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SUMMARY

The high nutritive value and diverse functional properties
of milk proteins are well known. In recent years, intense
scientific research has been focused on the identification
of factors within bovine milk that may be relevant to
improving human health. The best characterized whey-
based bioactive proteins include a-lactalbumin, B-lac-
toglobulin, immunoglobulins, lactoferrin, lactoperoxi-
dase and growth factors. These proteins exhibit a wide
range of biological activities that may influence the
digestive function, metabolic responses to absorbed
nutrients, growth and development of organs and disease
resistance. Some whey proteins may reduce the risks of
chronic human diseases reflected by the metabolic syn-
drome. Whey proteins are a good source of various
bioactive peptides which are encrypted within the pro-
teins and can be released during gastric digestion or food
processing by enzymes or microbes. Whey protein-
derived peptides have been shown to exert a wide range
of bioactivities affecting the cardiovascular, immune and
nervous systems. The efficacy of a few peptides has been
established in animal and human studies. A number of
commercial whey-based protein products with potentital
health benefits are on the market and this is envisaged to
increase on a global scale.

INTRODUCTION

Because of their high nutritional quality and versatile
functional properties, milk proteins have been studied in
depth for well over 50 years. Normal bovine milk con-
tains about 3.5% of protein, of which casein constitutes
80% and whey proteins 20%. The principal bovine casein
fractions are og-, 0g-, P- and Kk-casein, whereas human
casein consists mainly of B-casein and a small fraction of
k-casein. Whey is separated from the curd during
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cheeses-making process. During cheese manufacture
whole casein is removed from whole milk, what remains
is whey which contains lactose, proteins and lipids.
Advances in processing techniques have lead to indus-
trial production of whey products with varying protein
content. Due to good nutritional value and functional
properties of these products, whey is sold as nutritional
supplement, and is particularly popular in sport of body-
building. The bovine whey protein fraction contains six
major proteins, a-lactalbumin (a-La) and B-lactoglobulin
(B-Lg), glycomacropeptide, proteose-peptone 3,
immunoglobulins (Ig), and bovine serum albumin, which
together make up 85% of whey protein. In addition, milk
contain several proteins at very low or trace levels, the
most abundant being lactoferrin and lactoperoxidase.
These minor proteins are regarded as highly significant
due to their bioactivities. The major whey proteins in
human milk are IgA immunoglobulin, lactoferrin and a-
la, whereas no indigenous B-Lg is present (1-5).

There is increasing interest in whey as a potentially rich
source of bioactive compounds to reduce risk and/or to
prevent disease development. Several methods, such as
ultrafiltration, diafiltration and ion-exchange technology
have been used to concentrate and separate the proteins
from other components. The whey protein is then dried to
obtain whey protein concentrate (WPC) or whey protein
isolate (WPI), both of which are highly soluble, with pro-
tein levels ranging from 80-95%. Both WPC and WPI
have a wide range of food applications and, because of
their high protein content, can function as water-binding,
gelling, emulsifying and foaming agents. Processing
treatments used in the manufacture of WPC and WPI
may sometimes cause some protein denaturation, which
tends to affect their functionality.

Whey proteins have been reported to have utility in many
different applications ranging from effects on bone, mus-
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cle, blood, brain, immune, cancer, infection and wound

healing.

Besides intact proteins, increasing interest is focused on

peptides which may be released from proteins by enzy-

matic activity. Bioactive peptides may be encrypted in

the amino acid sequence of larger protein and usually

consist of 3-20 amino acids. Encrypted peptides can be

released in three ways:

1. hydrolysis by digestive enzymes

2. fermentation of milk with proteolytic starter cultures

3. proteolysis by enzymes derived from microorganisms
or plants.

In many studies, the above methods have been combined
successfully and there are now more than two hundred
biologically active peptides identified from milk proteins.
Whey proteins are also an important source of bioactive
peptides exerting various activities (4,6-9). Numerous
bioactivities including antihypertensive, antilipemic,
antimicrobial, antioxidative, opiate and immunomodula-
tory have been described for bovine whey protein-
derived peptides. This article provides an overview the
beneficial physiological effects of whey proteins and
peptides and gives their current and potential applications
on promotion of human health.

HEALTH EFFECTS AND APPLICATIONS

Table 1 shows the amino acid composition of main whey
protein fractions as compared to caseins (10). Apart from
being a balanced source of valuable amino acids which is
comparable to egg proteins, whey proteins have multiple
beneficial effects on human health (5,7). These emerging
health properties and clinical implications have attained
increasing industrial interest in recent years. The interest
is based on scientific data indicating that whey proteins
confer a number of physiological effects as shown in
Figure 1.

Table 2 gives examples of whey proteins and peptides
that have been employed commercially in recent years.

The potential of whey protein as a functional food com-
ponent to contribute to the regulation of body weight by
providing satiety signals that affect both short-term and
long-term food intake regulation has received much
attention during last years. More than 20 different regula-
tory peptide hormones are released in the gastro-intesti-
nal (GI) system and many of them are recognized to be
involved in the regulation of food intake and are sensitive
to gut nutrient content and composition. The effect of
whey proteins on food intake and body composition has

30

Table 1 Amino acid composition of main whey protein fractions compared to o;-casein and f-casein
Amino acid residue a-Lactalbumin f-Lactoglobulin BSA asl-Casein p-Casein
(123 amino acid (162 amino acid (582 amino acid (199 amino acid (209 amino acid

residues, MW 14,175) | residues, MW 18,277) |residues, MW 66,267) | residues, MW 23,614) | residues, MW 23,983)

Aspartic acid 9 10 39 7 4

Asparagine 12 5 12 8 5

Asx? 3

Threonine 7 8 334 5 9

Serine 7 16 25 16 16

Glutamic acid 8 9 59 24 18

Glutamine 5 2 19 15 21

Glxb 1

Proline 2 8 28 17 35

Glycine 6 4 16 9 5

Alanine 3 12 46 9 5

Cysteine 8 5 35

Valine 6 9 36 11 19

Methionine 1 4 4 5 6

Isoleucine 8 10 14 11 10

Leucine 13 22 61 17 22

Tyrosine 4 4 19 10 4

Phenylalanine 4 4 27 8 9

Lysine 12 15 59 14 11

Histidine 3 2 17 5 5

Tryptophane 4 2 2 2 1

Arginine 1 3 23 6 4

a), aspartic acid or asparagine undefined; b), glutamic acid or glutamine undefined; BSA, bovine serum albumin; Data taken from Eigen ez al (10)
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Figure 1 Whey proteins and peptides exhibit various properties
that can have positive effects on human health Informa-
tion compiled from 1-7
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been investigated in several animal and human studies
(11). Studies have demonstrated the effect of whey pro-
teins on appetite control, muscle sparing and lipid metab-
olism in healthy adults. The local effects of whey pro-
teins in the gastrointestinal tract, and in particular the
interaction with the brain-gut axis may be important.
Whey proteins (or their degradation fragments) have
been shown to inhibit dipeptidyl peptidase IV (DPPIV)
and thereby augment the insulinotropic effects of GLP-1
(12). This finding might be clinically very important. In a
recent study Pal ef a/ (13) found that supplementation of
whey protein in overweight/obese individuals for 12
weeks decreased total cholesterol and LDL cholesterol

levels compared with casein and control (glucose). Whey
protein also decreased plasma TAG, insulin and home-
ostasis model assessment of insulin resistance scores
compared with the control. These results indicated that
whey protein supplementation can significantly improve
metabolic risk factors associated with chronic diseases in
overweight and obese individuals. Researchers studying
the impact of dairy proteins on satiety, found that giving
whey protein before a meal reduced food intake, post
meal blood glucose and insulin, and the ratio of cumula-
tive blood glucose to insulin AUCs in a dose-dependent
manner (14).

Whey proteins and amino acid supplements have a strong
position in the sports nutrition market based on the pur-
ported quality of proteins and amino acids they provide.
Studies employing stable isotope methodology demonstrate
the ability of whey proteins or amino acid mixtures of simi-
lar composition to promote whole body and muscle protein
synthesis. Whey protein is a rich source of branched chain
amino acids (BCAAs) and leucine (Table I). BCAAs are
important for athletes since unlike the other essential
amino acids, they are metabolized directly into muscle
tissue and are the first ones used during periods of exer-
cise and resistance training. Leucine plays a distinct role
in protein metabolism and has been identified as a key
signal in the translation initiation pathway of muscle pro-
tein synthesis (15). In a recent study, whey proteins stim-
ulated postprandial muscle protein accretion more effec-
tively than casein and casein hydrolysate in older men.
This effect was attributed to a combination of whey's
faster digestion and absorption kinetics and higher
leucine content (16).

Table 2 Whey proteins and milk protein-derived peptides exploited in commercial applications

Stimulation of immune system

Protein/peptide Application/health claim Remarks

Immunoglobulins Prevention/treatment of oral or intestinal Commercial products against rotavirus and traveller’s diarrhea,
microbial infections potential for Helicobacter and hospital infections

Glycomacropeptide Weight management, dental caries No conclusive results on efficacy

Lactoferrin Prevention of enteropathogen and viral infections | Beneficial effect documented in several animal model studies

Prevention of pathogen contamination of raw meat| GRAS status and commercial use in USA

Human studies inconclusive

Lactoperoxidase system | Prevention of dental caries

Preservation of raw milk

Oral hygiene products are on the market
Approved by Codex Alimentarius Commission
In use in many countries with insufficient milk cooling facilities

Proven efficacy against mutans streptococci

(B-Lg hydrolysate)

Lactotripeptides Reduction of blood pressure Beneficial effect documented in animal model and human studies
(VPP, IPP) Commercial products (fermented milk) are on the market
Whey peptides Reduction of blood pressure Effects documented in animal and human studies

Commercial products are on the market

Alpha-casozepine Reduces stress

(0 1-casein f91-100)

Decreases anxiety in animal and clinical studies

Commercial product (drink, confectionery) are on the market

Information compiled from Hartman and Meisel (8), Korhonen and Pihlanto (9)
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WHEY PROTEINS
p-Lactoglobulin

B-Lg, a member of lipocalin family, is the most abundant
whey protein in bovine milk accounting for about 50% of
the proteins in whey but is not found in human milk. -
Lg displays a great variety of functional properties, such
as excellent heat-set gelation properties and water-bind-
ing. The protein’s behavior has been the focus of exten-
sive experimental work questioning of the role of B-Lg as
a transporter of hydrophobic molecules through the
acidic environment of the gut (17).

The endogenous function, apart from being an important
source of amino acids, is not known. It has been pro-
posed to participate in the digestion of milk lipids in the
neonate by enhancing the activity of pregastric lipase in
the neonate through removal of the fatty acids that inhibit
this enzyme. B-Lg binds to hydrophobic components,
including retinol and long-chain fatty acids and it has
been speculated that this protein may play a role in the
absorption and subsequent metabolism of fatty acids. The
biological activities of B-Lg have been associated with
antiviral, prevention of pathogen adhesion, anticarcino-
genic and hypocholesterolemic effects (18).

B-Lg has proven to be an excellent source of peptides with
a wide range of bioactivities. Peptides, Ile-Pro-Ala (f78-
80), Tyr-Leu (f102-103), Ala-Leu-Pro-Met-His-Ile-Arg
(f142-148), termed lactokinins inhibit the angiotensin-I-
converting enzyme (ACE) and represent potential ingredi-
ents for prevention and/or treatment of high blood pressure
(19). Hernandez-Ledesma et al (20,21) identified several
antioxidant peptides in the f-Lg A hydrolysate by corolase
PP. The peptides, Trp-Tyr-Ser-Leu-Ala-Met-Ala-Ala-Ser-
Asp-lle (f19-29), Tyr-Val-Glu-Glu (f42-46) and Met-His-
Ile-Arg-Leu (f145-149) possessed higher radical scaveng-
ing activity than butylated hydroxyanisole. Peptide Trp-
Tyr-Ser-Leu-Ala-Met-Ala (f19-25) and its derived pep-
tides Trp-Tyr (f19-20), Trp-Tyr-Ser (f19-21), Trp-Tyr-Ser-
Leu (f19-22) and Trp-Tyr-Ser-Leu-Ala (f19-23) have
shown both ACE-inhibitory and radical radical-scavenging
activity. B-Lactorpin (Tyr-Leu-Leu-Phe f102-105) is an
ACE inhibitor; moreover it improves vascular relaxation
in spontaneously hypertensive rats (SHR) and is an opioid
receptor antagonist suggesting it can modulate absorption
process in the intestinal tract (22). B-Lactotensin (His-Ile-
Arg-Leu f146-149) is released by chymotrypsin hydrolysis
and has ileum-contracting activity. B-lactotensin is a nat-
ural ligand for neurotensin NT2 receptor, has antistress
properties, promotes the abolition of fear memory, reduces
sensitivity to painful stimuli and consolidates memory
(23,24). Hydrolysis of B-Lg by trypsin liberates peptides
Ile-Ile-Ala-Glu-Lys (f71-75) and Ala-Leu-Pro-Met-His
f(142-146), termed lactostatin, have hypocholesterolemic
properties. Ile-Ile-Ala-Glu-Lys has shown to decrease
micellar solubility of cholesterol which leads to lower
absorption of intestinal cholesterol in animal studies. Lac-
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tostatin is also able to induce gene transcription of human
7a-hydroxylase, a cholesterol-metabolizing enzyme,
resulting in a hypocholesterolemic effect (25).

a-Lactalbumin

In mature bovine milk, the concentration of a-lactalbumin
(o-La) is 1-1.5g/L, comprising approximately 3.4% of the
total protein or 20% of the whey proteins. On the other
hand, o-La is the predominant whey protein in human
milk, levels increasing from 21% to 34% between days 1
and 14 of lactation. a-La concentrations in mature human
milk are 2.4440.64 g/L, determined in a multinational
study (26). a-La is fully synthesized in the mammary
gland where it acts as coenzyme for biosynthesis of lac-
tose. a-La catalyses the last step of the biosynthesis of lac-
tose and controls the subsequent movement of water into
the mammary secretory vesicles. It is therefore critical for
lactational control and secretion of milk. a-La has a globu-
lar structure at aqueous solutions and exhibits a high affin-
ity to metal ions, calcium in particular. Binding of calcium
is of utmost importance for maintaining the structure of
this protein. Calcium depletion at low pH causes structural
changes to form the so-called molten globule state. This
has important implications during purification processes
and for the bioactivity of protein (18).

Recent research suggests that the health benefits of a-La
for human consumption can be subdivided into three
groups: those related to

i the intact whole protein

ii peptides derived from the partly hydrolysed protein

iii amino acids of the fully digested protein (18).

a-La is a good source of the essential amino acids trypto-
phan and cysteine which are precursors of serotonin and
glutathione, respectively. Evening intake of a-La by
human volunteers increased plasma trypthophan bioavail-
ability and improved morning alertness and brain mea-
sures of attention (27). Scrutton et a/ (28) demonstrated
that daily administration of 40 g a-La to healthy women
increased plasma tryptophan levels and its ratio to neutral
amino acids but no changes in emotional processing was
observed. In rats, a-La ingestion enhanced serotonin
release and induced anxiolytic and rewarding effects sug-
gesting it has beneficial effect on mood. a-La can provide
protective effect against induced gastric mucosal injury
caused by intake of ethanol or non-steroid anti-inflamma-
tory drugs (NSAID) in animal models (29-31). a-La is
rich in sulphuric amino acid cysteine and it has been
demonstrated that an intake of cysteine-rich whey protein
diet tends to improve glycemic control and alleviate
sucrose-induced oxidative stress and development of
insulin resistance in rats fed a high sucrose diet (32).

Encouraging results in view of the potential use of a-La
in dietary regimes targeting at reducing the risk of devel-
opment of diabetes type two and obesity has been
obtained. Pilvi et a/ (33) showed that mice on lactoferrin
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diet had higher lost in weight and a-La and lactoferrin
resulted lower body fat content compared to WPI diet. Ad
libitum feeding after weight loss resulted in weight
regain in all groups and only the a-La diet significantly
reduced fat accumulation during weight regain. The
authors concluded that a high-Ca diet with a-La signifi-
cantly improved the outcome of weight loss and subse-
quent weight regain during the feeding of a high-fat diet
in mice, in comparison with WPI. In a recent study, espe-
cially a-La enriched yoghurt has been shown to suppress
hunger and the desire to eat more than the whey enriched
yoghurt (34). However, according to the EFSA Journal
(35), the proofs for increased satiety leading reduced
energy intake are not convincing.

In terms of cancer, a-La inhibits the growth of colon ade-
nocarcinoma cell lines in culture (36). A folding variant
of human a-La selectively enters tumour cells and
induces an apoptosis-like effect. This kinetically trapped
protein-lipid complex was named HAMLET/BAMLET
for human/bovine a-La made lethal to tumour cells. The
specific therapeutic effect of HAMLET in vivo has been
demonstrated on several examples such as human skin
papillomas, human glioblastoma tumour in mice and
mammary cells of mice (37,38).

a-La is an immunostimulator. It stimulates the production
of IL-1B by ovine bronchoalvelolar lavage macrophages
in culture (39). Immunopeptides Tyr-Gly (f18-19; £50-
51) and Tyr-Gly-Gly (f18-20) from the N-terminus of a-
La stimulate the proliferation of human blood lympho-
cytes in culture (40). An immunostimulating peptide,
Gly-Leu-Phe (f51-53) from bovine a-La binds to specific
sites on human neutrophils and monocytes, stimulates
superoxide anion production by neutrophils and human
monocyte-macrophage adherence and phagocytosis of
human senescent red blood cells. Moreover it protects
mice against Klebsiella pneumonia infection (41).

a-La derived-peptides have shown ACE-inhibitory
potencies, highest activity has been found with peptide
Trp-Leu-Ala-His-Lys a-La (f104-108) produced by
trypsin hydrolysis (42). a-lactorphin (Tyr-Gly-Leu-Phe,
£50-53), released by pepsin treatment is an opioid-like
peptide. The peptide inhibits the contraction of stimu-
lated guinea pig ileum and lowers blood pressure in con-
scious adult SHR. Both phenomena were naloxone-sensi-
tive suggesting that opioid receptors may be involved in
these effects. Moreover, a-lactorphin improved the
impaired vascular function in mesenteric arterial rings of
adult SHR. The beneficial effect was directed towards
endothelial function (43).

Glycomacropeptide

Glycomacropeptide (GMP) is a C-terminal glycopeptide
(f106-169) released from the k-casein molecule by the
action of chymosin. GMP is hydrophilic and pure GMP
can be recovered in large quantities from cheese. GMP
contains a significant (50-60% of total GMP) carbohy-
drate fraction which is composed of galactose, N-acetyl-
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galactosamine and N-neuraminic acid. The non-glycosy-
lated form of GMP is often termed caseinomacropeptide
or CMP (44). GMP is high in branched amino acids and
lacks the aromatic amino acids pheynylalanine, trypto-
phan and tyrosine. A lack of phenylalanine makes it one
of the few natural proteins that can be safely ingested by
individual with phenylketonuria. The potential biological
activities of GMP have received much attention in recent
years.

Oral GMP stimulates cholesystokinin (CCK) release, a
candidate satiety hormone, which may make this protein
useful component of a weight loss diet because CCK
slows gastric emptying, which may in turn promote sati-
ety (45). GMP has also been detected in the plasma of
volunteers after milk or yoghurt ingestion, suggesting
that GMP can be formed in the gut and then can be
absorbed intact into intestinal cells (46). GMP has been
associated with reduced daily food intake (47) decreased
weight gain and effect on fat accumulation when com-
bined with WPI (48). Based on these results, commercial
GMP or CMP containing products have been launched
on the market in recent years for the purpose of appetite
control and weight management. However, the clinical
efficacy of such products remains to be established. A
short-term intervention trial failed to show any effect on
satiety when 20 grams of CMP was administered daily as
a solution to human subjects (49). Recent study by
Koegh et al (50) suggests that GMP at doses employed
did not influence satiety levels or energy intake at a sub-
sequent meal.

GMP has been reported to bind cholera and Escherichia
coli enterotoxins, to inhibit bacterial and viral epithelial
adhesion, to promote bifidobacterial growth and to mod-
ulate the immune system response (51,52). Recent stud-
ies support the hypothesis that GMP may limit intestinal
inflammation acting, at least in part, on lymphocytes
(53). GMP was found to fully normalize the colonic
expression of interleukin (IL) 1B, IL17, 1L23, IL6, trans-
forming growth factor §, IL10, and Foxp3 in the dextran
sulfate sodium (DSS)-induced model of rat colitis. In
addition, the production of interferon-y by mesenteric
lymph node cells ex vivo was also normalized by GMP
treatment. These results suggest that GMP exerts intesti-
nal anti-inflammatory activity in this model, which may
be primarily related to actions on Th1l and Th17 lympho-
cytes and perhaps macrophages (54). All these results
indicate that GMP has a therapeutic value in preclinical
models of intestinal inflammation, however, more studies
have to be done to prove the efficacy in humans.

Immunoglobulins

The immunoglobulin (Ig) proteins form a diverse family
whose members, when in milk, protect the gut mucosa
against pathogenic micro-organisms. In bovine milk, the
predominant species of Ig proteins are members of the
IgG subfamily, in particular IgG1. Colostrums contain Ig
up to 70-80% of the total protein content, whereas in
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milk they account for only 1-2% of total protein. In
colostrums Ig’s role is to confer passive immunity to the
neonate while its own immune system is developing (55).
IgG proteins have multiple functions, including comple-
ment activation, bacterial opsonization (rendering bacter-
ial cells susceptible to immune response) and agglutina-
tion. They inactivate bacteria by binding to specific sites
on the bacterial surface, inhibiting bacterial adhesion to
epithelial cells. Ig can inhibit or reduce the production of
toxins and other harmful components by inhibiting bacte-
rial metabolism and by blocking enzymes and receptors.
Specific Ig can protect against viral infections by binding
viruses and preventing the virus replication by blocking
the receptor mediated internalization of viruses in the
host cells (56).

Most of the commercial Ig products are prepared from
colostrum by removing the fat, followed by microfiltra-
tion or pasteurization under conditions that remain the
biological activity (4). These supplements are promoted
to boost natural immunity against microbial infections
and general well-being without any specific microbial
target. Some products have been tested clinically for cer-
tain physiological function or prevention or treatment of
microbial functions. Few products boost specific health
or function claims, such as boosting immunity against
microbial infections or speeding recovery from physical
endurance exercises (57,58). The scientific clinical evi-
dence related to colostral supplements remains, however,
disputed and seems to be associated e.g. with faster
recovery from long endurance physical training among
athletes (59).

Low abundance proteins

Low abundance proteins include those proteins repre-
senting 1% or less of the protein content of whey. The
amounts of lactoferrin (approx. 0.2 mg/L) and lactoper-
oxidase (approx.0.03 mg/L) in milk are close to the limit
in terms of recovery of whey proteins for sale as
nutraceutical or food supplements. Growth factors are
present only in trace amounts, but since they retain their
activity during extraction they can have commercial
interest. Especially, bovine colostrum is rich source of
low abundance proteins, containing high amounts of
immunoglobulins, growth factors, cytokines and nucle-
osices (60).

Lactoferrin

Lactoferrin is a monomeric, globular, Fe(IlI)-binding
glycoprotein comprising 680 amino acids, giving a mole-
cular mass of 80 kDa. Lactoferrin is a member of the
transferring family, but unlike the eponymous protein, to
date there is no strong evidence that lactoferrin is
involved in iron transport or metabolism under normal
circumstances. Indeed, the protein is only lightly loaded
with iron (III) in milk, allowing it to perform a major
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bacteriostatic role by sequestering iron (III). Lactoferrin
is present in exocrine secretins such as milk, tears, nasal
exudates, saliva, bronchial and cervico-vaginal mucus,
seminal plasma and gastrointestinal fluid. It is synthe-
sized in various exocrine glands such as submucosal
glands of doducting airways, epithelial cells in mammary
glands and in neutrophils. Lactoferrin is promptly deliv-
ered by circulating neutrophils to sites of microbial inva-
sion. Lactoferrin is a multifunctional protein, with
antimicrobial, antioxidative, antiinflammatory, anticancer
and immune regulatory properties (61,62).

Commercial applications utilizing bovine lactoferrin and
its partially digested peptides are appearing as nutraceuti-
cals in infant formulas, health supplements, oral care
products and animal feeds. In addition, its reputed
antioxidant properties are being exploited in cosmetic
products. For a review on the remarkable properties of
lactoferrin and their commercial applications, see
Marnila and Korhonen (62).

Antimicrobial properties The first recognized antibacter-
ial property of lactoferrin was its ability to bind iron from
medium, hence preventing bacterial growth. Lactoferrin
has bacteriostatic and bactericidal activity against Gram-
negative and Gram-positive bacteria. Fungicidal activity
particularly against Candida species has also been
described. Moreover, lactoferrin is capable of inhibiting
replication of viruses. Proteolysis of lactoferrin by pepsin
produces N-terminal arginine-rich fragments, called
lactoferricin(s), which have antimicrobial activity as well
as activity as antiviral and antiparasitic agents (61:62),
Cancer prevention and immunological effects Lactofer-
rin has marked effects on immune cells in culture, being
an immunostimulator and immunoregulator. Both bovine
and human lactoferrin inhibit the proliferative response
and cytokine production of Thl, but not Th2 cell lines
(63). Oral ingestion of bovine lactoferrin stimulates the
immune system of the gut, and enhances and reconsti-
tutes the peripheral immune system. There are over 30
studies demonstrating that orally ingested bovine lacto-
ferrin reduces tumor growth. Orally administered lacto-
ferrin reduced the development of neoplastic cells in the
colon, oesophagus, and lungs of rats treated with carcino-
gens (64). Black tea polyphenols and bovine lactoferrin
had a synergistic effect in the prevention of chemically
induced buccal pouch carcinogenesis in a hamster model
(65). In healthy human volunteers, a treatment with oral
bovine lactoferrin of 50 g/day increased significantly the
proportion of neutrophilic precursors in the peripheral
blood and reduced the spontaneous production of IL-6
and TNF-a by cultured peripheral blood mononuclear
cells and enhanced chemotactic reactions by promoting
the recruitment of leukocytes to the inflammatory site
(63). Oral ingestion of bovine lactoferrin that has been
saturated with iron, designated Lft, appears to display
enhanced anti-tumor activity in combination with
chemotherapy. This combination was capable completely
eradicating tumors that are otherwise completely insensi-
tive to chemotherapy (for a review see 61).
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Other activities Lactoferrin protects against lethal endo-
toxin shock in germ-free piglets as it blocks the binding
of LPS to monocytes (66), and has myelosuppressive
effects in mice when injected intravenously (67). Lacto-
ferrin is a protease inhibitor which inhibits tryptase, and
cysteine proteases. Aerosolized lactoferrin inhibited air-
way hypersensitivity in sheep asthma model (68). Cor-
nish (69) demonstrated that both bovine and human
lactoferrin are anabolic factors for the bone in a mouse
model. Local injections of bovine lactoferrin into adult
mice resulted in an increased bone growth. In human
studies reviewed by Wakabayashi et a/ (61) lactoferrin
has been shown to increase eradication rate of H. pylori
gastritis when administered in connection of triple ther-
apy. Also, lactoferrin ingestion has decreased the inci-
dence of bacteremia and severity of infection in neu-
tropenic patients. In further human studies, lactoferrin
has been shown to alleviate symptoms of hepatitis C
virus infection, and to reduce small intestine permeability
in drug induced intestinal injury. Also, lactoferrin inges-
tion and topical application have proven beneficial in the
cure of tinea pedis. Clinical studies in infants have
demonstrated that oral administration of bovine lactofer-
rin preparations increases the number of bifidobacteria in
fecal flora and the serum ferritin level while the ratios of
Enterobacteriaceae, Streptococcus and Clostridium
tended to decrease.

OTHER WHEY PROTEINS
Lactoperoxidase

Lactoperoxidase (LPO) is a glycoprotein which occurs nat-
urally in colostrum, milk and many other human and ani-
mal secretions (70). LPO acts as a protective factor against
infectious microbes; it catalyzes an antimicrobial system
consisting of the thiocyanate anion (SCN-) and hydrogen
peroxide to generate short-lived oxidation products, primar-
ily hypothiocyanate (OSCN-), which kill or inhibit the
growth of a wide range of microorganisms, including bac-
teria, viruses, fungi, molds and protozoa (71).

Growth factors

It is now well documented that colostrum and milk con-
tain several factors which promote or inhibit the growth
of different cell types. The best characterized growth fac-
tors are beta cellulin (BTC), epidermal growth factor
(EGF), fibroblast growth factors (FGF1 and FGF2),
insulin-like growth factors (IGF-I and IGF-II), transform-
ing growth factors (TGF-B1 and TGF-B2) and platelet-
derived growth factor (PDGF). The concentration of
growth factors is highest in colostrum during the first
hours after calving and decrease substantially thereafter
(72,73). The growth factors have been associated with
many physiological functions affecting e.g. skin, intesti-
nal tract and bone health.
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Animal model studies have shown that EGF, IGF-I, and
both TGF forms can provoke various local effects on the
gut mucosa and can be absorbed intact or partially from
intestine into blood circulation (72). Several health-
related applications have been proposed for growth fac-
tors extracted from bovine colostral or cheese whey. An
acid casein extract rich in TGF-B2 has been tested suc-
cessfully in children suffering from Crohn’s disease.

WHEY BIOACTIVE PEPTIDES

There is increasing evidence from animal and human
studies that milk-derived bioactive peptides may deliver
many physiological effects in vivo, for example on the
gastrointestinal, cardiovascular, endocrine, immune and
central nervous systems. For this reason, milk-derived
bioactive peptides are considered as prominent candi-
dates for various functional foods targeted at promoting
specific body functions. As stated above, whey proteins
are good source of peptides. However, most studies with
whey protein-derived peptides have shown the activity
only in vitro and only few studies have been done in
vivo. The structural properties of peptides play an impor-
tant role in the bioactivity and bioavailability.

However, in most cases this is not yet well characterized
and only some general features have been found. The
examples of structure activity relationship and peptide
sequences of whey-derived bioactive peptides with dif-
ferent bioactivities are presented in Table 3 (data com-
piled from references 8, 19,20,74,75).

Production of bioactive peptides

1. Enzymatic hydrolysis

Enzymatic hydrolysis is the most common way to release
bioactive peptides from whey proteins. Hydrolysis of
milk proteins allows the selection of the protein substrate
and enzyme specificity to optimize the yield of bioactive
peptides. Pancreatic enzymes, especially trypsin and
other endoproteinases, such as chymotrypsin, pepsin and
thermolysin as well as proteinase extracts derived from
bacteria, moulds, plants and animal have been used (4).
Mullally et al (76) used gastric and pancreatic proteases
to hydrolyze whey proteins in order to obtain ACE-
inhibitory peptides. Hydrolysis of a-La and B-Lg with
pepsin and trypsin separately or in combination resulted
similar ACE-inhibitory activities. The order of enzyme
additions affected types of peptides present in final
hydrolysates but not on ACE-inhibition.

The amino acid sequence of milk proteins has been
reported, and can be used to evaluate the presence of
bioactive peptides by computer-aided models. In silico
screening was used to rank individual milk proteins
according to their potential to generate ACE-inhibitory
peptides and to evaluate the effect of initial proteolysis
on the formation of ACE-inhibitory peptides during gas-
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Table 3 Structural elements and activities of bioactive peptides
Activity Structural elements Remarks Encrypted protein | Identified peptides/names
Opioid Tyr at N-terminus, coupled with | Fits into the binding a-La a-lactorphin (Tyr-Gly-Leu-Phe)
another aromatic residue, e.g., site of opioid receptors B-Lg B-lactorphin (Tyr-Leu-Leu-Phe)
Phe or Tyr in positions 3or 4 Serum alb Serorphin (Tyr-Gly-Phe-Asn-Ala)
ACE inhibitory Hydrophobic amino acids Influences the binding a-La Lactokinins (Tyr-Gly-Leu, Leu-
or positive charge of Lys to ACE B-Lg Ala-His-Lys-Ala-Leu,
or Arg as C terminus Trp-Leu-Ala-His-Lys)
Lactokinins (Ala-Leu-Pro-Met-
His-Ile-Arg, Leu-Ala-Met-
Ala, His-Ile-Arg)
Antithrombotic [1e108 Lys!!2 and Asp!!s Important K-casein Glycomacropeptide
residues of casoplatelins antithrombotic
Sugar content activity
Antioxidant High amounts of His and Peptides with a Pro- B-Lg Met-His-Ile-Arg-Leu,
hydrophobic amino acids His-His sequence show Tyr-Val-Glu-Glu-Leu
greatest antioxidant activity
Hypocholesterolemic| Low ratios of methionine-glycine| Hydrophobic amino B-Lg Lactostatins (Ile-Ile-Ala-Glu-
and lysine-arginine in the dietary | acids bind bile acids and Lys, Gly-Leu-Asp-Ile-
proteins. High amount of enhance fecal steroid excretion Gln-Lys, Ala-Leu-Pro-Met-His)
hydrophobic amino acids
Antiobesity Peptide length Influences on CCK
Multiple Arg residues releasing activity
Necessary condition for CCK
release through binding to
intestinal cells
Antimicrobial Positively charged residues Trp involved in Lactoferrin Lactoferricin
and hydrophobic region that membrane interactions B-Lg Ala-Gly-Thr-Trp-Tyr, Ile-Pro-
contains tryptophan a-La Ala-Val-Phe-Lys
Gly-Tyr-Gly-Gly-Val-Ser-Leu-
Pro-Trp-Val-Cys-Thr-Thr-
Phe Ala-Leu-Cys-Ser-Glu-Lys
Information compiled from Hartmann and Meisel (8), Meisel et a/ (19), Hernandes-Ledesma ez al (20), Erdman et al (74) and Pellegrini et al (75)

trointestinal digestion. A database containing the amino
acid sequence of milk proteins was combined with the
database containing the sequence and ICsy-values of 498
ACE-inhibitory peptides reported in literature. Fifty dif-
ferent ACE-inhibitory peptides were identified in B-Lg,
giving the highest ranking among the milk proteins (77).

Dzuiba and Iwaniak (78) developed similar method, a
database containing protein and bioactive peptide
sequences. In another study, initial proteolytic cleavage
at the C-end of amino acids isoleucine and proline
increased ACE-inhibitory peptides after gastrointestinal
proteolysis of milk proteins. Cleavage after most other
amino acid residues had little or no effect (79). Theoreti-
cal predictions and simulations are considered as an
emerging tool in peptide science. Although these models
give some insight into the number and type of active pep-
tide sequences in milk and other food proteins, they do
not take into account the release of active peptides from
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the source proteins and therefore the results have to inter-
pret with caution (80).

The production of bioactive peptides using enzymatic
digestion can be studied using response surface method-
ology. Van de Ven ef al (81) showed that the ACE-
inhibitory activity of whey protein hydrolysates could be
controlled by systematic regulation of process conditions.
Roufik et al (82) demonstrated that the in vitro digestibil-
ity of bioactive peptides derived from bovine f-Lg is not
only influenced by pH, time of incubation and
enzyme/substrate ratio, but also by the length and the
nature of the peptides.

Also, other peptides present in the medium can influence
the hydrolysis by gastric enzymes. A higher degree of
proteolysis was obtained for pepsin and chymotrypsin
when the B-lactorphin (B-Lg f102-105) was combined
with B-Lg 92-105, than when peptides were hydrolysed
separately. It was suggested that in a mixture, peptides
may form complexes that interact more efficiently with
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the hydrolyzing enzymes compared with peptides alone.

2. Fermentation

Many industrially-used dairy starter cultures are highly
proteolytic. The peptides and amino acids liberated dur-
ing fermentation contribute to the typical flavor, aroma
and texture of dairy products. The proteolytic system of
lactic acid bacteria contribute to the liberation of bioac-
tive peptides during fermentation. The cell-wall bound
proteinases, which have a very broad specificity, initiate
the proteolysis and release of oligopeptides. Oligopep-
tides that cannot be transported into the cells can be fur-
ther degraded after lysis of bacterial cell, which allows
release of intracellular peptidases, such as di-, tri-,
amino- or endopeptidases. It is important to choose the
right strains or combination of strains with optimal prote-
olytic activity and lysis at the right time, as the number
of bioactive peptides relies on a balance between forma-
tion and degradation into inactive peptides and amino
acids (4). Over the last years several articles and book
chapters have reviewed the release of bioactive peptides
during fermentation. Many studies have demonstrated
that Lactobacillus helveticus strains are capable of releas-
ing antihypertensive peptides, the best known of which
are ACE-inhibitory tripeptides Val-Pro-Pro (VPP) and
Ile-Pro-Pro (IPP). Pihlanto-Leppélé et a/ (83) studied the
potential formation of ACE-inhibitory peptides from
cheese whey during fermentation with various commer-
cial lactic acid starters used in the manufacture of
yoghurt, ropy milk and sour milk. No ACE-inhibitory
activity was observed after fermentation, but further
digestion with pepsin and trypsin was needed to produce
ACE-inhibitory properties. Belem et al (84) fermented
whey with Kluyvermyces marxinaus var marxianus and
identified peptide corresponding to f-lactorphin sequence
in the hydrolysate. In a recent study, Pan and Guo (85)
fermented whey with Lb. helveticus LB10 and identified
a novel ACE-inhibitory peptide from B-Lg (f148-153,
Arg-Leu-Ser-Phe-Asn-Pro). Paul and Somkuti (86)
demonstrated that antimicrobial and hypotensive
polypeptides released from lactoferrin by pepsin remain
mostly intact at pH 4.5 when added into yoghurt at the
end of the fermentation process.

3. Enrichment and separation of bioactive peptides
Various technologies have been applied for the enrich-
ment and separation of bioactive peptides from the
hydrolysates. Membrane filtration shows most potential
to be used in pilot and industrial scale preparation. Use of
precipitation is limited due to low specificity and chro-
matography due to high cost.

Stepwise filtration Stepwise filtration has been found to
be useful to separate small peptides. Pihlanto-Leppéald
(87) enriched successfully opioid and ACE-inhibitory
peptides from a-La and -Lg using membranes with mol-
ecular weight cut-off of 1 and 30 kDa. The peptide sepa-
ration from a tryptic hydrolysate of whey protein using
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nano/ultra-filtration is influenced by the characteristics of
the membrane and the ionic strength and pH of the solu-
tion (88). Moreover peptide-peptide interactions can
influence the transmission of bioactive peptides (89).
Electro-membrane filtration (EMF) was applied to selec-
tive separate cationic peptides from a tryptic hydrolysate
of B-Lg (90).

Chromatography Chromatographic separatory methods
have been applied to purify lactoferricin from pepsin
treated lactoferrin. Recio and Visser (91) described a
method where the protein of interest was concentrated in
a chromatographic medium and hydrolysed in situ with
an appropriate enzyme. Alternative method is absorptive
membrane chromatography, which combines the use of
chromatography with membrane filtration. The strong
acidic membrane has been applied for the purification of
lactoferricin (92).

Efficacy of peptides

The potential physiological role of bioactive peptides
derived from milk proteins and the in situ formation of
these peptides in the gastrointestinal tract is still largely
unknown. It is known that di- and tri-peptides are
absorbed easily in the intestine. Little, however, is known
about the absorption of bioactive peptides with larger
molecular weight in the intestine. In order to exert a bene-
ficial effect, for example anti-hypertensive peptides have
to be absorbed from the intestine and reach the target cell
in the blood vessels in substantial concentrations. Many
studies in vitro have been performed to determine the sta-
bility of different ACE inhibitory peptides to survive gas-
trointestinal passage and to determine if ACE inhibitory
peptides can be transported through intestinal cells. Walsh
et al (93) have studied the stability of B-Lg (f142-148).
The peptide was degraded by gastric enzymes and human
serum. Moreover, B-Lg (f142-148) could not be detected
in the sera of 2 human volunteers following its ingestion
or in sera from these volunteers subsequently spiked with
B-Lg (f142-148). Vermeirssen et al (94) demonstrated that
this peptide could be transported intact through a Caco-2
Bbe cell monolayer. However, the concentrations trans-
ported were reported to be too low to exert an ACE-
inhibitory effect in vitro. While valuable information can
be obtained from in vitro model systems with respect to
the proteolytic/peptidolytic stability and susceptibility to
intracellular passage, however, it is only through in vivo
studies that the hypotensive affects of a given peptide or
peptide preparation can be reliably assessed. Based on
data from clinical and preclinical in vivo studies, the
absorption and bioavailability of milk-derived tripeptides
is poor due to extensive hydrolysis in the gastrointestinal
tract (95). The peptides absorbed in the circulation are
also eliminated very rapidly. Furthermore, it should be
mentioned that in vivo kinetic studies investigating the
absorption, distribution, metabolism and excretion of the
biopeptides are, in general, very sparse.
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Numerous studies in spontanecously hypertensive rats
(SHR) as well as in hypertensive human volunteers have
been performed to determine the antihypertensive effect
of milk-derived peptides. These studies demonstrated
that several ACE-inhibitory peptides significantly reduce
blood pressure, either after intravenous or oral adminis-
tration. The best characterized ACE-inhibitory peptides
are Val-Pro-Pro and Ile-Pro-Pro, found in fermented
milk. About twenty human studies have been published
linking the consumption of products containing these two
tripeptides with a significant reduction in both systolic
blood pressure (SBP) and diastolic blood pressure
(DBP). Maximum blood pressure reductions approximate
13 mmHg (SBP) and 8 mmHg (DBP) after active treat-
ment compared to placebo, and are likely to reach after
8-12 weeks of treatment. Effective dosages of tripeptides
range from 3.07 to 52.5 mg/day. In vivo comparative
studies with captopril, a clinically used ACE inhibitor,
have shown that ACE-inhibitory peptides with an antihy-
pertensive effect exhibit higher in vivo activity than
could be expected from their in vitro activity (8,74,96-
99). Although data from in vitro studies suggest that
tripeptides act as ACE inhibitors at high concentration, it
is unlikely that tripeptides at dosages used in the clinical
studies produces such high plasma levels due to very
poor bioavailability of the peptides. As the dairy products
supplemented with biopeptides contain substantial
amounts of potassium, calcium and magnesium,
increased intakes of these electrolytes may explain, at
least in part, the antihypertensive effects of the tripep-
tides reported in clinical and preclinical studies.

Animal studies have shown that whey hydrolysates and
peptides have antihypertensive (43,100) and hypocholes-
terolemic activity (25). Pins and Keenan (101) evaluated
the effects of a whey hydrolysate in 30 subjects with mild
hypertension. After 6 weeks of treatment the whey
hydrolysate (20g/day) group significantly reduced SBP
by 8 mmHg and DBP by 6 mm Hg compared to control.
An additional benefit of lower LDL cholesterol and C-
reactive protein (a marker of inflammation) was also
noted in the whey hydrolysate group. The most likely
mechanism for this blood pressure-lowering effect is
inhibition of ACE activity because milk has been shown
to be a rich source of ACE inhibitory peptides. A recent
study by Ballard et al (102) suggested that individuals
with normal endothelial function, the acute ingestion of a
peptide derived from whey improves both conduit and
resistance vascular response. The results indicate that the
peptide could be of value in populations with vascular
dysfunction or as a method to attenuate vascular dysfunc-
tion associated with postprandial period.

CONCLUSIONS
AND FUTURE PROSPECTS

Our appreciation of milk has grown substantially from a
time when it was seen purely as an excellent source of
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protein and calcium. Dairy-derived bioactive ingredients
have attracted growing attention in the food and pharma-
ceutical industries over the last decade. Technologies
have been developed for recovery of bioactive compo-
nents from milk, whey and colostrum and studies have
been carried out to establish the activities of these com-
ponents in different food matrices. However, there are
many investigations of the effects of milk proteins and
peptides in vitro and on cells in culture, but whether the
results are relevant for oral feeding outcomes remains to
be established in many cases.

The data for claiming effect on human health is still
insufficient in many cases. The active components may
be degraded during digestion, may not be absorbed or not
attain the appropriate concentrations in blood or target
tissues that are required for acting significantly. Process-
ing procedures, especially heating, may influence on the
bioactivity and may also lead to formation of undesired
toxic, allergic or carcinogenic substances. Moreover, the
bioactivity of the molecules may be reduced through
alteration during processing or interaction with other
food components. Protein hydrolysates can have bitter
taste which prevents use as food additive.

There is a challenge for food technologist to develop
functional foods and nutraceutical without the undesired
side effects of added hydrolysates or peptides and to sta-
bilize the peptides during processing and shelf life. Mov-
ing from science to commercial applications seems now
appropriate as the fundamental biological properties and
mechanism of action of milk proteins, bioactive peptides
and growth factors are reasonably well established. It
appears that the wide biological diversity of these com-
ponents make them an excellent source for a number of
applications in health-promoting foods. However, con-
trolled trials in humans are mandatory when claiming a
health effect for a food component. So far, the sour milk
products containing the tripeptides, are examples for
food products available on market whose effects on
blood pressure has proven in human trials. Also effects of
whey proteins and peptides have been demonstrated in
human trials to prevent microbial infections, stimulation
of immune system and reduction of blood pressure
(Table 2).

In view of the current global trend of increasing preva-
lence of obesity and type two diabetes, more experimen-
tal research should be focused on whey proteins and pep-
tides which can regulate appetite, reduce inflammation
signals and manage blood glucose balance. More
research is also warranted about the impairment of cogni-
tive functions, memory-related diseases and mood con-
trol. In this context, antioxidative and opioid properties
of whey proteins and peptides are worth further investi-
gations.

It can be envisaged that several special whey protein for-
mulations and peptide-based products will be developed
and marketed as part of a regular healthy diet.
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