti et al.) [125]
ND K-cas (f: 155-160) (Golbetti et al.) [125]
Lactoferrin (LF) .
Leu-Arg-asp-Ser (F: 39-42) (Rutherfurd and Gill) [123]
Lys-Arg-Asp-Pro-Ser LF (Mazoyer et al.) [126]

FK 633 (porcine

His-Gly-Lys myofibrillar)

(Chavakis et al.) [117]

Table 3: Characteristics of peptides with antithrombotic activity, derived
from bovine milk.

ND = Nondetermined Sequence; Ricci-Cabello et al., and Eckert et al., [12,103].

Prospects and Potential Use of Bioactive Peptides
as Ingredients, Supplements, in Functional Foods

The scientific literature has demonstrated, in food proteins, a large
number of potentially bioactive peptide sequences, but that in the
protein’s original primary structure shows no bioactivity. Bioactive
peptides can be formed during protein hydrolysis, either in normal
digestive process or in controlled proteolysis in vitro. Currently, very
little is known about the quantities, bioavailability, and bioactivity
of the peptides that are formed in the digestive process of foods, as
components of the human diet. In order to quantify and measure the
impact of the bioactivity of these peptides it is necessary to break the
structure of the proteins, either as food component or as isolated, par-
tial or totally purified protein and extract or concentrate the bioactive
peptides of interest for health.

Technologies for extraction, hydrolysis, concentration, and pu-
rification as well as determination of the amino acid composition
and sequence of the peptides are available, but are expensive. The
cost-benefit balance will have to be evaluated on a case-by-case ba-
sis to justify the investment, considering both economic and human
health aspects. It is expected that the attempt of using total hydro-
lysate and/or specific fractions of hydrolysate will be given greater
priority in formulating nutritional supplements and developing foods
with specific physiological functionality. Only the United States of
North America, Canada, some European and Eastern countries have
developed and used functional products with application of bioactive
peptides.

Fish protein hydrolysates have potential applications as functional
ingredients in different foods because they have numerous and char-
acteristic properties such as: water retention capacity, oil absorption,
protein solubility, jellification, ability to foaming and emulsification,
in addition to combining numerous bioactivities with benefits for
health [127,128].

Unlike the European and Asian countries, North America, Aus-
tralia, and New Zealand, in Brazil and in South American coun-
tries, in general, little has been done with respect to the application
of bioactive peptides and hydrolysates as food supplements and/or
ingredients, in the formulation of specific functional foods or foods
consumed by the general population. This gap as to effective utiliza-
tion of our sources of bioactive peptides is due to the lack of greater
integration between universities and research institutes and the food
industry, for the development of integrated multidisciplinary projects,
with funding shared between interested sectors: research, industry,
and funding agencies for food research and technology.

From the 1980s there was a profound transformation of the con-
cepts of healthy nutrition for the human species with the discovery of
new components in foods, considered non-nutrients, but which for be-
ing bioactive contributed to improving human health in two comple-
mentary aspects: 1) acting as modulators of metabolism and possibly
acting on the different metabolic cycles, also acting on the human ge-
nome influencing its expression to improve the effectiveness, benefit-
ing the health of individuals and/or populations; 2) reducing the risks
of chronic non-communicable diseases, thus contributing to improve
the human health, well-being, and increase longevity. Although these
concepts had their awakening in Japan [1], the original idea is at-
tributed to Hippocrates (5 century B.C.), historically considered the
father of medicine and supposed author of the phrase: “Let food be thy
medicine and medicine be thy food.” Foods with these characteristics
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came to be called “functional foods” and their importance has been
recognized not only by the Eastern countries, but also by all coun-
tries of Western culture [129-131]. In a simplified and concise way, a
functional food is one that contains one or more bioactive substanc-
es in concentrations suitable for the quantity ingested with the diet
to be enough to exercise in the metabolism the functions previously
described in (1 and 2). On the other hand, for a diet to be considered
functional (e.g., Mediterranean diet), it must provide a set of function-
al (bioactive) components that promote additively and/or synergisti-
cally the human health, well-being, and longevity.

Therefore, it is concluded that the last century (20" Century) was
a time of great achievements in human nutrition and health due to ad-
vances in preventive and curative medicine with regard to contagious
and communicable diseases, in addition to the major advancement
in the science and technology of food and nutrition, providing food
with better quality and more available to the population. The basic
nutritional requirements were established and communicated to the
population and health authorities. Measures were taken to eliminate,
to a significant extent, diseases caused by lack or excess of certain nu-
trients in the diet. At the same time there was a significant increase in
the life expectancy of the Brazilian population, which practically dou-
bled in the course of the century. These changes occurred due to the
improvement in nutrition and in conditions and lifestyle of part of the
population. As a result of the increased longevity and decreased birth-
rate, there has been a predominant increase of the elderly population
and an increasing incidence of chronic and/or degenerative diseases
of multiple causes and much more complex treatment, such as cardio-
vascular diseases, cerebrovascular disease, diabetes, obstructive lung
disease, inflammatory diseases in general, obesity, and osteoporosis.
For these diseases, satisfactory solutions are still not provided by
medicine and nutrition.

By the end of the last century the technologies for fractionation
and purification of important food components such as: fractional
precipitation, ultracentrifugation, selective extractions, membrane
separation processes, different processes of dehydration, separation
chromatography (affinity, molecular exclusion, ion exchange, and
others), in addition to various forms of electrophoresis, were already
available to industries in general and to the food industry.

Ideal Diet: An Attainable Goal or Utopia (?)

It has been documented throughout the human evolution histo-
ry that primitive man would have developed their eating habits by
a process of trial and error, probably seeking to satisfy their senses,
notably the sensory senses involving the perception of color (vision),
taste (sweet, sour, salty), and mouth feel (texture, softness, viscosity,
chewiness). Considering the plasticity, flexibility, and adaptability,
characteristics of the human metabolism, it is assumed that a set of
environmental and metabolic stresses, on the primitive man, must
have acted strongly in the fixation of metabolic events and phenotypic
characteristics that came to be transmitted from generation to gener-
ation until the present times. Foods found in nature, not so abundant
in variety and quantity, probably led our ancestors to prefer foods of
greater hedonic appeal and high concentration of energy such as fat
and protein (in animals), starch, soluble sugars, and salts (in roots and
tubers, fruits and sea products, when available).

Not coincidentally, these are the favorite foods of modern civi-
lization to date, with the difference that they are provided in great
quantity and variety, because of the progress in agriculture and food

industry, particularly throughout the past century. Paradoxically, the
same foods that served as lifeline for our ancestors, in different parts
of the planet, seem to have been and continue to be the villains largely
responsible for what is known today as the Metabolic Syndrome, hav-
ing as component the fat deposition, corpulence and obesity, which
progress to diseases such as hypertension, diabetes, cardiovascular
and neurological diseases, according to some reports in the current
literature [132-138].

Considering the magnitude of the challenges that the food pro-
duction sector had to face in the last 100 years, it is observed that
there has been great evolution from simple demand for food for con-
sumption to a complete range of accumulated properties that include
complete product safety, sensory quality, nutritional value, and health
promotion. However, this set of accomplishments seems to indicate
only isolated successes. It is clear that the present state of the art has
added to products currently found on supermarket shelves the result
of'a complex set of isolated events, rather than the result of a series of
preplanned actions.

If we accept the premise that the human species is still evolving,
the goal of achieving an ideal diet seems unattainable; we would be
trying to reach a frontier that moves by evolutionary pressure. How-
ever, with the advances in genetics and human metabolism the con-
cepts of nutrigenomics (genomics, proteomics, metabolomics) can
now be applied, which enables the development of special diets for
specific individuals and groups, in order to solve some dietary prob-
lems in the short and medium term.

According to Kremer et al., [139] there is growing concern that
health is not merely the absence of disease but also involves continu-
ous adaptation to environmental changes. A new definition of health
emphasizes the ability of the organism to adapt to the constant chal-
lenges of physical, social, and emotional nature [140]. In the physi-
ological domain, a healthy organism is able to maintain physiologi-
cal homeostasis through changing circumstances, and that is called
“allostasis” [141]. In the context of metabolic health this ability to
adapt has been called “phenotypic flexibility” [142]. Chronic stress
can induce adaptation processes that surpass the limits of normal phe-
notypic flexibility, leading to a progressive inflexibility, which may
contribute to the establishment of diseases. Excess or lack of food
components in diet induces changes in phenotypic flexibility. Micro-
nutrients and bioactive compounds have key roles in the maintenance
of phenotypic flexibility, while excess energy, high intake of glucose,
sucrose and fructose or certain trans-fatty acids cause a decline in
phenotypic flexibility. The micronutrients are involved in many met-
abolic processes with exclusive and interactive functions in the body,
and which have been studied mainly in isolation.

Human health is based on a complete network of interactions be-
tween metabolic cycles, mechanisms, processes, and organs. Many of
these processes have to work in a constantly changing environment
(diet, infections, stress, temperature, exercise, etc.) and, therefore, in
constant struggle to maintain internal homeostasis, adapting to these
changes [142].

Also according to Kremer et al., [139], in order to progress in
nutrition-related health, there is clear need to characterize the com-
plexity that exists in the interactions between the nutrients and the
metabolic pathways, mechanisms, processes, and organs that lead to
human health. Moreover, it is clear that physical health is not the only
aspect of human health related to nutrition, since mental and social
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health interact with physical health. The aforementioned authors sug-
gest that, in order to advance the agenda of global nutrition, integrat-
ed nutritional research should be employed, using a system of health
markers covering relevant aspects of the domains of physical, mental,
and social health.

Challenges for the 2000s

Considering what has been presented here and the extensive lit-
erature available on what has been developed in food science and
technology and the new concepts concerning nutrition and health, in
the course of the last century to the present, it is unexpected the fact
that at the level of the general population the knowledge and practice
of nutrition still leave much to be desired. The question that has been
asked fairly often is: why investments in food science and technology
and the knowledge obtained in these areas have not translated into
greater benefits for the health of the population?

Food Science and Technology in Brazil

Based on what has been presented in previous pages in this arti-
cle and on the criticism — albeit veiled — of researchers and funding
agencies’ analysts directed to the scientific and technological research
in Brazil, the following can be inferred: 1) considering that Food En-
gineering is a multidisciplinary and applied field, whose ultimate pur-
pose is to provide the consumer public with healthy, nutritious, and
functional foods that are, preferably, affordable; 2) that such progress
is only achieved through innovation and development of new foods
that meet the rapid changes of consumers (such as the population’s
age and health profile); 3) also considering that the resources for re-
search and development have become increasingly scarce and scien-
tific progress has become more complex; 4) it is clear today more
and more the need for joint action — Food Science, Engineering, and
Technology — as the only way so as to achieve the desired objectives
and progress in food improvement, as part of the larger goal which is
the welfare of the Brazilian people.

To better illustrate what would be a desirable effort for integration
in food research and development network, we present the simplified
scheme in (Figure 1).

-

FUNDING AGENCY + PRODUCTION SECTOR

|, ADVISORY AND
MANAGEMENTCOM
MITTEE
PRIORITY AREAS

! }

FUNCTIONAL FOOD QUALITY AND NEW FOODS,
FOODS AND DIETS SAFETY INGREDIENTS,
ADDITIVES

N

LINES OF RESEARCH ‘

PROJECTS

Figure 1: Food research network.

e

Table 4 suggests the main lines of action to improve the availability of
functional diets and food for the population.

Education

Introduction of food education at all levels of formal education

Informal education by provision of information conducted by professionals
from the areas of medicine, food science and technology, and media (properly
guided)

Science and Technology

Basic research

2. Applied research

Technological research

Development of products for specific groups and purposes

Table 4: Strategies to improve the availability of functional diets and food
for the population.

Final Considerations

1. The knowledge in the area of nutrition has had significant advanc-
es because of the related sciences: Genetics, Chemistry, Biochem-
istry, Physiology, Microanalysis, Computing, and Bioinformatics.

2. Until the beginning of the second half of the last century were
established the foundations of traditional nutrition, with respect
to the mean needs of nearly all nutrients, with emphasis on those
considered indispensable in the diet (essential) and that enabled
the elimination of clinically manifest deficiency diseases, persist-
ing, however, marginal deficiencies of various micronutrients, in
various age groups of the population.

3. The needs and adequacy of caloric intake are still objects of dis-
cussion, for different age groups and physiological conditions.

4. Despite the possibility of elimination of deficiency diseases,
chronic and degenerative diseases have become more prevalent
from the second half of the last century to the present.

5. The concept of functional foods and diets introduced from 1980
has opened new frontiers and challenges in deepening the knowl-
edge of the causes and consequences of the so-called non-commu-
nicable chronic diseases.

6. Bioactive compounds present in foods (nutrients including bioac-
tive proteins and bioactive peptides, and non-nutrients) can have
very important roles in reducing the risk and in controlling these
diseases.

7. The success achieved in human genomics and in techniques of
microanalysis, structures, and statistics has enabled the emergence
of the science of bioinformatics.

8. Bioinformatics enables the evaluation of how genomic alterations
(genotype) are reflected in metabolic alterations (phenotype) and
the establishment of the roles of various compounds present in
foods (nutrients and non-nutrients) in these transformations,
which is conventionally called Nutrigenomics and/or Epigenetics.

9. The main objectives of Nutrigenomics and Epigenetics are the
deepening of the knowledge of the causes and of the control of
chronic non-communicable diseases and the possibility of devel-
opment of more appropriate diets, considering individuals and
groups with very similar genetic characteristics (genotype). This
is the main challenge for nutrition research for the 21 century.
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