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Milk Proteins: Processing of Bioactive Fractions and
Effects on Gut Health

Anindya Mukhopadhya and Torres Sweeney

Additional information is available at the end of the chapter

Abstract

Milk is nature’s most complete food. While milk clearly provides basic nutritional
requirements, bioactive components within milk also impart a wide range of addition‐
al health benefits to both the neonate and the adult. However, human milk is compo‐
sitionally different from cow’s milk, and certain protein components of cow’s milk can
act as allergens to susceptible humans. One way of extracting the benefits of cow’s milk
proteins, while eliminating the risk of allergenicity in humans, is to hydrolyse the milk
proteins. Hydrolysis of milk proteins generates smaller peptide sequences from their
parent protein that can be biologically active when released. At an industrial scale,
hydrolysis of milk proteins can be achieved through either enzymatic hydrolysis or
fermentation. An alternative process of generating similar sized peptides is by in silico
synthesis. These compounds can subsequently be developed as fortifying food agents.

A number of milk-derived bioactives have been characterised with a variety of health
benefits in the gastrointestinal tract. These biological activities include supporting the
establishment of a healthy commensal microbiome, suppressing the colonization of
pathogenic bacteria and supporting barrier function. Hydrolysates of casein and whey
also impart anti-inflammatory and immunomodulatory activity. This chapter gives an
overview on the future potential of food grade milk hydrolysates to support homeo‐
stasis in the gastrointestinal tract.

Keywords: milk hydrolysates, anti-inflammatory, gut health, gut microbiota, gut ho‐
meostasis

Chapter 1
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1. Overall composition of milk

The overall composition of milk depends on a range of factors including genetics (species and
breed), physiological state (age and stage of lactation) and environment (food and climate) [1–
5]. While water is the main constituent of milk, comprising ~87% of the total volume, the
remainder is composed of carbohydrates, fats and proteins in varying volumes across different
species [6–8]. Among the numerous nutritional benefits of milk, milk proteins have gathered
enormous attention for being a ‘complete’ protein as they provide all nine essential amino
acids (leucine, isoleucine, valine, phenylalanine, tryptophan, histidine, threonine, methio‐
nine, lysine) required by humans [9]. The proteins in milk are categorised into major pro‐
teins that include casein and whey fractions [1] and minor proteins that include lactoferrin,
lactoperoxidases, lipases, lactase [6, 10] and miscellaneous proteins (cytokines, immunoglo‐
bulins, etc.) [11].

2. Milk protein hydrolysates

The process of breaking down milk proteins to shorter peptide sequences is termed ‘hydrol‐
ysis’. This process happens naturally in the gastrointestinal tract and can be simulated in the
laboratory or on an industrial scale. During the normal transit through the gastrointestinal
tract, milk proteins are exposed to proteinases such as pepsin, trypsin and chymotrypsin which
break them down into smaller peptides. These peptides are further digested by brush border
peptidases present at the surface of intestinal epithelial cells where they produce amino acids;
however, some oligopeptides still remain intact [12]. In laboratory or at an industrial scale,
milk hydrolysates are released either by treatment of milk proteins with food grade en‐
zymes or through fermentation with bacteria, which is described in detail in the following
sections.

The shorter peptide sequences often possess bioactive properties beyond their nutritional
contribution along with eradicating any protein-specific allergenicity [13, 14]. Processing and
enriching for food grade bioactive peptides is a goal for the functional food industry. A
functional food can be described as:

‘a food that can beneficially affect one or more target functions in the body beyond adequate nutrition‐
al effects in a way that is relevant to either an improved state of health and well-being and/or a reduction
of risk of disease’ [15].

Once the hydrolysates are released, they can potentially have bioactive properties which can
exert their effects in receptive cells, including those present in the gastrointestinal tract [16].
The bioactivities of the resulting hydrolysates are variable depending on a range of factors,
including the enzyme used, the processing conditions and the final size of the peptide sequence
following hydrolysis [17]. The degree of hydrolysis (DH) is defined as the percentage of
cleaved peptide bonds, i.e. the number of hydrolysed bonds per total number of peptide bonds
in the protein [18]. This affects the size and amino acid composition of the peptides, which
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subsequently determines the biological activity of the peptide. Hence, DH is an important
consideration from the perspective of functional food research [19].

2.1. Enzymatic hydrolysis

The enzymatic hydrolysis process is conducted under mild conditions (pH 6–8, temperature
40–60°C) to minimise side reactions and to retain the amino acid composition similar to the
starting material [17]. Enzymatic hydrolysis improves the solubility and heat stability of
peptides, which is of benefit to the food industry. However, consumption of certain en‐
zymes leads to allergic or toxic responses; hence, consumer safety is an important factor and
requires the regulation of enzymes used for hydrolysis [20]. Enzymes that obtain ‘generally
recognised as safe’ (GRAS) status and special approval of ‘food grade’ quality are legally
considered as safe [20]. The food grade enzymes generally used to hydrolyse milk proteins
into hydrolysates include pepsin, trypsin and chymotrypsin [21, 22]. In addition, food grade
proteolytic enzymes, derived from microorganisms, can also be used to generate hydroly‐
sates [23]. Proteolytic enzymes are of two types, depending upon their hydrolysing mecha‐
nism: endopeptidases which hydrolyse peptide bonds within protein molecules and
exoproteases which hydrolyse N or C terminal peptide bonds. Post enzymatic hydrolysis, the
hydrolysates usually need an additional treatment. The most common procedures include
ultrafiltration, heat treatment and/or activated carbon treatment to control molecular size and
elimination of bitterness in the hydrolysates [17].

2.2. Hydrolysis through microbial fermentation

Fermentation of milk proteins with proteolytic starter culture is another method of bulk
production of hydrolysates. Safety measures should be considered with regard to toxicity and
pathogenicity associated with the microorganisms used for fermentation. Food grade
microorganisms with no related toxigenic and pathogenic response in humans are widely
used. During microbial fermentation, milk proteins are subjected to ‘splitting’ as they are
broken down by the proteolytic system of microorganisms [24]. Bacterial cultures of Lactobacilli
spp., Lactococci spp. and Streptococci spp. are commonly used to generate hydrolysates from
milk [25]. The proteolytic system of lactic acid bacteria (LAB) contains cell envelope-associat‐
ed proteinases, endopeptidases, aminopeptidases, tripeptidases and dipeptidases for the
production of hydrolysates [26]. LAB requires free amino acids and peptides for their growth,
which they obtain from milk proteins by degradation [27]. The peptides or hydrolysates not
utilised by bacteria can promote various bioactivities. LAB proteinases hydrolyse more than
40% of the peptide bonds in α-S1 and β-caseins, producing oligopeptides ranging from 4 to 40
amino acid residues [28]. Fermentation parameters such as enzyme/substrate ratio, composi‐
tion of medium, heat treatment, temperature, pH and carbon/nitrogen ratio influence the
release of hydrolysates from milk proteins. An alternative strategy used by food industry is
starter LAB culture along with food grade enzyme to hydrolyse milk proteins. This strategy
not only increases the peptide content of the hydrolysate but also diversifies the bioactivity of
the hydrolysate [27].
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2.3. Peptide synthesis

The in silico synthesis is an alternative process for generating peptide sequences modelled on
various milk protein hydrolysates. Depending upon the length and quality of the desired
peptide, either recombinant DNA technology or chemical synthesis methodologies can be used
to synthesise peptides [29]. The application of recombinant DNA technology is preferable if
the objective is to generate large peptides consisting up to several hundred amino acids.
However, this is a long and expensive process. Chemical synthesis is currently used for
laboratory scale peptide synthesis, especially for peptides used in therapy [30]. However,
chemical synthesis uses toxic reagents that may contribute to environmental pollution and
generates unwanted peptide by-products. Instead, the solid-phase synthesis approach, which
is a variant of chemical synthesis, can generate peptides composed of 10 to over 100 residues
in small scale, using lower amounts of chemicals [31]. Modification of peptide function by
substitution of a particular amino acid in the sequence is easily done in solid-phase synthe‐
sis [30].

3. Models used for bioactivity evaluation and challenges

After the generation of milk hydrolysates, their bioactivity profile needs to be determined. In
laboratory or at an industrial scale, the primary screening for the bioactivity is performed on
in vitro platforms, using various cell culture models. Due to the difficulty in growing pri‐
mary intestinal epithelial cells, cell lines derived from human intestinal tissues have been used
extensively such as Caco-2, HT-29 and T-84 cells, as reviewed by Shimizu et al. [32]. Caco-2,
HT-29 and T-84 cell cultures functionally resemble colonic enterocytes; however, these cultures
only have a single cell type. This limits the understanding of the mechanistic effects of
hydrolysates in a heterogeneous cell environment such as that of in vivo. This limitation is
overcome by the use of intestinal tissue explants. Following the idea that pigs are good models
for human research, our group used porcine intestinal tissue explants to test the bioactivity of
seaweed extracts in an ex vivo system [33]. Further studies were carried out to establish the ex
vivo model by our group, and Bahar et al. concluded from his study that explants from porcine
gastrointestinal tract can be used to test the bioactivity of test compounds up to 3 h post-
mortem [34]. Hence, the cellular heterogeneity of the tissue explants helps in better under‐
standing of the effects of hydrolysates on cell growth, differentiation and functionality [35, 36].
Our group has applied these in vitro and ex vivo models for screening and testing the anti-
inflammatory activities of milk hydrolysates [37, 38].

Although cell- and tissue-based model systems are an alternative to animal experiments, they
do not reflect the in vivo conditions of cells and tissues in their natural state in the organism.
The experimental culturing environment lacks the effect of endocrine and nervous systems
that are involved in the homeostatic regulation in vivo, and hence animal and human trials are
necessary for the full evaluation of bioactives. The difficulty to characterise the ‘pharmacoki‐
netic’ and ‘pharmacodynamic’ properties of hydrolysates creates a challenge for researchers
[39]. In vitro studies do not consider the degradation of the peptides by gastric, pancreatic and
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small intestinal brush border enzymes. Most therapeutic peptides act systemically; however,
only nano-molar or pico-molar quantities may be transported to the circulatory system due to
enzymatic degradation in the gastrointestinal tract [39, 40]. Hence, findings between in vitro,
ex vivo and in vivo experiments can be inconsistent. Overcoming these inconsistencies requires
standardized methodologies for the analysis and the application of robust clinical trials in
order to evaluate both the efficacy and metabolic fate of a particular hydrolysate [40].

4. Functionality of bioactive hydrolysates

To date, the bioactivities of a wide variety of hydrolysates have been characterised using in
vitro, ex vivo and in vivo experimental platforms (Table 1). Hydrolysates are easily ingested in
functional food offerings; however, their bioavailability might be affected due to post-
ingestion break down. As seen in an in vivo trial by our group, milk hydrolysates with potent
anti-inflammatory activity in in vitro and ex vivo platforms [37], lost this activity in the
gastrointestinal tract of weaning piglets, most likely due to breakdown in the stomach
(Mukhopadhya et al. In Press). These milk hydrolysates, combined with a viscous β-glucan,
travelled to the distal section of gut with intact bioactivity (Mukhopadhya et al. In Press). The
following sections review the potential for a spectrum of different milk hydrolysates to support
the activities of the gastrointestinal tract microbiota, the gastrointestinal tract immune system
and the gastrointestinal tract mucosal barrier to support homeostasis in the gastrointestinal
tract.

Protein hydrolysates Approximate
content in cow
milk (g/l)

Hydrolysis
process

Related bioactivity in
gastrointestinal tract

References

Total casein ~80% EH Bifidogenic [51, 52]

EH Antimicrobial [62]

EH ↑Mucin [72, 77]

EH ↑IgG, ↑IgA [88]

EH,
Fermentation,
PS

Immunomodulation [37, 38, 92, 93, 99]

α-S1 casein 9.1 EH Antimicrobial [62]

EH,
Fermentation

↑IgG, ↑IgA [86, 87]

α-S2 casein 2.4 EH Antimicrobial [62]

EH,
Fermentation 

↑IgG, ↑IgA [86, 87]

β-Casein 8.5 EH ↑Mucin [74, 75]

EH,
Fermentation

↑IgG, ↑IgA [86, 87]
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Protein hydrolysates Approximate
content in cow
milk (g/l)

Hydrolysis
process

Related bioactivity in
gastrointestinal tract

References

k-Casein 3.0 EH Antimicrobial [64]

EH Immunomodulation [94, 100, 101]

Total whey ~18% Fermentation Bifidogenic [53]

EH Antimicrobial [60]

EH ↑Mucin [78, 79]

EH ↑IgG, ↑IgA [89]

EH Immunomodulation [89]

α-Lactalbumin 1.1 EH Antimicrobial [60, 65]

EH ↑Mucin [73, 80]

β-Lactoglobulin 2.8 EH,
Fermentation

Bifidogenic [54]

EH Antimicrobial [60]

EH ↑Mucin [76]

Lactoferrin,
lactoperoxidase,
lysozyme, proteose-peptone,
glycomacropeptide

~3% EH Bifidogenic [55, 56, 58]

EH, PS Antimicrobial [67, 68, 69]

EH, PS ↑IgG, ↑IgA, ↑IgM [90]

EH, enzyme hydrolysis; PS, peptide synthesis

Table 1. Milk protein hydrolysates, content in cow’s milk, hydrolysis process used and their related bioactivity.

4.1. Prebioitc activity of milk hydrolysates

The World Health Organisation now recommends breastfeeding for up to 6 months, as breast
milk has a major positive impact on the health and growth of the infant [41]. One of the most
important benefits of breastfeeding the newborn is the colonisation of the gut by ‘healthy’
microbiota. ‘Healthy’ gut microbiota confers nutritive, metabolic and protective functions that
affect intestinal physiology, immunity and whole-body metabolism. The establishment of a
‘healthy’ microflora in the gut during early life is crucial for the healthy development of a
balanced immune regulatory network in the gut, a feature which affects the overall health of
the individual [42]. Beneficial gut microorganisms aid gut health by releasing growth
substrates from milk [43], improving vaccine responses [44] and decreasing gut permeability
[45, 46]. After birth, the gut is colonised with bacteria from four main phyla namely Bacter‐
oides, Proteobacteria, Firmicutes and Actinobacteria, and these phyla in turn influence the
development of the gut-associated lymphoid tissue (GALT) [47, 48].

Milk hydrolysates show bifidogenic activity, i.e. they support the growth of Gram-positive
anaerobic bacteria namely Bifidobateria spp., in the gut [49, 50]. The prebiotic characteristics of
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milk hydrolysates are outlined in Table 1. For example, a proteolytic casein hydrolysate [51,
52] and hydrolysates of whey proteins fermented with Lactobacillus casei strains [53] effective‐
ly stimulate Bifidobacteria spp. growth. Interestingly, proteolytic digestion of β-lactoglobulin,
a major whey protein of the bovine milk that is absent in human milk, generated peptides
supporting both Bifidobacterium and Lactobacillus spp. growth [54]. In vitro peptic digestion of
human and bovine lactoferrin [55, 56] and a synthetic peptide modelled on lactoferrin [57]
have confirmed bifidogenic activity. Not only hydrolysates of major proteins but hydroly‐
sates of the minor milk proteins, proteose-peptone, also supported the proliferation of
Bifidobacterium animalis [58].

4.2. Antimicrobial activity of milk hydrolysates

Antimicrobial milk peptides prevent attachment and invasion of pathogens by either direct‐
ly interacting with the pathogen and killing them or changing the host environment, leading
to the inhibition of growth of microorganisms [59, 60]. The direct interaction of antimicrobial
milk hydrolysates with microorganisms is specific, as they show affinity towards polarised
bacterial membranes rather than dipolar membranes of eukaryotic cells [50]. There is grow‐
ing evidence that the antimicrobial property of milk hydrolysates is related to the formation
of α-helical structure of the peptides. The modifications of peptide’s secondary and tertiary
structures by phosphorylation of specific amino acid or chemical modification of C or N
terminal dramatically affects the antimicrobial activity [50, 61]. Another mode of action for
antimicrobial peptides is by aggregating in the cytoplasmic membrane, disrupting the
membrane permeability of bacteria, and causing cell death [13, 30]. On the contrary, the indirect
antimicrobial activity of milk hydrolysates is achieved by decreasing the host intestinal pH
and thus limiting the growth of pathogenic microorganisms. This mechanism is also known
as ‘colonisation resistance’ [57].

The antimicrobial effects of milk hydrolysates have been listed in Table 1. Casein is a major
source of antimicrobial peptides, and hydrolysates of α-S1 casein exert protective effects
against Staphylococcus aureus, Streptococcus pyogenes and Listeria monocytogenes [62]. Peptic
hydrolysis of α-S2 casein generated two hydrolysates with antimicrobial activity against
Gram-positive and Gram-negative bacteria, specifically Saccharomyces thermophilus and E. coli,
respectively [62]. α-S2 casein is not present in human milk, hence hydrolysates from bovine
α-S2 casein have interesting potential as a novel human gastrointestinal tract microbiota
modulating agent [63]. The minor subunit of casein, κ-casein, inhibits the adhesion of
Helicobacter pylori, an early-life pathogen, to human gastric mucosa [64]. The digestion of major
whey proteins, α-lactalbumin and β-lactoglobulin, by trypsin and chymotrypsin releases
peptides with antimicrobial activity against specific Gram-positive bacteria [60]. However,
hydrolysates of α-lactalbumin, generated by protease treatment, have antimicrobial proper‐
ties with regard to E. coli, Klebsiella pneumoniae, Staphylococcus aureus, Staphylococcus epidermi‐
dis, Staphylococci and Candida albicans [65]. Milk products fermented with Lactobacillus paracasei
CBA L74 have anti-inflammatory activities in response to Salmonella typhimurium infection in
mice [66]. Lactoferrin has gathered most attention as a source of antimicrobial peptides [67].
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Pepsin digestion of bovine lactoferrin generated hydrolysates that are amphiphilic and
displayed antimicrobial activity against a broad range of Gram-positive and Gram-negative
bacteria including Listeria, E. coli, Salmonella and Campylobacter but not against several strains
of Bifidobacterium [68]. Lactoferrin hydrolysates also act against the most important fungal
pathogen in humans, Candida albicans [69].

4.3. Milk hydrolysates preserve gastrointestinal mucosal integrity

The intestinal epithelial cell layer of the gastrointestinal tract lies at the border between the
gut-associated lymphoid tissue (GALT), which is the most abundant accumulation of
lymphocytes in the body, and the intestinal lumen which contains a high number of dietary
antigens and a varied commensal microbiota [70]. The intestinal epithelial cell layer is covered
by a mucus gel, which functions as a protective layer for the gastrointestinal system. This
barrier function includes the prevention of entry of pathogenic microorganisms, toxins and
allergens. The mucus gel is composed of glycoproteins called mucins, with up to 20 mucin
genes identified. Mucin genes are expressed by specific cells (goblet cells and enterocytes) and
categorised as gel-forming secretory mucins (Muc2, Muc5AC, Muc5B, Muc6, etc.) or mem‐
brane-bound mucins (Muc1, Muc3, Muc4, Muc13, etc.) [71]. Interestingly, mice deficient in the
Muc2 gene develop spontaneous colitis and consequently colon cancer.

Milk hydrolysates can influence the expression and secretion of mucins, as outlined in Table
1. The modulation of mucin production by milk hydrolysates may assist in the development
of dietary strategies to enhance and protect the mucus layer. In rats, jejunal ex vivo studies,
hydrolysates of casein and α-lactalbumin increased mucin secretion, whereas the native casein
did not have any effect [72, 73]. An enzymatic hydrolysate of β-casein enhanced mucin
secretion by up-regulating Muc2 and Muc3 genes in rat intestinal cells (DHE) and Muc5AC
gene in human intestinal cells (HT29-MTX) [74, 75]. In a similar experimental model, the
enzymatic hydrolysates of β-lactoglobulin were even more effective in increasing mucus
production compared to a β-casein hydrolysate [76]. Rats receiving a casein hydrolysate
supplemented diet had up-regulated the expression of Muc3 and Muc4 genes in the small
intestine and colon [77]. This β-casein fragment, which up-regulated Muc5AC in HT29-MTX
cells, also up-regulated Muc2, Muc4, defensin 5 and lysozyme expression in rat ileum [75]. In a
dextran sulphate sodium (DSS)-induced colitis model in rats, diets supplemented with either
cheese whey protein [78] or whey protein isolate [79] or α-lactalbumin [80] displayed gut
protective effects by increased mucus production. The protection of the gut from DSS challenge
by cheese whey protein was possibly mediated by its high threonine and cysteine content. In
fact, specific amino acids such as threonine, cysteine, proline and serine increase the number
of Muc2-containing goblet cells, up-regulate mucin synthesis and eventually help to restore
Enterobacteriaceae, Enterococcus and Lactobacillus populations in the gastrointestinal tract, thus
enforcing the gut defence mechanism and mucosal healing in DSS challenged rats [81].
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4.4. Milk hydrolysates can modulate the gastrointestinal immune system

The intestinal mucosa exists in a non-pathological state of continuous ‘physiological
inflammation’. This low level of inflammation is required to prime the GALT for potential
pathogenic bacteria [82]. The mucosal immune system features immune cells including
neutrophils, monocyte/macrophages, dendritic cells, mast cells, B and T cells. The crosstalk
between intestinal epithelial cells, gut microbiota and local immune cells is essential to
maintain intestinal homeostasis, whereas, dysregulation leads to chronic intestinal
inflammation [83]. Much of the experimental data come from model organisms such as mice
and rats; however, a number of studies have been carried out in humans. Several examples of
anti-inflammatory activity exhibited by a variety of milk hydrolysates across a range of
experimental models are listed elsewhere [59, 60, 82, 84].

Several milk protein hydrolysates enhance immune cell function by increasing secretion of
immunoglobulins, as outlined in Table 1. Immunoglobulins are glycoprotein molecules that
specifically recognise antigens from bacteria or viruses and aid in their destruction through a
highly complex and specific immune response [85]. Hydrolysates of αs1-casein, αs2-casein
and β-casein stimulated the immune system through the enhancement of immunoglobulin
G (IgG) and IgA concentrations [86, 87]. Casein hydrolysates conferred protective effects
against pathogenic microorganisms in mice challenged with bacterial endotoxin, LPS, by
increasing intestinal and faecal IgA and anti-LPS IgA levels [88]. Similar modulation of
immune response was recorded in mice against E. coli infection, when receiving trypsin/
chymotrypsin-digested whey protein fractions [89]. Not only strengthening the immune
response but post-weaning complications were also eradicated in piglets supplemented with
bovine lactoferricin and lactoferrampin fusion peptide by increasing serum levels of IgA, IgG
and IgM concentrations and improved diarrhoeal scores [90].

Immune cells, such as monocytes and macrophages, play an important role in inflammatory
responses and tissue repair and remodelling by either interacting directly with microorgan‐
isms during infections and/or secretion of cytokines that mediate biological effects [91]. Milk
hydrolysates can modulate the gastrointestinal immune system by modulating proliferation
and maturation of localised immune cells; the immunomodulatory activities of milk hydroly‐
sates are outlined in Table 1. Casein peptides induced innate host immune responses in
humans, by stimulating the proliferation of lymphocytes and macrophages, [92] and in mice,
by activating monocytes and macrophages [93]. On the contrary, rennin-digested κ-casein
fragments inhibited the proliferation of mouse spleen lymphocyte and rabbit Peyer’s patch
cells [94]. The mechanisms of this κ-casein fragment include acting either as an anti-IL-1
antibody or suppressing IL-2 receptor expression on CD4+ T-cells [95]. Functionally, the
phagocytic activity of inflamed murine macrophages was increased by Lactobacillus helveti‐
cus-fermented skim milk through increasing TNF-α production [96].

Particular milk hydrolysates modulate the MAP kinase and NF-κβ pathways that consequent‐
ly control the secretion of several cytokines that can induce inflammatory responses and
strengthen the host defence mechanisms [97]. Mice supplemented with Lactobacillus helveti‐
cus R389-fermented milk peptides had increased circulatory intestinal calceneurin enzyme, an
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activator of the gastrointestinal immune system and cytokine IL-6 [98]. Interestingly, the
immune response against LPS was inhibited by casein-derived peptides in Balb/c mice diet by
increasing circulatory anti-inflammatory cytokines IL-10 and IL-14 and suppressing proin‐
flammatory cytokines TNFα and IFNγ [99]. Similar suppression of a pro-inflammatory
response by down-regulation of IL-8 in inflamed Caco-2 cells was recorded by casein hydro‐
lysate and its size fractions [37, 38]. Further validation of the anti-inflammatory activity was
performed in porcine colonic explants and the casein hydrolysate, and its size fractions down-
regulated IL-1α, IL-1β and IL-8 expression [37, 38]. Bovine κ- casein hydrolysate inhibited
circulatory IFNγ secretion and suppressed IL-10 and FoxP3 expression in concanavalin A
(ConA)-stimulated rat splenocytes [100]. This bovine κ-casein, in a human macrophage cell
line U937, was associated with the suppression of circulatory pro-inflammatory cytokines
IL-1β, TNFα and IL-8 production [101]. However, whey protein hydrolysate up-regulated the
immune response in E. coli infected mice by increasing circulatory serum transforming growth
factor (TGF)-β secretion [89].

5. Future developments

The potential health benefits of milk hydrolysates are a subject of growing commercial interest
from a health-promoting functional-food perspective. Several commercial products are
currently available in the market, and this trend is likely to continue. There are three major
areas where developments can be made. The generation of milk hydrolysates is the first area
of development. The generation and processing of food grade milk hydrolysates should be
carefully designed to yield hydrolysates with diverse bioactivities. Novel technologies can be
developed, focussing on the process of enrichment of the hydrolysates with active peptides
from milk proteins. The second area of development is the research technologies used to
evaluate the bioactivity of milk hydrolysates. The investigation of biochemical properties using
newly developed modern analytical technologies is required to understand the cross reactiv‐
ity between milk hydrolysates and the carrier food matrix. Third, robust platforms should be
developed to study the molecular mechanisms by which the bioactives exert their activities.
This area is the most challenging research area as the outcome from these studies forms the
basis of tailored dietary formulations.
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Donkey Milk Proteins: Digestibility and Nutritional
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Additional information is available at the end of the chapter

Abstract

Donkey milk is particularly recommended for infant nutrition as substitute of cow milk
in case of sensitive neonates (showing cow milk protein allergies). Its protein compo‐
sition and the ratio between caseins and whey proteins reveals a high similarity with
human milk, thus, in the last 10 years, an increasing interest arose to obtain a full
characterisation of donkey milk proteins, here acknowledged. Digestibility data, mainly
derived in vitro with human gastrointestinal enzymes, showed the high digestibility of
donkey caseins and major whey proteins, except lysozyme and α-lactalbumin which
proved to be quite resistant. The reported antimicrobial properties of donkey milk open
concrete  possibilities  to  use  donkey  milk  as  natural  food preservative.  Due  to  its
attractive healthy properties, donkey milk was investigated for useful applications or
to develop novel foods characterised by a high nutritional profile.

Keywords: donkey milk, proteins, nutritional value, digestibility, novel food

1. Introduction

A newborn who is fed colostrum (milk of the first 3–5 days of lactation, reinforced with transfer
immunity factors) and then mature milk greatly benefits for a healthy growth, fulfilling all
nutritional requirements and perinatal passive immunisation. The early feeds should be easily
digestible and well tolerated to achieve a suitable intake and reduce the risk of diseases, mainly
favoured by the passage of milk proteins and peptides which, after digestion, stimulate the
mucosa immune system of the infant [1]. The milk of each species is designed to meet the specific
needs of the neonate; however, when breastfeeding is not possible, or after weaning, it becomes
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important to find an adequate alternative nourishment. This is particularly challenging for the
infants affected by cow milk protein allergies (CMPA) that, occasionally, are associated with
clinical cross-reactivity between milks of other ruminants [2]. In addition, if multiple milk protein
allergies appear, the use of soy-based formulas or extensively hydrolysed protein formulas is
not recommended to avoid the risk of cross-sensitisation [3]. Contrarily, equid milk, especial‐
ly donkey milk, showed to be well tolerated by children with CMPA in terms of clinical tolerability
[4, 5], likely associated to the comparable protein fraction composition between donkey and
human milk. With the exception of a notably lower fat content, donkey milk is characterised by
a gross composition similar to human milk, with a close ratio between casein/whey proteins
which is believed to play a crucial role in the sensitisation to cow milk protein fraction, reducing
the allergenic capacity [6]. Although further studies, including in vivo tests, are desirable to
achieve more consistent results on its hypoallergenic properties, an increasing interest is arising
around donkey milk. Indeed, recent investigations on the protein and fatty acid profile [7, [8],
main mineral composition [9], some vitamin contents, microbiological and hygienic aspects [10,
11], greatly contributed for a wider knowledge on this milk. The majority of surveys on the
quality of donkey milk have been conducted in Italy, but some data are also available from the
milk of Chinese and Balkan donkey breeds [12]. A distinctive value of donkey milk is especial‐
ly related to its antimicrobial properties which were more extensively documented [13–15].
Furthermore,  numerous  evidences  reported  several  health-promoting  properties  such  as
antioxidant activity [16], the regulation of immune response in healthy elderly consumers [17]
and anti-proliferative and anti-tumour in vitro effects on human lung cancer cells [18]. Besides
infant diet therapy, the attractive nutritional features shown by donkey milk could also be
addressed  to  other  categories  (e.g.  elderly  population)  or  employed  in  alternative  food
formulations.

This chapter will focus on the mainly characterised proteins of donkey milk, showing their
nutritional value, the related impact on the human digestive system, and some potential
applications in the dairy field.

2. Donkey milk caseins

Total protein content of donkey milk ranges between 15 and 18 g/L and the casein fraction
represents about 35–45%, much lower than the milk of ruminants (>70%) but more similar to
human milk (<30%). The available knowledge on donkey milk caseins is limited, compared to
conventional dairy species and a full characterisation was also complicated by their hetero‐
geneity, partly due to post-translational processes, genetic polymorphism, non-allelic deleted
forms [19]. A combination of electrophoretic, chromatographic, and proteomic-based meth‐
ods allowed the identification of the four casein fractions (αs1-, αs2-, β-, and k-casein). Casein
(CN) distribution of donkey milk showed β-casein as the predominant one, followed by the
αs1-casein whereas αs2-casein was detected as minor component [7, 19]. k-casein was only found
in traces and is reported to be the most heterogeneous individual casein, likely due to different
levels of glycosylation [19]. Donkey CSN2 gene has been sequenced (GenBank FN598778.1)
and β-casein’s primary structure of donkey milk has been completely characterised [20], using
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mare’s β-CN derived from cDNA, as reference. It is constituted of 226 amino acids and it has
a molecular weight of 25,529 Da, containing seven potential phosphorylation sites, together
with two additional ones (located at Thr12 and Thr207), analogously to the homologous
mare’s β-CN. According to Chianese et al. [19], the full-length β-CN and its deleted form were
both found equally phosphorylated with 5, 6, and 7 P/mole, together with a novel β-CN variant
which showed the same phosphorylation pattern but a higher molecular weight (>28 mass
units) than the most common β-casein.

Donkey αs1-CN contains 202 amino acids and has a molecular mass of 24,406 Da, prior to post-
translational modifications [21]. The related CSN1S1 gene has been sequenced (GenBank Acc.
Num. FN386610) and a rare mutation was reported to be associated (Marletta et al., personal
communication) with the apparent absence of this fraction in the milk of a jennet belonging to
Ragusano breed [22]. A remarkable heterogeneity of this protein was assigned to either discrete
phosphorylation (5, 6, and 7 P/mole) or non-allelic deleted forms, generated by incorrect RNA
splicing as already shown in the homologous goat and sheep casein [19]. αs1-CN of donkey
and cow shows a low homology and their difference in the amino acid sequence of the IgE-
binding linear epitopes may be responsible for the hypoallergenic properties [23]. Regarding
the αs2-CN of donkey, the CSN1S2 gene (GenBank Acc. Num. CAX65660.1) has 2 forms (I and
II) that differ in structure and encoded protein sequence. The major form (CSN1S2 I) con‐
sists of 19 exons and encodes a 221 amino acid protein, whereas the CSN1S2 II form is
shorter (16 exons and 168 encoded amino acids). The existence of different splicing isoforms
has been also suggested [24, 25], whereas three main phosphorylated components have been
described for αs2-CN, each accounting for 10, 11, and 12 P/mole [19]. All these structural
variations may influence protein allergenicity [26]. Finally, the CSN3 gene sequence has also
been determined in donkey (GenBank Acc. Num. FR822990.1) but only a specific immunos‐
taining was able to detect k-casein in donkey milk; it was surely due to the low amount of this
fraction and to its great heterogeneity, so that eleven k-casein components were found in an
individual sample [19].

3. Donkey milk whey proteins

Donkey milk is characterised by a high proportion of whey protein. Most of the alleged
nutritional properties of this milk can be attributed to this fraction, that is mainly composed
of β-lactoglobulins (β-Lg) α-lactoalbumin (α-La) and lysozyme (Lyz). The other three minor
proteins immunoglobulins (Igs), serum albumin (SA), and lactoferrin (Lf) are also present.
Even if the whole whey protein fraction is considered to be responsible for the low bacterial
count of donkey milk [15, 27], the antimicrobial activity is mainly attributed to Lyz and, to a
lesser extent, to Lf [28]. These minor proteins, together with Igs, are believed to work in
synergy, for inhibiting microbial growth and reducing the incidence of gastrointestinal
infections [1, 29, 30].

Donkey β-Lg, that is the most abundant whey protein, consists of two components: a major
β-Lg I of 162 amino acid residues and a minor β-Lg II of 163 residues, which possesses an
additional Glycine between the 116th and the 117th residue, as it occurs in mare’s milk. β-Lg I
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(gij125913) represents about 80% of total β-Lg and presents only two variants, A and B: the
former is of 18,528 Da, the latter is of 18,514 Da [31]. In contrast, β-Lg II (gij125904) (Mw 18,200
Da), representing only the remaining 20%, has five variants: A, B, C [31, 32], D [33], and E [34]
with molecular weights ranging from 18,227 (variant B) to 18,311 (variant D). Very recently, a
new variant, with a predicted molecular weight of 18,315, has been identified in Ragusano
donkey breed by direct DNA sequencing (Marletta et al., personal communication). β-Lg,
absent in human milk, is generally considered to be one of the main causes of CMPA [35]
because it can elicit an allergic reaction in sensitive subjects [28]. To this point, the identifica‐
tion of animals producing milk lacking in β-Lg II protein [22] appears promising to solve
potential residual cases of reactivity [36]. Interestingly, donkey β-Lg was found to be highly
degraded (70%) in vitro by human gastric and duodenal juice [37] in comparison to cow
counterpart [38]; this feature could enhance the formation of derived bioactive peptides in gut,
with potential antimicrobial activity [14]. Donkey α-lactalbumin (α-La) contains 123 amino
acid residues and has a molecular weight of 14,215 Da [39]. Only one α-La genetic variant
(gij262063) with two isoforms, characterised by different isoelectric points (pI 4.76 and 5.26,
respectively), have been identified so far [33, 40]. Even though donkey α-lactalbumin shows
a striking sequence homology with C-lysozyme, which is a known powerful antibacterial
agent [41], there is no direct evidence of antimicrobial activity of donkey α-La and/or its
derived peptides, so far. Lysozyme (Lyz), whose content is particularly high in donkey milk
(up to 4 g/L), has two variants (A and B) both containing 129 amino acids (gij126613; gij126614)
and a molecular weight of 14,632 Da, which differ in three amino acid substitutions at
positions 48, 52, and 61 as previously described [32, 33]. In general, lysozyme has an impor‐
tant role in the intestinal immune response since it acts as a powerful antibacterial protein,
splitting the bonds between N-acetylglucosamine and N-acetylmuramic acid of the peptido‐
glycan [42]; thus, Gram-positive bacteria are more sensible to Lyz than the Gram-negative.
However, a synergistic action with lactoferrin is supposed to enhance antibacterial action
against also towards some Gram-negative bacteria [15]. These natural preservative proper‐
ties could be the reason for lengthy shelf-life reported for raw donkey milk [13, 15].

Immunoglobulins (IgGs) of donkey milk show a high content in comparison with human and
bovine counterparts [28] since they are supplied to the foal only after parturition to fortify the
natural immunopassive system of the neonate. The presence of IgGs in colostrum and then
(in lower amount) in mature milk is still a matter of debate for attributing health beneficial
effects to a given milk type or for consuming raw milk [43]. Donkey lactoferrin (Lf) is an 80-
kg/mol iron-binding multifunctional glycoprotein that exerts several biological activities [40,
44]; it is generally associated with antimicrobial, antiviral, immunomodulatory, and anti-
carcinogenic activity [[45] for a review], although its content in donkey milk is relatively low
compared to lysozyme. Finally, lactoperoxidase (LP), an oxidoreductase enzyme with
protective function against microorganism infections, is found at a small concentration in fresh
donkey milk [46, 47]. LP is known to be inactivated by high temperature but this enzyme could
be of significant nutritional interest in raw-fresh milk, because working in synergy with
lactoferrin and lysozyme could contribute to enhance the natural preservative action of donkey
milk [15].
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4. Remarks on donkey milk digestibility

Digestibility of donkey milk proteins was firstly assessed by Tidona et al. [14] in a simulated
gastrointestinal digestive process using human gastric and duodenal juices; donkey caseins
proved to be rapidly digested since after 1 hour of digestion only about 7% remained intact.
The acid coagulum observed in the acidic conditions of gastric digestion (pH ~2) was very fine
and the formation of a soft precipitate was also reported in equine and human milk, which is
physiologically more suitable for infant nutrition than the firm coagulum formed by bovine
milk [48]. Casein micelle size of donkey milk (about 298 nm) was found to be much larger than
the one of human milk (64 nm), as it is inversely related to the k-casein content [49]; this
condition, together with the relative abundance of β-casein, may be the reason for the high
susceptibility to hydrolysis by gastrointestinal enzymes [38]. Certainly the low protein and
casein content of donkey milk might favour the fast digestible caseins compared to high casein
predominant milk of other species.

Regarding the whey proteins, β-lactoglobulins showed to be quite resistant to gastric en‐
zymes (mainly pepsin) but were highly degraded by human duodenal juice (~30% remained
undigested) contrarily to what was reported from cow and goat milk [38]. Digestibility of β-
Lgs could be even enhanced in the individual milk of donkeys lacking β-lactoglobulin type II,
achieving a higher rate of degradation [37]; this is nutritionally relevant since human milk is
typically devoid of β-lactoglobulins. Donkey α-lactalbumin is the most resistant protein, since
the 95% was found undigested after 1 hour of in vitro digestion [37], so that it reaches the gut
relatively intact as already reported for milk of other species [38]. Similarly, lysozyme was
quite resistant to human gastrointestinal enzymes, although at a lower extent (~75%) com‐
pared to α-lactalbumin, and was also found to be thermal stable after high pasteurisation
treatment [27, 50]. Particularly interesting is the high digestibility of Donkey Lf by gastric and
duodenal juice [37]. This evidence suggests that lactoferrin might play a further biologic role
directly in the gut [51] as well as through its bioactive peptides, called lactoferricin (Lfcin) and
lactoferrampin (Lfampin), as already observed in cow milk. The presence of these proteins and
the peptides derived (so far unidentified) during digestion could still inhibit sensitive bacteria
in the intestine as the antimicrobial activity exhibited by the digested donkey milk was even
enhanced [14]. Among the other minor whey proteins (such as immunoglobulins, serum
albumin, and lactoperoxidase), weak data are reported given their low concentration in
donkey milk, but warrant further investigations to evaluate how the natural immunepassive
system may be affected by the digestion process.

5. Nutritional value and potential applications

Since ancient times, queens and empresses like Cleopatra and Poppea used to take a bath in
donkey milk, experiencing its smoothing and lenitive properties. Nowadays, donkey milk is
still used in cosmetic preparations but the renewed interest shown by the scientific commun‐
ity is mostly oriented for feeding purposes. Namely, donkey milk was defined as “pharma‐
food” for its nutritional, nutraceutical, and functional properties [16]. To enhance the
nutritional value, donkey milk was considered a suitable matrix as carrier of probiotic bacteria,
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when supplemented in concentrated freeze-dried cells, reporting a high viability of L.
rhamnosus and L. paracasei in donkey milk [52], which could be useful for the prevention and
treatment of antibiotic-associated diarrhoea [53].

The peculiar high lysozyme content and the antimicrobial activity shown by native donkey
milk were tested by its addition to goat milk, which is often used as hypoallergenic drinka‐
ble milk, to evaluate the inhibition of pathogen bacteria under refrigerated storage condi‐
tions; an inhibited growth rate was especially evident for Staphylococcus aureus, Listeria
monocytogenes, and Campylobacter jejuni [54]. Moreover, the employment of donkey milk was
recently proposed as an alternative to egg lysozyme, in order to prevent blowing defects in
long seasoned cheeses [55]: the addition of donkey milk (1.1% v/v), significantly contributed
to reduce the presence of coliforms in cheese.

Despite the high lysozyme content, which tends to inhibit several bacteria, some less sensi‐
tive lactic acid bacteria were used to ferment donkey milk, which resulted in a non-conven‐
tional ingredient to deliver fermented milks of new generation [56]. Recently, a fermented
beverage based on donkey milk emulsified with sunflower oil was developed, showing an
increased folic acid content, a higher level of polyunsaturated fatty acids, and more favoura‐
ble lipid quality indexes (atherogenicity and thrombogenicity index) than donkey milk itself
[57]. The manufacture process for yogurt production with donkey milk was also attempted
with the addition of two adjunct probiotic strains: the resulted product presented a higher
antioxidant activity and a lower lactose content, which aims to meet nutritional require‐
ments of certain consumers groups [16]. Besides, rheological aspects related to donkey milk
fermented products are limited by the low protein and casein content because the acid-induced
coagulation of equine caseins behaves more as a micellar flocculation rather than gelation [28]
and a high tendency to syneresis [57]. Indeed, the protein content (low in caseins) and
profile (poor in k-casein) of donkey milk are not very suitable for transformation as the use of
bovine chymosin leads to a very weak gel, without curd formation. Yet, raw donkey milk was
surprisingly employed in cheese-making using a new coagulant, a pure camel chymosin which
increases the substrate binding and determines a higher milk clotting activity [58]; the result
was a soft cheese that allowed merely 3.3% of cheese yield. The manufacture of the cheese was
only obtained with fresh donkey milk, since any heat treatment prevented coagulation. Thus
the mechanism underlying the enzymatic coagulation of donkey milk needs further research.
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Additional information is available at the end of the chapter

Abstract

Lactoferrin (LF) is a member of the transferrin family that is a cationic iron-binding protein.
It is an 80-kDa glycoprotein that is found in many secretions in the body and is highly
present in milk and colostrums. It exerts antibacterial effects and has a wide range of
biological activities. Moreover, it is considered as a precursor of different peptides that
have multifunctional bioactivities. During the last decade, several applications of LF and
its peptides have been discovered, which has led to its commercial production. Therefore,
LF and its peptides can offer a variety of specialized ingredients that can be tailored to
meet the needs of natural food preservatives and functional food ingredients.

Keywords: lactoferrin, structure, purification, food preservation, therapeutic activities

1. Introduction

Milk is the first complete functional food devised by nature for the protection and develop‐
ment of newborn mammals. The antimicrobial and bioactive components in milk have received
strong attention in recent years. These components have been isolated from a variety of sources
including cheese whey and colostrums from hyperimmunized cows [1].  Lactoferrin (LF),
lactoperoxidase system, lactoglobulin, and lactolipids are the most common antimicrobial
preservatives in dairy industry [2].

The biodefensive properties of mammalian milk proteins have been well described and widely
acknowledged for many years. As early as 1930, it was reported that milk possessed active
inhibitors [3]. LF was originally discovered in cow’s milk in 1939, which was identified as a
red iron-binding protein, so it was called LF (lacto=milk; ferrin= iron) [4]. Later, Schade and
Caroline [5] isolated an iron-binding protein from human serum “serotransferrin,” which was
later named transferrin.

Chapter 3

30
________________________ WORLD TECHNOLOGIES ________________________



WT

Milk is the major source of LF. It is abundantly excreted in colostrums of human milk in a
concentration up to 7 g/L and the LF concentration in mature milk declines approximately 7-
fold in time during lactation to 1 g/L [6]. LF concentration in milk varies among different
mammals. In bovine milk, LF occurs in relatively low amounts from 0.02 to 0.03 g/L, al‐
though, in colostrums, this amount is much higher from 2 to 5 g/L [7], whereas, in rats and
dogs, no LF has been detected so far [8].

LF, a member of the transferrin family, is a cationic iron-binding protein that is found in many
exocrine secretions, including milk, tears, saliva, and serum [9]. It exerts antibacterial effects
by limiting iron availability for microorganisms [10]. In addition, it shows some biological
activities as immunomodulatory effect and chemoprevention of carcinogenesis [11].

It has been demonstrated that peptides derived from LF by pepsin digestion showed higher
antimicrobial activity against both Gram-positive and Gram-negative bacteria than intact LF.
However, other proteases such as trypsin, chymotrypsin, and plant and microbial proteases
do not generate significant antimicrobial peptides from LF [12]. Antimicrobial peptides
purified by high-performance liquid chromatography (HPLC) have been extensively used for
the fractionation and identification of peptides on a laboratory scale [13]. This system allows
the high resolution of peptides in a short time. Therefore, these peptides are potential food
preservatives that can suppress microbial growth. However, liquid chromatography is a
relatively expensive system for the large-scale preparation of peptides; moreover, some
solvents used in chromatography are harmful to humans and not suitable for food process‐
ing [14]. Therefore, there is a large-scale, low-cost, and biocompatible approach to peptide
fractionation based on the amphoteric nature of the sample peptides dissolved in water [14].
This approach is referred to as autofocusing that is considered as a potential industrial peptide
fractionation process [15]. In the sight of these facts, the concerns of this chapter were

• Structure of LF;

• Methods of production, isolation and purification of peptides derived from LF;

• Stability of LF and its derived peptides; and

• Bioactive properties and applications of LF and its derived peptides.

2. Structure

LF is an iron-binding monomeric glycoprotein with a molecular weight of approximately 80
kDa [7]. Moore et al. [16] demonstrated some physicochemical characteristics of bovine LF. Its
carbohydrate content is 11.2%, maximal iron content is 1.4 mg/g, isoelectric point is 8, and
absorbance at 465 nm of 1% solution (iron saturation) is 0.58.

LF consists of 692 amino acids. The protein contains a single polypeptide chain folded into two
distinct lobes called N- and C-lobe, referring to the N- and C-terminal parts of the molecule,
respectively [17]. Both lobes have the same fold, consistent with their high level of sequence
identity; in each case, the lobe is subdivided into two sublobes or domains called N1, N2, C1,
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and C2, respectively. It is separated by a deep interdomain cleft that surfaces an iron-bind‐
ing site (Fe3+), which is tightly bound in synergistic cooperation with a bicarbonate anion [18].
The use of this anion can affect the metal binding capacity, giving pH control of iron release
[19]. Furthermore, LF retains iron to as low as pH 3.5. This gives LF a more potent iron
withholding capacity than other transferrins [7]. There is just a single covalent link between
the two lobes, which is called a hinge region that forms a short helix conformation with three
turns and represent the sequences 334 to 344. In the N-terminal lobe of LF, the sequences start
in one domain, move into the second domain, and then back into the first domain before
running through a short helix to the C-lobe where the folding pattern is repeated [17].

The two domains fold with a ligand-binding site that is exploited by many binding proteins,
including the large family of bacterial periplasmic binding proteins [20]. Moreover, LF is also
highly basic due to a unique basic region in the N-terminal of the molecule. One important
consequence of this property is that LF can bind with many acid molecules, including heparin
and various cell surface molecules [21]. Also, there is a positive charge concentrated in the
interlobe region associated with the short helix. This appeals as a likely DNA and many cell
types binding region [22].

3. Methods of production, isolation, and purification of peptides derived
from LF

3.1. Enzymatic hydrolysis

The antimicrobial sequence of LF was found mainly near its N-terminus, which has an
important role in iron chelation. The high proportion of basic residues in the identified domain
is allowing its interaction with surface components of microbial cells [23]. Cationic peptide
generated upon gastric pepsin cleavage of bovine LF with porcine pepsin, cod pepsin, or acid
protease from Penicillium duporzti showed strong activity against Escherichia coli O111, whereas
hydrolysates produced by trypsin, papain, or other neutral proteases were much less active
[12]. Bellamy et al. [24] reported that a 25-residue peptide could be released from the N-
terminal region of bovine LF with potent bactericidal activity. Interestingly, this reaction is
catalyzed at acidic pH by pepsin. After cleavage by this enzyme, the region from amino acids 17
to 41 (FKCRRWQWRMKKLGAPSITCVRRAF) is released as lactoferricin B (Lf-cin B) from
bovine LF. Lf-cin B showed broad-spectrum antibacterial activity against both Gram-nega‐
tive and Gram-positive species, even strains that were resistant to native LF. This indicated
that the antibacterial activity of hydrolysate was greater than that of undigested LF with all
strains tested approximately 8-fold [24].

3.2. Rennet enzyme and autofocusing technique

LF-cin (RRWQWRMKKLG) as well as other three peptides (KLLSKAQEKFGKNKSRSFQL,
APRKNVRWCTISQPEWFKCR, and TRVVWCAVG) was also isolated in a single step from
calf rennet hydrolyzed LF by autofocusing technique and were purified by reverse-phase
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HPLC. They were characterized by N-terminal Edman sequencing, mass spectrometry, and
antibacterial activity determination [25]. The autofocusing is conducted based on the ampho‐
teric nature of the sample using 5 L autofocusing apparatus without using any chemical
substances [26]. The basic autofocusing fractions exhibited potent antibacterial activity against
E. coli and Bacillus subtilis in comparison to acidic ones and much higher than the crude LF. In
addition, they had greater antibacterial activities than those resulted from autofocusing
fractions of LF hydrolyzed by both porcine pepsin and fungal rennet. The most active
autofocusing fraction was purified by standard chromatography techniques and assessed for
antibacterial activity. The synthetic peptides were found to inhibit the growth of E. coli and B.
subtilis with minimum inhibitory concentration (MIC) ranging from 25 to 100 μg/ml and
from 6.25 to 50 μg/ml, respectively. Moreover, the autofocusing can produce stronger
antimicrobials than those in crude ones [25].

3.3. Chromatographic techniques

LF has a cationic nature according to its amino acid composition. This gives it suitability to be
purified by cation-exchange chromatography such as carboxymethyl-Sephadex [27]. It is
considered the most popular procedure for LF peptide purification in most companies. For
example, skim milk or cheese-whey is applied to a cation-exchange chromatography column
without pH adjustment after its filtration. First, the column is washed with a low concentra‐
tion (1.6%) NaCl solution in which lactoperoxidase is eluted. Then, LF is eluted with a high
concentration (5%) NaCl solution. Ultrafiltration is applied to concentrate LF and is separat‐
ed from NaCl by dia-filtration. The LF is then freeze- or spray-dried to make a powder [27].
In the same manner, LF can bind transition metals and anionic compounds such as heparin
and DNA. These materials have been used to purify LF. Metal (copper)-chelate affinity
chromatography followed by gel filtration was reported for the purification of LF from human
whey [28]. Heparin-agarose affinity chromatography was used to purify bovine LF and its
peptides from the secretions of the involuting mammary gland [29].

4. Stability and solubility of LF and its derived peptides

4.1. Temperature

It is well known that heat treatment of milk and milk protein solutions affect the functional
properties of the native proteins. A consideration of heat stability is very important if LF is to
be used as a bioactive component of foods [30]. Several studies were recorded and varied about
the heat stability of LF. Heating of milk at 65°C for 30 min had no significant effect on LF.
However, the entire activity of LF was lost at 85°C/30 min in all kinds of milk. However, camel’s
milk antimicrobial factors were significantly more heat resistant than cow’s and buffalo’s milk
proteins because it contains a higher concentration of LF [31]. Similarly, Paulsson et al. [32]
found that milk LF was unaffected by pasteurization but completely denatured by ultra-high
temperature (UHT) treatment and decrease the interaction capacity of LF with bacteria. Luf
and Rosner [33] found that heat treatment at 63°C/30 min reduced the native LF content by
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40%, whereas high temperature short time treatment of milk had no significant effect on LF
denaturation.

LF is denatured more rapidly in its apo-form than in the iron-saturated form. Both apo- and
iron-saturated LF are more heat sensitive when treated in milk than in phosphate buffer [34].
Abe et al. [35] reported that LF resisted heating at 80°C/5 min without any significant loss of
the iron-binding capability. After heating at 100°C/5 min, LF was still able to bind approxi‐
mately 85% of the amount of iron bound by the unheated LF. All iron-binding capability was
lost when LF was heated to 120°C in phosphate buffer.

The thermostability of LF was dependent on both pH and ionic strength. LF was thermosta‐
ble at acidic pH than neutral pH [35]. However, under more extreme conditions (120°C, pH
2), LF is acid hydrolyzed; however, it retained antimicrobial activity independent of iron
binding [36]. Kawakami et al. [37] reported that, at pH 3.5, LF was resistant to heating at ionic
strength 0.37 or below, but turbidity and precipitation occurred at ionic strength above 0.47.
LF and its derived peptides’ antibacterial activity are varied with the growth temperature.
Decreased temperature resulted in a corresponding decrease in MIC and minimum bacterici‐
dal concentration (MBC). This was most pronounced for E. coli, which increased its sensitivi‐
ty for LF with decreased growth temperature [38].

4.2. pH

pH is an important factor affecting the denaturation of LF. The rate of LF denaturation was
highest at pH above 5.2 in which it mainly affects the rate of the unfolding and aggregation
stages of denaturation [39]. In the same aspect, Saito et al. [40] reported that LF and its
hydrolysates were denatured to an insoluble state by heat treatment under neutral or alkaline
conditions above pH 6. In contrast, they remain soluble after heat treatment under acidic
conditions at pH 2 to 5.

LF retained their functional activities at pH ranging from 2 to 7.4 [41]. LF is very stable at pH 4
and high temperature. It resisted heating at 90°C for 5 min at pH 4 without any loss of iron-
binding capacity, antigenic activity, or antibacterial activity. LF treated at pH 2 or 3 and
100°C or 120°C for 5 min was apparently degraded, but antibacterial activity was equal to or
stronger than that of unheated one [35].

LF was demonstrated to bind to the surface of some pathogenic microorganisms associated
with intramammary infections. This binding is optimal at acidic pH with time-dependent
binding surface varied according to bacterial species [42]. Griffith and Humphreys [43]
concluded that LF was active near neutral pH only in the presence of bicarbonate ions. Because
bicarbonate is secreted in the lumen of the intestine, the conditions are favorable for the
antimicrobial activity of LF [44].

In the combination between pH and temperature, Murdock and Mathews [45] reported that,
under low pH and refrigeration conditions, LF and its pepsin-digested peptides could limit
the growth or reduce the population of pathogenic bacteria in dairy products. Moreover,
Troost et al. [46] concluded that LF resisted stomach pH and survive gastric transit after oral
administration.
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4.3. Solubility

The iron-binding capability of bovine LF affects mainly its solubility. Ferrous iron was not
stable in solution and was easily changed to insoluble ferric state, but the solubility of the
ferrous iron was stabilized in solution in the presence of LF [47].

At acidic pH 2 to 5, LF hydrolysate in the heated samples at 80°C to 120°C remained soluble
and the solutions were clear. On the other aspect, at neutral and alkaline pH 6 to 10, turbidi‐
ty and gel formation occurred, which is markedly increased with temperature rise. At pH 11,
the LF hydrolysate in the heated samples remained soluble, but the color of the samples became
dark [35].

4.4. Salts

Reiter et al. [48] suggested that citrate reduces the antibacterial activity of LF by competing
with the iron-binding proteins. In contrast, bicarbonate enhances the iron-binding properties
of LF.

Salanlah and al-Obaidi [49] studied the effect of pH, temperature, magnesium, and calcium
on the bactericidal activity of LF against Yersinia pseudotuberculosis. The bactericidal activity of
LF was higher at acid pH. However, it was not efficient at 4, 15, and 25°C, but it was effec‐
tive at 37°C. The activity of LF-derived peptides was time and concentration dependent.
Calcium did not affect their activity up to 60 mM, whereas magnesium reduced the activity of
LF only. Furthermore, Branen and Davidson [50] reported that the addition of EDTA en‐
hanced the activity of hydrolyzed LF in tryptic soy broth against Enterohemorrahgic E. coli,
Listeria monocytogenes, and Salmonella enteritidis. The EDTA chelate the excess of cations in broth
that reduces the activity of hydrolyzed LF.

4.5. Proteases

Holo-LF is more resistant to proteolysis than apo-LF. The five different fragments with
molecular weight that ranged from 25 to 53 kDa were generated from trypsin digest of LF.
However, β-lactoglobulin has the ability to reduce the susceptibility of LF to tryptic diges‐
tion, suggesting that complex formation is not a mechanism for protecting LF against intestinal
degradation [51].

4.6. Interaction with other antimicrobial agents

The anti-Candida activity of LF and its peptides or Lf-cin in combination with clotrimazole was
shown synergistic by checkerboard analysis. These results indicate that LF-related substan‐
ces function cooperatively with azole antifungal agents against Candida albicans. The concen‐
tration of Lf-cin required for inhibiting the growth of C. albicans decreased in the presence of
relatively low concentrations of clotrimazole [52].

The concomitant use of LF with antibiotic cefodoxime proxetil resulted in a synergistic activity
against Staphylococcus aureus, E. coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa and an
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additive activity against E. coli strain. The antibiotic MIC in the presence of LF was reduced
to <1/64 with an efficacy rate of 53/57 (92.9%) in a patient group with infections [53].

Soukka et al. [54] reported that both LF or its peptides and lactoperoxidase system showed
bactericidal activity against Streptococcus mutans at low pH. LF hydrolysate enhanced
lactoperoxidase enzyme activity against S. mutans but decreased the yield of antimicrobial
components. Denisova et al. [55] reported that the combined administration of LF, lactoper‐
oxidase, and lactoglobulin obtained from cow milk’s as well as LF obtained from human milk
contributed to the elimination of Shigella sonnei from the lungs of infected mice. They prevent‐
ed the death of the animals. On the contrary, each one has no protective action. López-Expósito
and Recio [56] reported that there is a synergistic effect when Lf-cin B was combined with
bovine LF against both E. coli and Staphylococcus epidermidis. Bovine LF increased its antimi‐
crobial activity when it was assayed with bovine αs2-casein f (183-207).

5. Bioactive properties and applications of LF and its derived peptides

5.1. Antimicrobial activity

The role of LF in innate defense enhances the broad spectrum of antimicrobial activity.
Accordingly, various modes of antimicrobial effects have been reported for LF [2].

5.1.1. Stasis effect

The bacteriostatic mechanism is related to the high iron-binding affinity of the protein that
deprives iron-necessary for microbial growth. Because the bacteriostatic properties of LF are
due to its iron-binding ability, the protein is capable of retarding the growth of a broad range
of Gram-negative and Gram-positive bacteria (E. coli, Salmonella typhimurium, L. monocyto‐
genes, B. subtilis, Bacillus stearothermophilus, and Shigella dysenteriae) and certain yeasts [57].
However, bacteriostasis is often temporary because some Gram-negative bacteria adapt to
iron-restrictive conditions by synthesizing low molecular weight iron chelators (sidero‐
phores) that can remove iron from LF [58]. In the same way, Bishop et al. [59] stated that 0.02
mg/ml apo-LF showed marked inhibition of growth of coliforms. In addition, it can inhibit the
growth of Klebsiella spp. and Aerobucter aerogenes at concentrations of 0.2 and 2 mg/ml,
respectively.

5.1.2. Cidal effect

The bactericidal effect of Lf-cin against some Gram-negative and Gram-positive bacteria has
not any relation simple iron deprivation. It causes a rapid loss of bacterial viability [60]. It was
observed that Lf-cin could bind to the outer membrane of Gram-negative bacteria causing
alterations in microbial permeation that lead to bacterial death [61]. Moreover, it has the ability
to interfere with the carbohydrate metabolism of invading bacteria or LF’s ribonuclease
activity, which may interfere with microbial protein synthesis [10].
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5.1.3. Cationic effect

Current opinion on the mechanism of action of basic antibacterial peptides is focused on their
interaction with the negatively charged elements in the membranes of susceptible bacteria
causing an increase in cell permeability [62, 63]. These elements are lipopolysaccharide in
Gram-negative bacteria and lipotechoic acid in Gram-positive bacteria. This is in agreement
with the study that demonstrates that only basic autofocusing fractions have antibacterial
activity [25]. Notably, 6 of the 20 amino acid residues in peptide (KLLSKA‐
QEKFGKNKSRSFQL) and 5 of 11 amino acid residues of peptide (RRWQWRMKKLG) (Lf-cin
B fragment) revealed from rennet digestion of LF are basic residues and showed antibacteri‐
al activity and this feature probably has an important role in determining their potent
bactericidal properties [25]. In addition, Hoek et al. [64] reported that the first 10-amino acid
residues of Lf-cin B had more potent antibacterial activity than the rest of 25-amino acid
residues) FKCRRWQWRMKKLGAPSITCVRRAF )against E. coli L361. In the same way,
antimicrobial domain was identified in the N1-domain of LF, designated as lactoferrampin
(WKLLSKAQEKFGKNKSR), corresponding to the amino acids 268 to 284 of LF. This pep‐
tide exhibited candidacidal activity, which was substantially higher than the activity of LF.
Furthermore, lactoferrampin was active against B. subtilis, E. coli, and P. aeruginosa [65].

Morten et al. [66] reported that the activity increases with an increased amount of tryptophan
(Trp) residues, especially against B. subtilis. Trp is thought to function as an anchor in mem‐
brane proteins. The aromaticity of Trp has been suggested to interact with both hydrophobic
and hydrophilic constituents of the membrane due to its amphipathic nature [67]. Trp is also
suggested to act as a needle that pulls α-helices across phospholipid membranes. In cationic
peptides, the insertion of Trp residues into bacterial cell membranes disturbs the packing of the
phospholipids and causes a weakening of the membrane [68]. The presence of several Trp
residues in the 11-residue Lf-cin B peptide (RRWQWRMKKLG) clearly leads to a more effective
disruption of the membrane [69]. Moreover, the presence of Trp in Lf-cin B fragment revealed
from rennet digest may be responsible for the antibacterial activity by this mechanism [25].

The hydrophobicity, amphipathicity, and net positive charge have been described as impor‐
tant characteristics of antimicrobial peptides [70]. The penetrating ability of antimicrobial
peptides to the surface membrane is known as the carpet model [71, 72]. In this model, the
peptides first bind to the phospholipid head groups at the surface of the membrane. The
hydrophobic core portion of the peptide is then able to interact with the lipid bilayer when
hydrophobicity threshold concentration is above 3, causing a disruption of membrane
permeability [72]. However, some basic and hydrophobic peptides generated from rennet
digested LF have no antibacterial activity [25, 73]. These facts suggest that not only the basic
and hydrophobic nature but also other factors may contribute to the antibacterial activity.

5.1.4. Adhesion-blockade effect

Bacterial adherence to target epithelia is an important step in the pathogenesis of the disease.
There are many forms of adhesion sites according to the nature of microorganisms.
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5.1.4.1. Adhesion-blockade of enteric pathogens

Several carbohydrates, such as 0.1% fructose or 0.5% glucose, strongly inhibit the adherence
of shigellae to guinea pig colonic cells. Fructose-containing peptides from LF also inhibit the
adhesion of Shigella flexneri to colonic epithelial cells [74]. LF-derived peptides have the ability
to inhibit the hemagglutination activity of type 1 fimbriated E. coli [75]. The agglutination
reaction was specifically inhibited by glycopeptides derived from LF or α-methyl-D-manno‐
side. These observations indicate that the glycans of LF could serve as receptors for type 1
fimbrial lectin of E. coli. Furthermore, more than 3 log CFU/g E. coli reduction in feces resulted
from the oral administration of LF (20 mg/ml in 20% sucrose solution) [75]. Bovine LF inhibited
the binding of fibronectin, fibrinogen, collagen type I, collagen type IV, and laminin to bacteria.
Electron microscopy revealed the loss of type 1, CFA-I and CFA-I1 fimbria of E. coli grown in
broth containing 10 μM LF. These data suggest a strong influence of LF on adhesion-coloni‐
zation properties of E. coli [2].

5.1.4.2. Adhesion-blockade of oral pathogens

LF-derived peptides have the ability to adsorb hydroxyapatite, which resulted in interfering
with the attachment of S. mutans to hydroxyapatite [76]. Also, LF-derived peptides inhibit the
growth of Prevotella intermedia by interfering with the binding of this bacteria to fibronectin,
collagen type I and type IV, and laminin [77]. LF-dependent adhesion-inhibition of Actinomy‐
ces comitans and P. intermedia to fibroblasts and Matrigel could involve the binding of LF to
both the bacteria and substrata. The decreased adhesion may be due to the blocking of both
specific adhesin-ligand and nonspecific charge-dependent interactions [78].

5.2. Food preservation

LF possesses an intrinsic bactericidal activity that is unrelated to its capacity to bind iron [62].
From this point, there has been an increased interest in the food industry for using LF and its
peptides as a preservative in a wide variety of food products. Furthermore, LF has been used
as a functional food ingredient in some products such as in infant formula, supplemental
tablets, yoghurt, skim milk, drinks, and pet foods. In addition, these products have many
therapeutic effects, including anti-infection, improvement of gastrointestinal microflora,
immunomodulation, anti-inflammation, and antioxidation [52].

A diverse range of Gram-positive and Gram-negative bacteria was found to be susceptible to
the inhibition and inactivation by Lf-cin B. It had the ability to reduce the bacterial popula‐
tion by approximately 3 log10 CFU/ml for both E. coli and B. subtilis at concentration 31 μg/ml
[64]. In a study reported by Shin et al. [79] about the activity of bovine LF and its peptides,
they demonstrated that MIC against E. coli O157:H7 was 3000 μg/ml for LF, 100 to 200 μg/ml
for LF hydrolysate, and 8 to 10 μg/ml for Lf-cin B in 1% bactopeptone broth. In addition, Lf-
cin B killed these bacteria at a concentration above 10 μg/ml.

In the meat industry, LF-cin B was primarily tested in ground beef at concentrations of 50 or
100 μg/ml, where it was found to cause a maximum of 2 log CFU/g reductions at 4°C or
10°C [80]. The LF-derived peptides can also be sprayed onto carcasses at a concentration of
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3.26 ml spray/kg beef or 65.2 mg/kg beef for preventing bacterial contamination during
processing or can be applied to finished beef surface before final packaging to extend the shelf
life [81]. In addition, it has been used in the preservation of poultry, pork, fish, and other
seafood [82].

The addition of EDTA has shown a positive effect on the antimicrobial activity of Lf-cin. Lf-
cin B was unable to inhibit the growth of E. coli at 37°C at a concentration of 1600 μg/ml, whereas
the addition of 100 or 400 μg/ml EDTA, depending on the strain of E. coli, totally prevented
the growth [50]. However, Murdock and Mathews [45] reported that there was no effect for
EDTA on the antimicrobial action of Lf-cin B in UHT milk even at 4000 μg/ml Lf-cin and 10
mg/ml EDTA.

On the contrary, LF and its peptides have been used in the preservation of raw, pasteurized,
and UHT milk, butter, and cheese due to its antimicrobial activity against pathogenic and
spoilage bacteria [83]. Moreover, Hugunin [84] reported that LF should be added after
pasteurization and fermentation of yoghurt to extend the shelf life of yoghurt and stimulate
the growth of its starter cultures. Chen and Allen [85] reported that LF preserves milk with a
concentration of 2 mg/ml. Suzuki et al. [41] recorded that LF at a concentration of 1 mg/ml
inhibited the formation of hydroperioxides by 48%, whereas the application of 11 mg/ml
completely inhibited both the formation of hydroperioxides and several microorganisms. In
2009, Elbarbary reported that the 11-residue Lf-cin B fragment (RRWQWRMKKLG) generat‐
ed from calf rennet digest of LF has a significant activity in reduction of approximately 3 log10

CFU/ml of E. coli and B. subtilis populations in milk.

Nowadays, the surface of vegetables, fruit, and carrot juice was coated with Lf-cin B to extend
their shelf life. It is more significant when it was added to juice filtrate after its dialysis. As the
concentration of cations in filtrate decreases, the antimicrobial efficacy of LF-cin B increases [9].

Moreover, LF can be incorporated into edible films. This is applied for dual purposes that
enhance food safety and preservation, as this film acts as a physical barrier and prevents lipid
oxidation as well as an antimicrobial substance [86].

Emerging preservation technologies, such as the combination of high hydrostatic pressure
with LF, have proven promising in the effort to overcome the limitations in LF and its peptide
application [120]. The use of LF and LF-cin B in combination with high pressure (155–400 mPa)
enhanced the bactericidal activity against E. coli, S. enteritidis, S. typhimurium, S. sonnei, S.
flexneri, Pseudomonas fluorescens, and S. aureus in potassium phosphate buffer at 20°C and
showed more marked bacterial reduction than the application of LF or Lf-cin B alone [87].

On the contrary, a novel LF derivative [activated LF (ALF)] can be applied as alternative to LF.
Naidu [82] reported that ALF has more potent bacteriostatic efficacy against E. coli in conta‐
minated beef steak, and the MIC of ALF and LF was 62 and >1000 μg/ml, respectively. In the
same manner, Ransom et al. [88] recorded that ALF inhibited the growth of L. monocytogenes,
S. typhimurium, and E. coli O157:H7 in beef carcass adipose tissue after its dipping into ALF
followed by dipping into 2% lactic acid in comparison to LF, which had no effect on the growth
of bacterial population.
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5.3. Antimicrobial effect in human therapy

5.3.1. Antibacterial effect

The antibacterial function of LF has been substantiated by both in vitro [89] and in vivo [90]. It
appears that two different mechanisms involving two separate domains of the protein
contribute to the antibacterial function of LF, which are its bacteriostatic and bactericidal
mechanisms [89].

The ingestion of milk containing LF at 40 mg/ml will result in the formation of LF-cin B at a
molar concentration corresponding to 4.5% of ingested LF. The highest concentration of Lf-cin
B was found mainly in the stomach then in the upper small intestine then the lower one. Not
all ingested LF was digested and some LF were detected in lower gastrointestinal tract [91].

Feeding the infants with LF or its peptides-enriched formula at a concentration of 1 mg/ml
for 2 weeks leads to the increase and establishment of bifidobacterium-predominant flora in
infant [92], whereas the ratios of Enterobacteriaceae, Streptococcus, and Clostridium showed a
tendency to decrease [93].

The oral administration of LF hydrolysate prepared by porcine pepsin in mice showed an
inhibitory effect on the proliferation of Clostridium ramosum [94]. Furthermore, supplementa‐
tion of the milk diet with LF or a pepsin-generated hydrolysate of LF resulted in a signifi‐
cant suppression of bacterial translocation from the intestines to the mesenteric lymph nodes,
and the bacteria involved were mainly members of the family Enterobacteriaceae. This ability
of LF to inhibit bacterial translocation may be due to its suppression of bacterial overgrowth
in the guts of milk-fed mice [95].

Lf-cin B was identified as the most active antimicrobial peptide generated from pepsin digest.
It has significant bacteriostatic and bactericidal activities against multiple strains of
Helicobacter pylori [96], which is mainly associated with chronic gastritis, peptic ulcer, and
gastric cancer. There are numerous possible mechanisms by which Lf-cin B alone may
suppress H. pylori infection. First, it possesses a direct antimicrobial activity against
Helicobacter species [97]. Second, Lf-cin B may interfere with H. pylori adhesion to the gastric
surface [98]. Third and last, Lf-cin B may suppress the production of proinflammatory
cytokines, tumor necrotic factor, as a part of a regulatory role in the host immune response
[99]. There is also evidence that Lf-cin B can exert a direct bactericidal effect on certain S.
mutans and Vibrio cholerae [100].

5.3.2. Antiviral activity

In addition to the antibacterial activity of LF and its peptides, they display antiviral activity
against a wide range of human and animal viruses, both DNA and RNA viruses, including
rotavirus, respiratory syncytial virus, herpes virus, HIV, hepatitis C virus (HCV), and
poliovirus. The antiviral effect of LF lies in the early phase of infection [101]. The antiviral
mechanism of LF against viral infection depends on preventing the entry of virus in the host
cell either by interfering with adsorption of the virus to the target cell, as LF is capable of
binding to viral particles or its envelope protein [102], or by interfering with the viral-
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coreceptor interaction [103]. The N-terminal region of LF proved to be essential for its antiviral
activity that is responsible for binding to the receptor specific to viral infection, which in turn
act as a binding site for the initial interaction of virus with host cells [104] .

Another mechanism for the antiviral effect of LF is the ability to block viral replication in
target cells [105]. Further studies indicated that the protective effect of LF was due to the
up-regulation of natural killer (NK) cells, monocytes, and granulocytes, which eliminated
the infection [104]. Tanaka et al. [106] reported that patients with chronic viral infection, such
as HCV, when given LF orally at a dose 1.8 or 3.6 mg/day for 8 weeks showed a decrease
in their serum alanine transaminase and viral concentration. In another study, 25 patients
with chronic hepatitis C genotype 1b received a 6-month course of LF. The serum level of
HCV RNA significantly decreased in patients given LF during the 6 months of treatment
[107].

Fujihara and Hayashi [108] reported that LF and its peptides could inhibit the infection in
mouse with herpes simplex virus type-1 (HSV-1) by preventing HSV-1 plaque formation after
a topical application of 1% LF. However, it did not inhibit the propagation of the virus.

The administration of LF (1 mg/g body weight) protected mice from death due to infection
with murine cytomegalovirus (MCMV) through the augmentation of NK cell activity. LF-
treated mice showed a significant increase in the NK cell activity but not of the cytolytic T
lymphocytes that recognize an MCMV-derived peptide [109].

Bovine LF and its peptides could also inhibit the integrin-mediated internalization of adeno‐
virus into host cells through its binding to viral polypeptides III and IIIa [110].

5.3.3. Antifungal activity

The antifungal activity of LF has been studied. It is mainly through the ability of LF to change
the structure of the cell wall of fungi, inactivate the enzyme, and deprive fungi from iron [111].

C. albicans and other Candida species are common pathogens that frequently cause oral
infections in immunocompromised individuals due to the suppression of local as well as
systemic defense mechanisms [112]. LF with concentrations ranging from 0.5 to 100 mg/ml is
able to inhibit the growth of several Candida species [113]. Moreover, Takakura et al. [114]
showed the protective activities of LF administered orally against oral candidiasis. LF at a dose
of more than 0.5 g/kg/day exerts therapeutic activity and facilitated the recovery from oral
candidiasis within 5 to 7 days. Furthermore, Masci [115] reported that a mouthwash contain‐
ing LF and lysozyme was effective against oral candidiasis in immunocompromised patients
rather than oral administration.

LF has also been shown to improve inflammatory diseases such as dermatophytosis caused
by the fungus Trichophyton mentagrophytes and intractable stomatitis [116].

5.4. Antiparasitic activity

The role of LF in parasitic diseases is not well defined and may involve multiple mecha‐
nisms. Preincubation of Toxoplasma gondii and Eimeria stiedae sporozoites with LF peptides
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reduced their infectivity in animal models [117]. Mice challenged with T. gondii survived for
35 days as a result of oral administration of 5.0 mg Lf-cin. Furthermore, mice challenged with
T. gondii cysts were still alive after an intraperitoneal injection of 0.1 mg Lf-cin. In contrast, 80%
of untreated mice died due to acute toxoplasmosis within 14 days [118]. This suggests an effect
of basic peptides on parasite membrane integrity and/or interaction with host tissues.
Moreover, LF inhibits some parasites via the stimulation of the process of phagocytosis where
immune cells engulf and digest foreign organisms [118]. Also, LF has the ability to reduce the
binding of Plasmodium berghei to the surface of the target cells [119]. Other reported antipara‐
sitic activities appear to involve interference with parasite iron acquisition, such as Pneumo‐
cystis carinii [120]. In other parasites, such as Trichomonas foetus, LF appears to act as a specific
iron donor and could thus be expected to enhance infection [121].

5.5. Enhancer of iron absorption

The role of LF as an enhancer of iron absorption was proposed because LF binds a majority of
iron in breast milk and therefore could facilitate the uptake of iron in the small intestine of
infants [122]. The notion that LF is involved in iron absorption was supported by studies that
showed the presence of specific LF receptor on brush membranes from human intestine [123].
Lönnerdal and Bryant [124] showed that iron is equally well absorbed from LF (whether heat-
treated or untreated) and ferrous sulfate. Thus, iron provided by dietary LF is likely to be well
utilized in human adults. The ability of LF to bind iron naturally support its function in
intestinal iron absorption [123].

5.6. Anticancer activity

LF has shown anticancer activity in experimental lung, bladder, tongue, colon, and liver
carcinogenesis on rats [125]. Also, in another study, LF suppressed the incidence of oral cancer
by 50% [126]. In vivo studies have indicated that LF may induce apoptosis in cancer cells; in
addition, the immunomodulatory activity of LF is critical in preventing cancer growth by
enhancing the activity of NK cells [127]. Therefore, LF offers promise as a potential chemo‐
preventive agent for oral cancer. Currently, LF is used as an ingredient in yogurt, chewing
gums, infant formulas, and cosmetics [126].

5.7. Immunomodulatory activity

The immunomodulatory activity of LF is attributed to its ability to up-regulate T-cell prolif‐
eration, boost NK cell number, promote lymphocyte maturation, and also play a role in the
myelopoietic process [128]. Moreover, LF released from neutrophils forms an integral part of
the innate immunity protecting against infection through its antimicrobial activity [129].

6. Conclusion

Several studies proved that LF and its peptides have great potential for use as natural
antimicrobials for food preservation and other health benefits in addition to the well-known
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iron-binding activity. Because LF is commercially available from bovine milk (~90 MT/year
worldwide) and considered as a highly safe food additive, it may be an excellent agent for
administration to humans. The enzymatic hydrolysis of LF results in the elaboration of
functional peptides that exert, in some cases, greater functionality than the native LF. These
peptides could serve as an attractive model for the development of new natural food preser‐
vatives, functional food ingredients, food supplements, and drug discovery.
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Abstract

Allergies are complex inflammatory diseases with a not fully understood etiology.
Several  factors,  including  genetic,  environmental,  age  of  exposition,  diet,  etc.,  are
associated  with  the  induction  of  these  diseases.  The  incidence  of  allergies  has
increased during the last decades and constitutes the most common immune-based
disease  worldwide.  According  to  the  hygiene  hypothesis,  a  lower  exposure  to
pathogens and commensal microbes that reside in the intestinal lumen is responsi‐
ble for the rapid rise of the prevalence of atopic and allergic disorders, specifically
food allergy. To overcome this tendency, the immunological mechanisms underly‐
ing this pathology should be better understood, which will undoubtedly impact the
development  of  novel  therapies.  A  large  body  of  evidence  demonstrates  that
immunotherapies constitute corrective treatments of the impaired regulation of the
immune system in allergic patients.

The aim of this chapter is to present an overview about allergic diseases and food
allergies, mechanisms involved, differences with toxic reactions and food intoleran‐
ces, a brief description of the main milk allergenic proteins, and the new therapeu‐
tic  strategies derived from the old immunotherapies to restore oral  tolerance,  and
finally, to describe different pathologies associated with milk allergy.

Keywords: milk allergens, food allergy, IgE, mucosal immunology, immunotherapy

Chapter 4
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1. Introduction to allergic diseases

1.1. Overview of allergic responses

The significant contribution of milk to the nutritional intake and health is well recognized.
With a unique nutrient profile, it constitutes a relevant source of essential nutrients (miner‐
als, vitamins, riboflavin, amino acids, proteins) and energy. This makes milk and dairy
products essential components in the diet and is considered a protective food. For this reason,
it has been included as an integral component of different programs in several countries. In
the United States, there is a federal child nutrition program, which includes hundreds of
millions of half-pints of milk. In particular, the importance of cow's milk proteins (CMP)
resides in its significant amount, but also in its exceptionally high quality. Fluid milks contain
approximately 3.5% proteins, being caseins 82% of the total milk proteins and whey proteins
the remaining 18%. Regarding the high quality of these components, it provides all of the
amino acids required by humans, in a distribution that resembles that needed by the human
body [1]. In addition, milk contains other biological factors that are active in humans: growth
factors (the human active insulin growth factor-1), cytokines (transforming growth factor-β),
and immunoglobulins (IgM, IgG, and IgA).

Although milk is one of the most nutritious foods with health-promoting properties, in a
restricted proportion of the population, it may have adverse effects. It has been described that
dairy intake may increase the risk of prostate and ovarian cancer, type 1 diabetes, multiple
sclerosis, acne, increased cholesterol levels, and probably atherosclerosis, lactose intolerance
in a high proportion of individuals, and finally, is the most common food allergen in the
world [2–5].

Cow's milk allergy (CMA) accounts for most diagnosed food allergies, mainly in the first year
of life (6–8% at 1 year of age) [6], it is rare in adults (1–3%) and it can cause severe anaphylax‐
is [4, 7]. The natural history of food allergy indicates that it is lost over time. However, this
process of outgrowing a food allergy does not mean a cure for the disease and is highly
dependent on the food and individual susceptibility. For some foods, the intestinal mucosa
“learns” how to manage dietary antigens during childhood, while for other foods sensitivity
persists in adulthood.

Allergy is a chronic condition involving an abnormal reaction of the body to substances in the
environment that are harmless for most people. These substances that act as immunogens are
called allergens and were previously exposed to patients by inhalation, ingestion, injection, or
skin contact. The immune system considers the allergen as a potential harmful antigen or
threat, and triggers a misguided, inappropriate, and exaggerated reaction that comprises
complex circuits of molecular and cellular components that promote inflammation. These
mechanisms are called hypersensitivity mechanisms and any of the four types of hypersensi‐
tivity reactions described by Gell and Coombs [8] can be involved in an allergic disease. Since
different organs can be targeted (nose, eyes, skin, lungs, gastrointestinal tract), allergic
disorders are not a unique clinical entity. Allergy is actually a syndrome, with a spectrum of
disorders with a heterogeneous and variable clinical presentation. It may include hay fever,
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food allergies, atopic dermatitis, allergic asthma, and anaphylaxis; and symptoms may include
itchy eyes, runny nose, difficult breathing, congestion, wheezing, skin rash, eczema, urtica‐
ria, bronchoconstriction, or diarrhea. Most allergic reactions are mild to moderate and may
cause irritation and discomfort. However, a small number of people may experience a life-
threatening reaction called anaphylaxis, which is a severe condition that requires immediate
life-saving medication (epinephrine).

Another term that should be defined is atopy. It is the genetic predisposition to develop allergic
diseases and is mainly mediated by IgE-dependent or immediate Type I mechanisms. The
allergic reaction mediated by IgE antibodies is called atopic allergy and patients are atopic.
The role of the Type 2 T helper (Th2) cell-mediated immune response against innocuous
environmental antigens in the immune pathogenesis of allergic atopy is well documented by
an extended body of experimental evidences. The critical role of Th2 cytokines, such us
interleukin (IL) 4, IL-5, IL-9, and IL-13, in the initiation, maintenance, and amplification of
human allergic inflammation has been thoroughly characterized, while the tissue damage
produced by the sustained inflammation is mainly due to eosinophils, neutrophil, etc (type IV
hypersensitivity).

Allergens are innocuous, environmental, and widely distributed antigens that upon fre‐
quent exposure to genetically predisposed individuals (atopic subjects) can lead to immuno‐
logic sensitization (sensitization phase of the allergic response) (Figure 1) that involves the
production of IgE antibodies by plasma cells. Upon re-exposure to allergens, immediate and
delayed (late-phase) responses may occur and tissue inflammation arises (effector phase). If

Figure 1. Mechanisms involved in an acute and chronic inflammation of an allergic reaction.
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this mechanism is repeatedly triggered, different cells are attracted to the inflamed area and
the condition may progress to a clinically detectable disease that is indicated by reversible or
even irreversible tissue remodeling. In this state, a myriad of soluble mediators that are
released by inflammatory cells under different specific or unspecific triggers (allergens,
viruses, tobacco smoke, air pollutants, etc) exacerbate the severity of the disease.

During the sensitization phase, which occurs in the first exposures to environmental aller‐
gens, IgE antibodies are produced by plasma cells and secreted. Soluble antibodies are rapidly
bound to high affinity surface receptors for IgE (FcεRI) on tissue mast cells, circulating
basophils, and bone marrow-released eosinophils. Cells with surface-bound IgE antibodies
are called sensitized cells and are prepared to rapidly respond to the specific antigen through
the membrane-bound IgE antibodies. After activation, cells secrete numerous vasoactive and
proinflammatory mediators, such as histamine, accumulated in cytoplasmic granules, and
induce the synthesis of other pro-inflammatory mediators (leukotrienes, prostaglandins,
growth factors, etc). Continuous re-exposure to allergen may occur, sensitized cells are
activated, and these soluble mediators maintain tissue inflammation.

The term allergen refers to the immunogen (the substance that induce the immune response)
or antigen (the substance that reacts with the induced immunological elements) involved in
an allergenic reaction. Most of them are carbohydrates, proteins, and glycoproteins with
common sequential, conformational, structural, and evolutionary features [9]. Most of the
allergenic proteins are concentrated in 70 protein families, out of the 10,000 described (2–5%
of all known structural protein families), and food allergens (500 allergens) are distributed in
approximately 20 families and 4 super-families (prolamins, prophilins, cupins, and Bet v1
homologues).

The most common natural sources of allergens are comprised in household dust mites, pollens,
animal dander, insect stings, moulds, some drugs (antibiotics), and certain foods. Despite the
high number of food allergens described, a relatively small number of allergens cause a high
proportion of food allergies. More than 170 foods have been reported to be allergenic.
However, allergy to certain foods appears to be especially common. The “Big Eight” is referred
to the eight foods (milk, egg, soy, fish, shellfish, peanuts, wheat, and tree nuts) that produce
the 80–90% of food allergies, milk being the most allergenic food worldwide. In order of
prevalence, and depending on the population studied, the most common food allergens are
milk, egg, peanut, tree nuts, crustaceans, shellfish, fish, wheat, and soy.

1.2. Definition of the different adverse reactions caused by foods

To unify the terms used by the medical community and the common people, which is
sometimes influenced by social and cultural perceptions creating confusion, and to avoid
misdiagnosing, it is useful to define the different conditions that involve the exposure to foods
and may produce symptoms (Figure 2). There are still too many situations where people, and
even certain professionals, do not recognize that food allergy is a medical condition, not a food
preference. The clinician should be aware that adverse reactions to food can be categorized
based on whether the immune system is involved or not.

57

Milk Proteins: Chemistry and Biology

________________________ WORLD TECHNOLOGIES ________________________



WT

The food-related adverse reactions comprise any abnormal reaction that is produced by a food
or food component. They include both toxic and non-toxic reactions. The former are only
dependent on the food and maybe caused by the presence of histamine (chocolate, strawber‐
ry, etc), histamine-releasing factors (pineapple), or most commonly, contaminated foods
(bacteria toxins from Staphylococcus, Clostridium, etc.). The latter is dependent on individual
susceptibility and involves food intolerances, which are independent of immune activation, and
the immune-mediated food allergy. In addition, allergic reactions to food components can be
classified as IgE-mediated (immediate gastrointestinal hypersensitivity, eosinophilic esopha‐
gitis, anaphylaxis, etc) or non-IgE-mediated (food-protein-induced enteropathy, allergic
colitis, and protocolitis, etc.). Therefore, food intolerances (lactose intolerance, anatomical
abnormalities of the gastrointestinal tract, etc.) and food poisoning are separate conditions,
they are not food allergies. Similar clinical reactions can occur to some chemicals and food
additives (urticaria); however, if they do not involve the immune system, they are known as
adverse reactions rather than allergy (toxic adverse reactions).

Figure 2. Classification of adverse reactions to food components.

In conclusion, food allergy is defined as an adverse reaction elicited on exposure to a given food
and is mediated by a specific immune response that occurs reproducibly on time, and might
be either IgE-mediated and/or non-IgE-mediated.

The literature reflects that it is very common the overdiagnosis of food allergies due to the
difference between food allergy and food intolerance, which is sometimes confusing [10, 11].
For diagnosis, once an adverse reaction is suspected, it should be demonstrated that the
immune system is involved and the offending food should be identified to avoid unnecessa‐
ry restriction diets that may affect growth, nutritional deficiencies, or impair the quality of life.
Many children are unnecessarily placed on restrictive food diets on the basis of serum food-
specific IgE testing or skin-prick testing, which are the most common complementary assays
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to clinical history. The presence of specific IgE does not necessarily imply a clinical allergy [11].
Therefore, the gold standard assay for confirmation of food allergy, the oral food challenge,
should be done. Nevertheless, in most places, it is complicated and rather impracticable to
perform as a standardized challenge, and hence food allergy is commonly not confirmed, and
overdiagnosis is possible.

1.3. Main causes of allergic diseases

It is widely accepted that although allergies can develop at any age, the risk of developing
allergies is genetically determined. If neither parent is allergic, the chance for allergies is
about 15%. If one parent is allergic, the risk increases to 30%, and if both are allergic, the risk
is greater than 60%. Several polymorphic genes in almost all chromosomes have been
identified in different allergic populations [12, 13]; however, all of them only determine
susceptibility. Nevertheless, the expression of the allergic phenotype is dependent on the gene-
environment interaction. A large body of experimental evidences has identified during the
last 5–6 decades environmental factors as the main inducers of allergy in susceptible individ‐
uals. This makes allergy inheritance a complex polygenic disorder and is considered a
multifactorial disease.

There are clear evidences that in Western societies, these disorders are increasing in frequen‐
cy, with reports showing that prevalence has doubled over 10-year periods. It was initially
seen in UK, other countries of Europe, and USA, that 30–35% of people are affected of asthma
and rhinitis. But more recently, food allergy has emerged over the last 10–15 years as a
“second wave” of the allergy epidemic, affecting 10% of infants in Australia. As changes in
genes take many hundreds of years in humans, the genetic basis alone cannot account for the
current increase in allergy seen over the past decades. New studies suggest that environmen‐
tal factors are responsible for these changes. Epidemiological studies have clearly shown that
modification of the pattern of microbial exposure of children represents a key factor to
understand the changes in severity and prevalence of atopic diseases. The hygiene hypothe‐
sis, formerly expressed by Strachan [14] and later modified by Bach [15], is nowadays the most
reasonable explanation for the striking increase observed from the twentieth century in the
incidence of many chronic inflammatory disorders, including allergies and autoimmune
disorders. The modern urbanization and lifestyle have generated immunoregulatory prob‐
lems attributable to depletion of exposure to organisms that are present in the urban environ‐
ment with which mammals co-evolved and shaped the immune system. The immune system
needs to come into contact with a variety of microorganisms, while it is developing at the infant
stage, in order that it responds appropriately later in life. We now live in an environment with
less contact with pathogens and commensal microorganisms since we use cleaners contain‐
ing anti-microbial agents, antibiotics, better vaccines, and compulsive vaccination programs,
more hygienic food preparations, etc. While children living in farms were directly exposed to
animals, and their environment contained a range of microbial agents and plant-derived
agents, most of people in westernized societies now live in cities with minimal exposure to
animals. The literature reflects that people with a rural lifestyle have a lower incidence of
allergy. Inadequate exposure to environmental microorganisms may therefore result in the
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immune system of atopic children developing a tendency toward allergy. The development
of a new generation of antibiotics and vaccines have protected people from many infections
that previously killed large numbers of the population and have proven to be essential to
protect the health of the population. However, the cost of this may be the reduction in the
pressure placed on the immune system to mount a strong immune response against infec‐
tious agents. This may be one of the factors to explain why the immune system in a restrict‐
ed, but increasing, percentage of the population is now reacting to innocuous allergens. In
other words, the initial interpretation by Strachan [14] proposed a missing immune devia‐
tion of allergen-specific responses from Th2 to Th1 immune profile, mainly as consequence of
the reduced production of IL-12, interferon-α, and interferon-γ by innate cells (mainly
dendritic cells, NK cells, and innate lymphocytes), which are stimulated by prokaryotic
products. The reduced contact with pathogens that prime Th1 responses in early life can result
in a stronger and compensatory induction of the contra-regulatory Th2 response. Notwith‐
standing, this postulate could not explain the contemporary close rise in the prevalence
observed for the Th1-mediated autoimmune diseases (type 1 diabetes, multiple sclerosis, and
inflammatory bowel diseases) (Figure 3B) in developed countries, and the epidemiological
observations reporting a low prevalence of allergy in geographical regions characterized by
chronic helminth infections (stronger inducers of Th2 as well as suppressive cytokines).
Therefore, an alternative view has emerged, which suggests the importance of a reduced
immune suppression rather than missing immune deviation. The modified and unifying
hypothesis later suggested by Bach postulated that a lower microbial burden may favor
increased prevalence of allergy by inducing a lower activity of regulatory cells (dendritic and
T cells). Epidemiological and experimental findings suggest that both mechanisms, missing
immune deviation, and reduced immune suppression, may be independently involved in
allergic and autoimmune disorders [16], and both, allergic diseases and autoimmunity, can
independently and simultaneously increase. Therefore, the expanded hygiene hypothesis may
provide a better understanding of these epidemiological changes observed in immune-
mediated inflammatory disorders.

Since it has recently been demonstrated the importance of the intestinal microbiota in shaping
the immune system, changes in the composition of the microbiota is suggested as a critical
factor to generate impaired mucosal and systemic regulatory circuits. The gut is always in a
state of controlled inflammation, and regulatory cells are abundant in this tissue. Defects in
Tregs promoted by the “unhealthy microbiota” or “bad microbiota” undoubtedly impact in
the regulation of several immune mechanisms, including those that protect from allergy and
autoimmune diseases. In conclusion, the modern hygiene hypothesis postulates that the
restricted exposure to pathogenic and commensal microorganisms may be implicated in the
increased observed in several immunological disorders.

This hypothesis not only provides the theoretical framework to explain the rise in the
prevalence of immune disorders but also has therapeutic implications, as it will be discussed
later in this chapter. Allergen-specific immunotherapy has proven to be the unique disease-
modifying therapy for allergy. It has been demonstrated in treated patient the suppressive role
for the therapy-induced Tregs and secreted IL-10.
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2. Allergenic proteins

2.1. Milk allergens

2.1.1. Allergens of cow's milk

Acute reactions in CMA patients can be caused by several proteins in cow's milk. Cow's milk
contains approximately 30–35 g/L of CMP. Milk protein fractions can easily be obtained using
either chymosin (rennin) or acid precipitation (pH 4.6). The insoluble coagulum containing the
whole casein fraction constitutes approximately 82% of the CMP, while lactoserum or whey
proteins, which comprise approximately the remaining 18% of the CMP, constitute the soluble
fraction. Both fractions contain allergens that could elicit allergic symptoms in susceptible
individuals. The casein fraction or Bos d 8 (from Bos domesticus) that contains αS1-, αS2-, β-,
and κ-casein (32%, 10%, 28%, and 10% of total CMP, respectively) constitutes the major
allergens of milk. The whey major allergens are α-lactalbumin (Bos d 4) and β-lactoglobulin
(Bos d 5) (5% and 10% of total CMP, respectively), while less common allergens are serum
albumin (Bos d 6) and immunoglobulins (Bos d 7) [17, 18].

Figure 3. The hygiene hypothesis originally defined by Strachan and re-formulated by Bach. A, Strachan postulated
that the balance between Th1 and Th2 cells is impaired in allergy. B, Infectious diseases were controlled in the last
decades while Th1- and Th2-immune-mediated diseases increased in prevalence; C, Bach postulated that an impaired
balance between Treg and effector T cells promotes immune-mediated inflammatory disorders. Part of figure was tak‐
en with the permission from Bach [15], NEJM 2002.
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2.1.1.1. Caseins

The allergen Bos d 8 refers to a heterogeneous mixture of proteins. The casein fraction of milk
proteins contains components that belong to two unrelated protein families, one family
comprising αS1-, αS2-, and β-caseins (the αs2-casein gene is not expressed in humans), while κ-
casein constitutes the other family. Even within the α-/β-casein family, sequence identities are
below 15%. Hence, the entry Bos d 8 was demerged into four separate allergens: Bos d 9.0101
(αS1-casein), Bos d 10.0101 (αS2-casein), Bos d 11.0101 (β-casein), and Bos d 12.0101 (κ-casein)
in a proportion of 37/37/13/13%, respectively. The name Bos d 8, which is widely established
and has been used in numerous publications and names of commercial diagnostic tests, was
kept and designates the whole casein fraction.

There is considerable similarity in the caseins from different mammalian milks used for human
consumption, which explains their IgE cross-reactivity [19]. The analysis of sequences showed
that bovine caseins had more than 80% of sequence homology with goat and sheep caseins,
while bovine β-casein has 50% of sequence homology with human β-casein.

2.1.1.2. Whey proteins

Whey contains essentially globular proteins. The major allergens of lactoserum are β-lacto‐
globulin and α-lactalbumin. The β-lactoglobulin (Bos d 5) is the only lipocalin that acts as a
food allergen and occurs naturally as a dimer. It has no homologous counterpart in human
milk, which explains its high immunogenicity. The relative resistance of β-lactoglobulin to acid
hydrolysis and gut proteases determines that this protein can be absorbed as a native antigen
in the intestinal mucosa. Lipocalins have a high allergenic potential, and several allergens of
animal origin belong to this protein family.

Alpha-lactalbumin (Bos d 4), the other major whey protein allergen, is a monomeric protein
stabilized by four disulfide bonds with a calcium-binding domain. The complete amino acid
sequence of bovine α-lactalbumin shows extensive homology with hen's egg white lyso‐
zyme but also with human α-lactalbumin; however, it has been described as a milk allergen.

Other minor whey allergens are bovine serum albumin, immunoglobulins, and lactoferrin.

2.1.2. Milk allergens from other mammals

Since cow's milk is the most consumed milk, the incidence of CMA is higher than for other
milk sources. Nevertheless, goat's milk and sheep's milk represent important sources of milk
allergens. Due to the high degree of sequence homology and hence cross-reactivity with cow's
milk, goat's and sheep's milk are potent allergens for most cow's milk allergic patients.
Notwithstanding, and for unknown reasons, some patients with CMA can tolerate these
alternative milks as dairy substitutes during treatment. As it can be observed in Table 1, bovine
casein sequences showed more than 80% of sequence homology with goat and sheep caseins,
and the major whey allergens showed a sequence homology higher than 90% [20]. In addi‐
tion, milks of other mammals such as horse, donkey, or camel are also used as dairy substitutes.
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Protein Concentration

g/L

Allergen

name

Molecular

weight

kDa

pI Sequence homology

% amino acid identity

Whole casein

fraction (80%)

29.5 Bos d 8 αS1 and αS2-CAS from cow

milk: 22.5%αS1-CAS from cow milk

and sheep/goat milk: 87/89%αS2-CAS

from cow milk and sheep/goat milk: 87/89%
αS1-casein 12–15 Bos d

9.0101

32.4 4.9–5

αS2-casein 3–4 Bos d

10.0101

5.2–5.4

β-casein 9–11 Bos d

11.0101

26.6 5.1–5.4 β-CAS from cow milk and sheep/goat

milk: 91%β-CAS from cow

milk and human milk: 50%

κ-casein 3–4 Bos d

12.0101

19 5.4–5.6 κ-CAS from cow milk and

sheep/goat milk: 84%

Whey fraction

(20%)

6.3

α-lactalbumin 1–1.5 Bos d 4 14.2 4.8 α-LA from cow milk and

water buffalo: 99% α-LA from

cow milk and sheep/goat milk:

94%/95% α-LA from cow milk

and human milk: 78%

β-lactoglobulin 3–4 Bos d 5 18 5.3 β-LG from cow milk and

water buffalo/mouflon: 98%/95%

β-LG from cow milk and sheep/goat

milk: 93%/94% cockroach allergen

Bla g 4: about 20%

Bovine serum

albumin

0.1–0.4 Bos d 6 67.0 4.7–4.95 BSA from sheep milk: 92%

BSA from cow milk and pig,

cat, human, rhesus macaque, horse

milk: between 74 and 79%

Lactoferrin 0.09 Lactoferrin 80 8.7 Lactoferrin from cow milk and human: 69%

Immunoglobulins  0.6–1 Bos d 7 150 – –

Table 1. Main characteristics of the major cow's milk proteins and sequence homology with other mammal milks.
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2.2. Methods employed for characterization and prediction of allergenicity

2.2.1. Methods used for detection of allergens

Different methods can be used to study the allergenicity of milk proteins. Polypeptide masses
usually range between 5 and 70 kDa; however, many allergens are oligomers with molecular
masses greater than 200 kDa. Allergenicity assessment is generally performed using human
IgE-containing sera, polyclonal antisera (rabbit, rat, mouse, goat, sheep, camelid, chicken, etc),
or experimental animals (pig, mice, rabbits, etc). Protein-based methods employed to identi‐
fy and characterize allergens usually involve immunochemical detection protocols such as the
radio-allergosorbent test (RAST), enzyme allergosorbent test (EAST), dot blot, immunoblot‐
ting, and enzyme-linked immunosorbent assay (ELISA). These tests can be developed as
qualitative, semi-quantitative, or quantitative assays using polyclonal antisera, human sera,
or monoclonal antibodies. Furthermore, the ELISA technique is the most widely used assay to
routinely detect and quantify allergens in foods due to its high precision, simple handling, and
potential for standardization. Another emerging technology applied for allergens analysis is
the use of biosensors. Biosensor instruments, based on the interaction between allergens and
specific antibodies, can monitor the presence of a protein in real time. The immobilization of
an antibody to a sensor chip surface allows the on-line recognition of a protein based on surface
plasmon resonance. It has been applied for the detection of a few potentially allergenic foods
like peanut hazelnut, egg, and milk in the food processing industry.

In addition, cell-based assays are used for characterization or quantification of allergens. The
basophil activation and histamine release test can be used to confirm the allergenicity of a
protein (two surface IgE epitopes on the allergen are needed to activate basophils). Sensi‐
tized basophils are used and cell activation can be assessed by ELISA (detection of histamine
released in the supernatant), flow cytometry (translocation of CD63 and CD203c from the
membrane of cytoplasmic granules to the plasmatic membrane), or electrochemically
(modification of impedance in rat basophilic leukemia RBL-2H3 mast cells transfected with
FCεRI upon interaction of IgE with the allergen).

In order to characterize the presence of epitopes and further investigate its antigenicity (B
epitopes) or allergenicity (IgE epitopes), epitope mapping is performed. This point is critical
for developing protein- or peptide-based immunotherapies. Linear or conformational, B or T
epitopes can be assessed using different strategies, and synthetic or recombinant peptides are
commonly used. However, the main drawback in the development of these techniques is often
the high cost and time-consuming. For this reason, functional proteomics or immunoproteo‐
mics constitute nowadays a high-throughput technology to identify epitopes. These meth‐
ods employ mass spectrometry (MS) to study the interactions of peptides with the major
histocompatibility complex or antibodies. Given the high sensitivity and high accuracy in
determining molecular mass and high capacity for analysis, MS techniques currently figure
prominently in identifying B-cell or T-cell epitope targets for vaccine and immunotherapy
development [21].
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Furthermore, epitope mapping is important in diagnosis (the so called “component-resolved
diagnosis,” which is based on individual IgE pattern reactivity according to recombinant
allergen recognition) and treatment (taylor-made immunotherapy and vaccine development).

2.2.2. Methods used for prediction of allergenicity

In addition to the different immunochemical techniques employed to assess the allergenici‐
ty of new proteins or to predict cross-reactive allergens, several online databases and
computational methods have been developed to effectively determine potential allergens.
Bioinformatics comparison of food proteins provides a mechanism to identify proteins that
can lead an increased risk of food allergic reactions. The use of bioinformatics tools may help
to identify new allergenic or similar proteins to an allergen that might induce cross-allergic
reactions. This point will undoubtedly impact on allergy diagnosis, prognosis of potential
reactions, and therapy. Several allergen databases and allergen prediction web tools are
available on the Internet and can be easily operated by common users: IUIS Allergen
Nomenclature Allergen, Database for Food Safety, Allergome, The Immune Epitope Database
(IEDB), Structural Database of Allergenic Proteins (SDAP), Allermatch, AllerTool and
AllergenPro, and others.

3. Clinical implications

3.1. Epidemiology and triggering factors

The perception of milk allergy is far more frequent than confirmed CMA, due to the few
surveys of secular and geographical trends in food allergy in adults and children. Reports of
CMA prevalence range between 1 and 17.5% among preschoolers, between 1 and 13.5 % at 5–
16 years of age, and among 1–4% of adults [22, 23]. Clinical symptoms of CMA commonly
appear during the first months of life, usually within days or weeks after feeding with CM-
based formulas have been started or may sometimes be seen in exclusively breast-fed infants.
With such an early age of onset, symptoms of an erythematous rash or hives shortly after intake
of CM formula are suggestive of food allergy. Urticaria, exanthema, or both are more com‐
mon in IgE-mediated CMA, whereas children with non-IgE-mediated CMA more often have
atopic eczema and diarrhea. Tolerance to CM develops in children with non-IgE-mediated
CMA significantly earlier than in the IgE-positive group (5 years old vs. 8 years old or more).
At age of 8 years, children with IgE-positive CMA are more frequently sensitized to birch
pollen, animal dander, and foods than those with IgE-negative CMA. Furthermore, it has been
reported that CMA increased the risk for sensitization to inhalant allergens [24, 25].

Patients with IgE-mediated CMA develop gastrointestinal symptoms in 32–60% of cases, skin
symptoms in 5–90%, and anaphylaxis in 0.8–9 % of cases. This frequency of anaphylaxis is the
main concern pointed out in many CMA studies [22].

A variety of risk factors are proposed to influence food allergy or sensitization: sex (male sex
in children), race/ethnicity (increased among Asian and black children compared with white
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children), genetics (familial associations, HLA, and specific genes), atopy (co-morbid atopic
dermatitis), vitamin D insufficiency, dietary fat (reduced consumption of omega-3-polyunsa‐
turated fatty acids), reduced consumption of antioxidants, increased use of antacids (reduc‐
ing digestion of allergens), breastfeeding, obesity (an inflammatory state), increased hygiene,
and the timing and route of exposure for foods. Although it is not clear which factors are key
in the increase in the incidence of food allergies observed in the last decades, the aforemen‐
tioned hygiene hypothesis provides a convincing interpretation. Nevertheless, other non-
considered factors should be taken into consideration. Changes in the diet might have a causal
link with allergy development. A decreased intake of fruits and vegetables, changes in the type
of fat included in the diet, the timing of feeding events during infancy, nutrients and micro‐
nutrients in the diet, such as long-chain polyunsaturated fatty acids, vitamin D, folic acid, etc,
may likely affect food allergy development. However, a number of nutritional and dietary
variables might be interfering food allergy manifestation in infants, instead of considering only
one nutrient or dietary characteristic, which might be an oversimplification of the complex
interactions taking place.

Although several theories have been proposed to explain the protective effect of breastfeed‐
ing, pros and cons are still controversial. It has been proposed that the effect of exclusive
breastfeeding delays the introduction of cow's milk, thus preventing early sensitization.
Nevertheless, it contradicts the fact that the administration of very small amounts of the
allergen benefits tolerance induction and allergy control. Therefore, it is considered that the
intake of CMP in the mother's diet during lactation could be relevant. It has been widely probed
that mother's dietary native antigens are present in breast milk. Furthermore, and not less
important, immunomodulatory components are present in breast milk, such as IgA, IgG,
TGF-β, macrophages, and dendritic cells.

The most striking component that may be affected by lifestyle and diet is the composition of
the microbiota. It has been demonstrated that relatively harmless microorganisms (hel‐
minths, saprophytic mycobacteria, lactobacilli, etc) that have been present throughout
mammalian evolution can drive maturation of regulatory immune cells and prime immunor‐
egulation by release of IL-10 and TGF-β. Developed countries with modern lifestyle have a
diminished contact with these microbes, while they were kept intact in rural life. Additional‐
ly, it has been demonstrated that allergic patients have less frequency of lactobacilli and
increased coliforms in the microbiota compared with microbiota of healthy individuals [26].
This means that a modification on the microbial community may induce a change in the
background of the bystander suppression that is continuously induced in the gut. Compel‐
ling data in atopic individuals supports that different factors may induce a dysbiosis and be
detrimental for the host [27].

In conclusion, a suboptimal microbiome depleted of beneficial bacteria can alter the host
homeostasis in the gut, thereby increasing an aberrant immune response to innocuous
allergens and autoantigens.

The evidence that link the composition of the microbioma and the immune system provides
new insights into the causes of the increase in several immunopathologies and suggests
potential new therapeutic targets.
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3.2. Current treatments

CMA is a heterogeneous disorder with no single immunologic mechanism involved. Once
food allergy to CMP is suspected, avoidance of the allergen is the only available treatment for
infants. For 6-month-old or younger babies, milk should be substituted and the recommend‐
ed formulae are currently extensively hydrolyzed proteins or amino acid-based formulae as
the best choice for infants with high-risk of anaphylaxis [28]. As mentioned before, milks of
alternative sources are also employed, with different consequences regarding its clinical
tolerance. Mammalian milks, rice-, and soy-based formulae are the most used alternatives. As
previously mentioned, most of the patients do not tolerate animal milks, although, and, for
not fully understood reasons, a restricted proportion of patients can perfectly tolerate goat's
milk and sheep's milk. Soy-based formulae are also frequently used in children older than 6
months old [29]. Nonetheless, soy intolerance is observed in some IgE-mediated or non-IgE-
mediated milk allergic patients. This phenomenon can be explained by either co-sensitiza‐
tion or cross-allergenicity between soy and milk allergens. We have used a food allergy mouse
model to CMP and characterized several soy allergens that cross-react with caseins. We
identified B and T epitopes shared between the main soy allergens and bovine caseins [30–32].
Again, only a restricted proportion of milk allergic patients react against soy proteins during
restriction diet. It probably depends on the individual pattern of reactivity, affinity of IgE
antibodies, and on some unknown factor [33]. Therefore, this point adds a new restriction to
the choice of a dairy substitute. In addition, the nutritional inadequacy of soy-based formu‐
lae makes them not recommendable for patients younger than 6 months old.

Therefore, even though a restriction diet seems to be the easiest and most efficient treatment
for milk allergic patents, several drawbacks arise. Finally, patient and family education is
crucial to prevent accidental reactions

3.3. Adverse reactions and related causes

Approximately 50% of patients with food allergy suffer accidental reactions upon contact with
food and non-food containing the allergenic component during the restriction diet. This can
be explained by several factors: contamination of food with the allergen (utensils at restau‐
rant, cross-contamination during the food manufacturing or processing, during cooking, etc.),
ignorance of the composition of the food (caseinate means the presence of milk proteins),
mislabeling of food composition (omission), presence of cross-reactive components (soy,
peanut, fish, nuts, etc), etc. Most of these accidental reactions are often severe and life-
threatening for patients, who should be aware of self-use of pre-loaded pen injections
(epinephrine) [34, 35]. In addition, and to make the situation even more complicated, there is
an increasing tendency of CMA to persist with time.

Therefore, the current standard of care for the management of IgE-mediated food allergy
involves the identification of causative foods and avoidance of the allergens while always
having self-injectable epinephrine available [36]. The avoidance of the immunologic stimu‐
lus seems to be efficient; however, it is not a corrective procedure of the impaired immune
response and accidental reactions are very common for patients. Considering all of these
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complications, there is a need in the medical community to develop disease-modifying
treatments.

3.4. New insights on immunotherapy and relevance of mouse models for experimental
allergy

Immunotherapy is nowadays a promising treatment for food allergies. It has been successful‐
ly used in different immunopathologies (cancer, autoimmunity, etc) to induce, enhance, or
suppress an immune response. In allergy, it is nowadays accepted that it has the potential for
disease modification [37]. Although allergen-specific immunotherapy has been used for the
treatment of IgE-mediated allergy longer than a hundred years, the first randomized clinical
trial of oral immunotherapy for food allergy was done in 2008 [38]. The controlled and step-
wise administration of milk to patients with IgE-mediated CMA rendered a clinical toler‐
ance to 200-fold higher amounts of milk than placebo-treated patients. Nevertheless, the
development of long-term tolerance was unlikely. It should be mentioned that all clinical trials
report the presence of adverse reactions during immunotherapy. For this reason, there are no
approved therapies for food allergy in the clinical practice, and still remains as an experimen‐
tal therapy.

Tolerance is the state in which a person can consume a food without any allergic symptom in
weeks, months, or years after cessation of regular and therapeutic exposure to the food antigen.
In this state, long-term clinical unresponsiveness is maintained [39, 40]. This mechanism
contrasts with desensitization, which depends on the regular ingestion or exposure to the food
allergen, once tolerance has been achieved, to sustain unresponsiveness. The immunologic
mechanisms underlying the development of tolerance are yet not fully understood, but
regulatory T cells are likely involved.

In recent years, the controlled oral or sublingual administration of the allergen has gained
increasing attention. It has been demonstrated that a substantial number of allergic patients
can tolerate gradually increasing amounts of the food allergen, which can probably assure that
patients are protected against accidental natural exposure to the allergen-containing food.
However, most of these clinical trials showed limitations [41, 42].

The development of animal models for food allergy holds great potential as powerful
biological tools to investigate the underlying mechanisms involved in the allergic pathway
and for developing and testing novel treatments to restore tolerance. Due to the ethical
concerns and the chance of fatal anaphylactic reactions in humans, great interest has arisen in
the use of animal models that resemble the pathology in man [43].

Mice are the predominant laboratory animals used to study many diseases for several reasons.
However, the main limitation is that allergy is not spontaneously elicited in mice, due to its
genetic background. Therefore, it should be artificially induced using pro-Th2 adjuvants
(hydroxide aluminum, cholera toxin, Staphylococcus enterotoxin B, etc.)[44–46]. Since the first
models developed, there has been significant progress in their optimization. The use of
mucosal adjuvants, such as cholera toxin, promotes the induction of the inflammatory process
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in the intestinal mucosa. These models closely resemble the pathology in man. For this reason,
food allergy mouse models have become a useful tool as a pre-clinical assay.

The characterization of new mucosal adjuvant (molecular patterns from microorganisms) and
new routes of administration (oral, nasal, or sublingual) will undoubtedly impact in the
development of novel disease-modifying therapies using the offending allergen in a control‐
led and step-wise administration strategy. Immunomodulatory and tolerogenic immuno‐
therapies that restore the immunoregulatory networks are promising treatments for food
allergy.

3.5. Other pathologies associated to food allergies

Many studies in the last decades linked the exposure to foods with disorders non-related with
food allergy and might be considered food intolerances. The appearance of some disturban‐
ces in the central nervous system such as migraine, epilepsy, and hyperkinetic syndrome has
been reported, or schizophrenia in patients undergoing a gluten-free diet. However, in this
case, genetic and immunological components might be involved in symptoms associated with
psychiatric disturbances [47]. It has been hypothesized that defects in the intestinal barrier
allow the passage of neuroactive peptides of food origin and interfere with the central nervous
system. This hypothesis has been proven in CMA children, in whom a slight improvement in
autistic symptoms was achieved after milk restriction diet. This observation, along with the
presence of high levels of IgA antibodies specific for the incriminated foods, was interpreted
as a consequence of the increased absorption of protein fragments by the intestinal mucosa
due to a peptidase defect detected in autistic patients. High prevalence of immune-mediated
conditions, including asthma, allergic rhinitis, atopic dermatitis, urticaria, type 1 diabetes, and
inflammatory bowel disease, has been reported in children with autism spectrum disorders
[48–51]. In addition, peptides derived from casein gastrointestinal digestion may have an
opiate-like effect on brain cells. It has been demonstrated in experimental animals that the slow
digestion of caseins promotes natural morphine-like substances known as casomorphins.
These peptides enter the bloodstream and reach the brain where they act through specific
neuronal receptors and cause addictions to dairy products.

4. Conclusions

Milk and dairy products are excellent sources of high-quality proteins, peptides, and amino
acids with a range of potential health benefits and functional properties. Hence, they have
attracted the interest of researchers and the food industry. Since no severe detrimental
properties have been described in its components, symptoms attributed to milk intake are
mainly associated to individual susceptibility. These reactions are sorted into food intoleran‐
ces and food allergies, being the latter immune-mediated disorders which can be caused by
any of the four types of hypersensitivity mechanisms. Strikingly, these inflammatory diseas‐
es have shown a rise in the last decades which was attributable to lifestyle changes in modern
societies of developed countries. Nevertheless, the controlled administration of the “offend‐
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ing” proteins to food allergic patients can reverse the impaired immune response. Nowa‐
days, immunotherapy is the only disease-modifying treatment for allergic patients.

In conclusion, the evolutive and traditional culture of milk consumption by man through
thousands of years indicates its importance as a natural nutrient.
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Bioactive Peptides from Milk
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Additional information is available at the end of the chapter

Abstract

Milk is a major source of dietary energy, protein and fat. Due to their specific biological
properties leading to health benefits, bioactive peptides (BAPs) derived from milk pro‐
teins have been a subject of intensive research during past two decades. These peptide
sequences, encrypted within proteins, are liberated in vivo during gastrointestinal di‐
gestion or in vitro by fermentation with proteolytic starter cultures or using proteases.
BAP generally comprises 2–20 amino acid (AA) residues. Isolation and characterization
of BAP of different bioactivities from milk protein hydrolysates of cow, buffalo, camel,
goat, mare, sheep, donkey and yak milks have been reported. Bioactivities of BAP, which
depend on constituent AAs and the sequence, include mineral binding, opioid, angio‐
tensin-converting enzyme (ACE) inhibition, immunomodulatory, cytotoxicity, antibac‐
terial  and  antithrombotic.  This  chapter  focuses  on  the  methodologies  adopted  to
produce BAPs and their prospective role in health enhancing nutraceuticals/pharma‐
ceuticals.

Keywords: bioactive peptides, bioactivities, casein, milk proteins, nutraceuticals,
whey

1. Introduction

One of the achievements of mankind over a century is the remarkable progress in the field of
healthcare  including  management  of  communicable  diseases  leading  to  increase  in  life
expectancy of population around the world. However, there is a tremendous upsurge in non-
communicable diseases (NCDs) such as cardiovascular diseases (CVDs), diabetes, obesity, etc.,
which are associated more to life style changes and eating habits than to hereditary [1]. About
two-thirds of the 57 million deaths that occurred globally in 2008 were due to NCD [2]. Further
one-fourth of these deaths occurred before the age of 60. One among the four major behav‐
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ioural risk factors identified for NCD is unhealthy diet. Healthy diet and physical activity were
an integral part of the WHO’s 2008–2013 action plan of the global strategy for the preven‐
tion and control of NCDs. Essential nutrients, standards and guidelines for diet and food
preparation were considered prime for nutrition in the twentieth century [3]. New challeng‐
es now arise due to increased life expectancy, drastic life style modifications and elevated costs
of healthcare. This has directed to new nutritional concepts which target maximum well-being
and good health along with minimum disease risk throughout the lifespan. Nutraceuticals
and functional foods are an attempt towards resolving these health issues and to create a
healthy society [4]. The idea of nutraceuticals/functional foods is more often mentioned as an
emerging field. However, the concept has been well acknowledged in ancient Indian Vedic
texts and Chinese traditional medicine where it quotes “food and medicine have common
source.” Egyptians and Sumerians are just a few other civilizations that show evidence of food
being used as medicine and in disease prevention [5].

There is no agreement on the definition of nutraceutical and functional foods. The term
nutraceutical was first mentioned by Defelice in 1989 [6]. It was defined by Zeisel as “those
diet supplements that deliver a concentrated form of a presumed bioactive agent from a food,
presented in a non-food matrix and used to enhance health in dosages that exceed those that
could be obtained from normal foods” [7]. European Commission Concerted Action on
Functional Food Science in Europe (FUFOSE) originally proposed that a food can be consid‐
ered “functional” if it provides positive impact upon one or more physiological functions in
addition to its nutritional effects and improves health via reducing disease. Nutraceutical is
also defined as an isolated or purified product from food that is generally in medicinal form
and not generally related to food where as a functional food is defined as foods that offer more
than basic nutrition by providing additional physiological benefit [8]. The biological active
substances in functional foods (designer foods/medicinal or therapeutic foods) can either be
an essential macro/micronutrient, a non-nutritive component or a component whose nutri‐
tive value is not listed as essential [9]. Functional foods are generally grouped into conven‐
tional foods containing natural bioactive substances, enriched or modified foods with bioactive
substances and synthesised food. These foods as alone or in combination are considered
functional foods. Foods/food product could be prepared using different approaches to make
it functional: (a) by removing a component that may be identified to cause harmful effect when
consumed, (b) elevating a constituent naturally present to induce targeted effect, (c) introduc‐
ing a micro/macro nutrient for its positive effect and (d) substituting a constituent usually with
macronutrient or increasing bioavailability of a food component [5]. Japan was the first country
to emerge in production of functional foods to cope with accelerating cost of healthcare in 1980,
mainly to improve the health condition of the aging population [5, 10]. Scientific studies have
catered to the growing awareness on the relationship between nutrition and health issues that
have led the end users’ attention towards healthy foods. Functional or biologically active
molecules from food have been widely studied and assessed for moderating these condi‐
tions as well as to restore their normal physiological functioning.

Biopeptides from dietary proteins have exhibited potential benefits to intervene these
abnormal biophysiological conditions [11]. Bioactive peptides (BAPs) have been defined as
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protein fragments that have a progressive impact on body functions or conditions ultimately
influencing health [12]. When BAPs are encrypted within their parent proteins, they are
described as “cryptide” or a hidden peptide and are released by gastric digestion of food
proteins or by exogenous/endogenous proteolysis by plant, animal or microbial proteases
(especially during fermentation) [13]. These peptides demonstrate diverse physiological
functions including metabolic functions, immunomodulatory, microbicidal, thrombolytic and
pre/probiotic functions in human system [14]. Existing knowledge about milk-protein-derived
BAPs as pharmaceutical constituent for potent drug or dietary supplement in the form of
formulations of nutraceuticals is reviewed in detail in this chapter.

2. Sources of BAPs

Food proteins are not only a source of nutrients for maintenance of proper body functions but
are also considered as a source of BAPs which can promote health and prevent diseases. BAPs
are released from food proteins by endogenous proteolysis during gastric digestion or by
exogenous hydrolysis using physical (heat), chemical (acid/alkali) or plant/animal/microbial
proteases during food processing [15, 16]. Unlike physical/chemical treatments, enzymatic
hydrolysis has an advantage of producing intact BAPs without any residual/toxic chemicals
in the end products [17]. The size of active sequences may vary from 2 to 20 amino acid (AA)
residues and generally have molecular weight <6000 Da [18]. BAP from different sources are
found to possess common structural properties with hydrophobic AA residues in addition to
lysine, proline or arginine [19]. Low molecular weights (dimer–heptamer) of BAPs are resilient
to gastrointestinal (GI) tract enzymes and are easily absorbable in an intact form into the blood
stream, hence suitable for therapeutic formulations or as functional foods. Higher molecular
weight BAPs, in contrast, are possibly degraded during their passage through GI tract making
them either inactive or less active. However, in few cases they may also become more active
and thus more absorbable to be transported to target organs. Although milk proteins are
considered as the most important source for BAPs, animal, plant and marine proteins also
contain potential bioactive sequences [13, 20, 21].

2.1. Milk as a source of BAP

Milk is a characteristic secretion by female mammals with an array of bioactive substances to
meet whole nutritional requirements, defensive and physiological functions of the young ones
of that particular species. It is considered as one of the nearly complete single foods availa‐
ble in nature for maintaining human health and growth. Although the major mammalian milk
that is consumed by humans is that from bovine, milk from sheep, goats, yak, horses and
camels is also used. Constituents of milk are similar among species but differ significantly
between species [22]. Major constituents of milk include carbohydrates, proteins, lipids,
micronutrients and traces of various other organic and inorganic compounds. Lactose is the
key carbohydrate present in milk, which is a disaccharide formed from glucose and galac‐
tose with β 1-4 glycosidic linkage. Fat content of cow’s milk is ~3.25%. Bovine milk fat
composition is distinct from other sources due to their diet and the presence of a rumen.

77

Milk Proteins: Chemistry and Biology

________________________ WORLD TECHNOLOGIES ________________________



WT

Normal bovine milk comprises about 3.5% of protein, 80% and 20% of which are constituted
by casein and whey proteins, respectively [23]. Sub-fractions of casein and whey possess
specific biological properties.

Milk from different animal sources, such as bovine, goat, yak and donkey, has been exten‐
sively studied for production of BAPs and for their potential positive impact on health, and
physiological benefits have been experimentally investigated [24]. Among these, cow’s milk
has proven to be the best source. To effectively produce biofunctional peptides, a combina‐
tion of such processes is also preferred [15]. Expression of dormant bioactivities of BAPs,
encrypted within the sequence of parent proteins, depends on the site of proteolysis, i.e., in
mammary gland or at a GI location as well as the specificity of proteases. Milk-protein-derived
BAPs have claimed to be health enhancing components that can be used to reduce the risk of
disease or to enhance a certain physiological function, such as potential antimicrobial,
antihypertensive, antioxidative, cytomodulary, immune stimulating, opiate effects, etc., in
humans. BAPs derived from milk protein may function as exogenous regulatory substances
at diverse intestinal and peripheral sites of mammals. They may be absorbed via carrier-
mediated or paracellular transport to regulate activities of target organs [12].

The primary physiological role of casein was considered to be a source of AAs required for
neonatal nutrition. However, subsequent studies have shed light on its diverse physiological
roles including prevention of pathological calcification of mammary gland by micellar
caseins [25]. It is a phosphoprotein that precipitates at 20°C from raw skimmed milk at pH 4.6.
The electrophoretic separation and AA sequence homology evaluations of different casein
fractions revealed its heterogeneous nature with four major families of casein: α1, α2, β and κ
[26]. Individual casein differs in the phosphate content and calcium-binding properties.
Generally, α1-, α2- and β-caseins bind calcium strongly and precipitate at relatively low calcium
concentrations and hence referred as “calcium-receptive caseins” having concentrated
phosphoserine and proline regions. In contrast, κ-casein is “non-receptive casein” (not
sensitive to these calcium concentrations), which can stabilise up to 10 times its mass of the
calcium-sensitive caseins and possesses one phosphoserine [27]. Caseins α1 and β have
potential to liberate more than 20,000 biofunctional peptides each. Biopeptide from casein was
the first identified food-derived BAP that boosted Vitamin D-independent bone calcification
in rachitic infants in 1950 [28]. Few milk-derived peptides reveal multi-functional properties,
i.e., specific peptide sequences having two or more different biological activities, as casein’s
primary structure possesses overlapping peptides or “strategic zones” in certain regions. These
zones are generally protected from proteases [29]. For example, a strategic zone containing
immuno-stimulating and opioid peptides has been reported to reside between residues 51–63
and 60–70 of human and bovine β-casein, respectively [30, 31].

Whey is the chief by-product or even considered as a co-product of cheese and other dairy
industries. Concentration of protein in whey depends on various factors, such as milk source,
time of the year, type of animal feed, lactation stage, processing quality and whey type [32].
Whey proteins constitute 20% of the whole milk protein, which are heterogeneous in nature.
Discovery of whey dates back to 3000 years ago. Seventeenth and eighteenth centuries
observed whey being used for its medicinal purpose [33]. Whey proteins are now consid‐
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ered as the highest quality natural protein available [34]. In recent past, there has been an
exponential research on whey proteins due to the presence of nutrients that are found to have
an active role in the betterment of human health [35, 36]. Whey proteins constitute 20% of
whole milk protein which are heterogeneous in nature. All whey proteins are soluble, perform
functions like carrier ligands and are involved in various biological activities. Elevated
nutritional values of whey proteins are attributed to their diverse AA composition [15].
Globular whey proteins contain acidic/basic and hydrophilic/hydrophobic AAs along their
polypeptide chains, well balanced throughout α-helix motifs [35]. With increased magni‐
tude of dairy industry, enormous quantity of whey is produced across the globe. A substan‐
tial portion of it is wasted or underutilised as animal feed, in turn increasing the cost of its
disposal. Use of whey as a source of BAP provides economic health potential for global
population [37, 38]. Under controlled conditions, hydrolysis of whey releases peptides that
could be a part of preventive or therapeutic applications [39]. Recent literature reports some
biologically important whey peptides: α- and β-lactorphin, lactoferricin B, glycomacropep‐
tide (GMP) to name a few. Commercial formulations with whey as an ingredient are also
available, making it a value-added product [40].

3. Production and purification of milk BAPs

Selection of appropriate food protein followed by its enzymatic hydrolysis is the general
process used for BAP production. BAPs can be released by in vivo or in vitro hydrolysis of the
parent proteins. They can be produced in vitro by (1) enzymatic hydrolysis with digestive
enzymes, (2) fermentation of milk with proteolytic starter cultures and (3) proteolysis by
enzymes derived from animals, plants or microorganisms [14]. Once the AA sequence is
known, it is also possible to synthesise BAPs through the chemical methods, enzymatic
synthesis and/or by recombinant DNA technology [15].

3.1. Protein hydrolysis under simulated gastrointestinal tract conditions

In vivo digestion of protein, although possible, is rarely used for the production of BAPs as it
requires removal of intestinal contents from animals after feeding protein diet. However, it
can be simulated. The protein of interest is first treated with pepsin for a few hours to stimulate
digestion, followed by treatment with pancreatin or with a combination of trypsin and
chymotrypsin mimicking digestion in stomach at specific pH. This method also enables
estimation of BAPs released from food proteins though the stimulation of intestinal proteas‐
es after food intake is not taken into consideration [12]. BAPs produced via in vitro stimula‐
tion of gastric enzymes from milk are mainly ACE inhibitory peptides. Digestive enzymes in
combinations with other proteases from bacterial/fungal sources are also used in the genera‐
tion of BAPs from various food proteins [22].
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3.2. Fermentation with proteolytic starter cultures

The presence of lactic acid bacillus (LAB) in milk fermentation can be either as spontaneous
or as inoculated starter cultures. Although under spontaneous fermentations the growth of
LAB cannot be predicted or controlled, this procedure has been practiced and carried out
traditionally for years [41]. The fermentation process by lactic acid bacteria starter cultures,
used in the dairy industry, involves the hydrolysis of milk proteins (particularly casein) into
peptides and AAs which are used as nitrogen sources necessary for their growth. Several lactic
acid bacteria are widely used and their role can be divided into starter and non-starter cultures.
The proteolytic system of lactic acid bacteria consists of a cell wall-bound protease and other
intracellular proteases [42]. Different starter cultures and fermentation conditions affect the
composition and nature of released BAPs. Studies have exhibited that LAB proteases espe‐
cially from Lactococcus sp. and Lactobacillus sp. could hydrolyse ≥40% of peptide bonds of α1

and β caseins resulting in the release of various oligopeptides that are further hydrolysed by
complex peptidases [43]. Pure cultures as well as mixed cultures are used for fermentation.
Apart from lactic acid bacteria, yeast and other microflora may also be present in a few
commercial starter cultures. Peptide profiling of bovine kefir, which is a fermented milk
beverage, revealed 236 unique peptides that were released from caseins during its produc‐
tion by kefir grains [44]. BAPs with physiological benefits, such as ACE inhibition, immuno‐
modulation, anti-oxidative, antimicrobial, etc., have been identified from microbial fermented
products [45–47]. An endopeptidase from Lactobacillus helveticus improved the production of
casein-derived ACE inhibitory peptides, VPP (Val-Pro-Pro) and IPP(Ile-Pro-Pro) via carboxy
terminal processing mechanism [46]. Even with insufficient evidence to establish the cause–
effect relationship between the maintenance of blood pressure (BP) and the consumption of
fermentation-derived peptides, food products fortified with such BAPs could prove valua‐
ble as nutritional therapeutics at least in certain sub-population [42].

3.3. Enzymatic hydrolysis by proteases

Plant, animal and microbial proteases have been used for the production of BAPs from the
protein source. Enzymatic hydrolysis is more suitable for the production of BAPs, especially
in food and pharmaceutical industries, due to the lack of residual organic solvents or toxic
chemicals in the end product. Further hydrolysis takes place under mild controlled condi‐
tions and yield-predictable end product. The widely used enzymes of animal and plant origin
include pepsin, trypsin, chymotrypsin, bromelain, papain or ficin. One of the best and cheap
sources of animal origin proteinases is pancreases, by-products of the meat industry. Recently,
proteases from plant sources are gaining attention. ACE-inhibitory peptides and anti-ulcera‐
tive peptides were studied from peptides synthesised from whey protein hydrolysis by Cynara
cardunculus [48, 49]. Proteases from extracts of celery, fennel, parsley and ficin latex have shown
potential in releasing peptides from skim and whole milk with ACE inhibitory and antioxi‐
dant properties [50, 51]. However, these preliminary observations need further validation
through clinical studies involving human volunteers to confirm such promising in vitro/animal
study results [49]. Microbial proteases widely used are those obtainable from the Bacillus sp.,
Bifidobacterium, proteases from the LAB and few fungi [14, 17]. Furthermore, LAB and their
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products are considered safe (generally recognized as safe, GRAS). Microorganisms are a
relatively cheap source of proteases. Microbial proteases, especially from bacteria, provide few
advantages over proteases from other sources. A recent study showed that Bifidobacterium
bifidum MF 20/5, Arsukibacterium ikkense, L. helveticus, Bacilus thermoproteolyticus, etc., could
release peptides from milk and milk products that were potent ACE inhibitors, antimicrobi‐
al and antioxidant agents [52–55].

3.4. Chemical synthesis and recombinant DNA technology

Enzymatic production of peptides generally does not produce adequate quantities and is not
always economical. Chemical and recombinant technologies are used in such conditions to
produce peptides in large quantities. However, they require specialised equipment, skilled
labours and incur high cost. Further these techniques can be employed only when the peptide
sequence is known. The size of peptide determines the kind of technology to be used. Chemical
synthesis is preferred for producing medium and small peptides (5–80 AAs) and recombi‐
nant technology for larger peptides and proteins [56]. Numerous such peptides have been
approved to be used as drugs in the past decade. This application greatly depends on chemical
modifications of peptides to improve membrane permeability, receptor affinity and stability
along with decrease in hepato-renal clearance of the peptide. It is also proven that bioavaila‐
bility of peptides improves with chemical modification, such as bond replacement and
conformational modifications including peptide cyclisation. Chemical synthesis has proved
that large-scale peptide synthesis at reasonable cost can be achievable through solid phase [57].
Easy peptide separation from other products and impurities remain its major advantage.
However, requirement of side-chain protection, racemisation, decrease in yield during
removal of protective chains and toxic nature of solvents used are a few drawbacks associat‐
ed with this method. Chemical synthesis is still considered as one of the best suited proce‐
dures to synthesise medium-sized peptides of therapeutic significance [16].

Recombinant DNA technology involves gene expression in microorganisms using modern
techniques of cloning to synthesise one or more peptides concurrently. This method requires
high cost involving research; however once established it will lead to their economic yield. The
Escherichia coli based bacterial expression system is widely preferred. Human and bovine β-
casomorphins were produced through this technique [15]. Particularly, this technology finds
superiority in synthesis of large peptides and proteins [16]. Additionally, it comparatively
offers effective alternative for bulk production of peptides [58].

3.5. Purification and characterisation

Purification of peptides after its production from any of the above-mentioned process is
prerequisite for its industrial use. Peptides with more than 95% purity is required for NMR
studies, enzyme studies, monoclonal antibody production, in treatment of disease, clinical
research and structure–function relationship studies. Immunological studies and PAGE
analysis require purity of >70–80% [58]. Ultra-filtration is performed using series of mem‐
brane filters with different molecular weight cut-off resulting in minimising non-peptide
concentration in the hydrolysate. Purification procedure often used is RP-HPLC. This enables
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rapid purification and detection of peptides in a mixture. Ion exchange, affinity, size-exclu‐
sion chromatography and capillary electrophoresis are also being preferred [12]. Peptide
characteristics are evaluated through mass spectrometry [58].

4. Absorption of BAPs

BAPs produced after their release from parent proteins by GI enzymes at times exert their
activity locally or after absorption at the peripheral organs [14]. Some peptides may undergo
further hydrolysis by peptidases in the course of transport of brush border and cytoplasm.
Intestinal absorption plays an important role in the effectiveness of their biological functions.
Even with little unambiguous in vivo evidence, the absorption of BAPs is suggested to be
possibly operating through any of the following pathways: carrier-mediated transporter
system, passive diffusion and transcytosis, paracellular pathways via tight junctions and
endocytosis [21].

4.1. Carrier-mediated transport system

Carrier-mediated transport system actively transports bi- and tripeptides. Cytoplasmic
peptidases hydrolyse peptides to AAs in the intestinal epithelial cells; however, some peptides
resist this hydrolysis and are transported across the membrane [59]. PepT1 (transmembrane
protein) is an intestinal proton-dependent peptide transporter with a wide range of sub‐
strate specificity for more than 400–800 di- and tripeptides. L-AA-containing peptides are
preferred over D-AA/D-stereoisomers for transporting across membranes [60]. It is a bidirec‐
tional transporter where membrane potential and proton gradient decide the rate and direction
of absorption. About 70–80% of peptides are absorbed through PepT1 transport system due
to its high transporting capacity and intestinal expression [61].

4.2. Passive diffusion and transcytosis

Maternal colostrum-derived γ-globulin permeability associated with passive immunisation
by mammalian neonatal small intestine has long been established. Lipid-soluble peptides
easily enter enterocytes and are hydrolysed by the action of cytosolic peptidases releasing AAs
for intercellular metabolism. Some AAs from enterocytes are moved into portal circulation
through transporters on basolateral membrane [62]. Role of this system in absorption is
considered small, as peptides are most likely to be hydrolysed by cytoplasmic peptidases [63].
Large polar proteins (>600 Da) are hydrolysed before they enter into enterocytes. Vesicles are
formed by invagination of apical membranes that capture the large peptides. These vesicles
fuse with lysosomes to form phagolysomes where enzymatic digestion of the macromole‐
cule occurs. Proteins that resist this hydrolysis could be drawn into enterocytes by means of
receptor-mediated, absorptive or fluid-phase transcytosis to be secreted into basolateral
membrane. Di- and tripeptides are generally hydrolysed by cytosolic peptidases; however,
those that resist are hydrolysed by vascular endothelial tissue/plasma peptidases [63–65].
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4.3. Paracellular pathway through tight junctions

Paracellular pathway is considered important in BAP absorption in intact form. Tight junctions
are formed by adhesive membrane proteins (claudins, occludin, tricellulin and junctional
adhesion molecule A) between intestinal epithelial cells creating small pores to enable passive
diffusion of peptides. Diffusion through tight junctions depends on permeability and elasticity
of these junctions that are controlled by these proteins [65, 66]. Tight junctions generally allow
diffusion of cations and inert small molecules (<600 Da) and also larger oligopeptides [67].

4.4. Endocytosis

Intestinal epithelium of adult mammals could absorb proteins in small quantities by endocy‐
tosis even though such absorption is much smaller (<0.1%) in comparison with other absorp‐
tion system; however, they are biologically significant. Larger peptides are generally
internalised by endocytosis [fluid phase and/or absorptive (receptor)]. Fluid phase (pinocyto‐
sis) is non-specific endocytosis that begins with plasma membrane “pinching off” to vesicle
that contains dissolved peptides in extracellular (EC) fluid. Vesicle or pinosome drifts inwardly
to perinuclear region to bind with lysosome. Peptides are hydrolysed during this and vesicle
is recycled back to plasma membrane. In absorptive or receptor endocytosis, the membrane
binding site is specific for the peptide to be transported. Receptor–ligand binding results in
clustering of this complex into clathrin-coated regions of plasma membrane followed by
endocytosis. These complexes are transported to endosomes where low pH of the endosome
disassociates receptor–ligand complex and receptor is either recycled to plasma membrane or
may be degraded [67, 68].

5. Bioactivities of BAPs from milk

Naturally occurring bioactive molecules are preferred in comparison with chemosynthetic
components for functional food preparation. Protein-derived BAPs are presently gaining
attention due to their safe and economic benefits [69]. Food technologists and scientists have
been concentrating in understanding relationship between casein- and whey-derived BAPs
with their bioactivities. Deciphering their AA sequences along with an understanding on their
bioavailability and stability in vivo have helped in the development of health-promoting milk
protein [70]. Figures 1 and 2 illustrate various bioactivities of milk-derived peptides. However,
relationships between their structural properties and functional activities have not been
completely elucidated. Many BAPs from milk proteins are relatively small (e.g., 2–9 AAs),
possessing hydrophobic AA residues in addition to proline, lysine or arginine groups. Several
in silico approaches including quantitative structure activity relationship (QSAR) as an
application of chemometric and bioinformatics methods have been used in an attempt to
predict the activity of these peptides. Structure–function relationship elucidating studies
highlighted the significant contribution by specific AA residues, such as tyrosine (Y), leucine
(L), proline (P) and tryptophan (W), present in BAPs for diverse physiological activities [71].
Recent studies have shown that many tryptophan(W)-containing peptides originate from milk
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proteins, which have been shown in vitro to display a wide range of bioactivities such as ACE
inhibition along with antioxidant, antidiabetic and satiating-related properties [71].

Figure 1. Physiological role of milk bioactive peptides [72, 26].

Figure 2. Representative BAPs from milk proteins and their prominent bioactivities [40, 73, 74]. *AA represented by
one letter code.
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5.1. Functionalities of casein and whey peptides

5.1.1. Mineral binding property

Normal bone development in humans requires adequate calcium supply. Low ingestion of
calcium levels are prevalent among infants (mostly pre-term), young and post-menopausal
women, elderly who have low calcium absorption and those in treatment or prevention of
osteoporosis and children with rickets [75]. Enhancement of Vitamin D-independent bone
calcification was the suggested role of casein-derived phosphorylated peptides in rachitic
infants [14]. Specific caseinophosphopeptides (CPPs) that are phosphorylated regions released
form α- and β-caseins can form soluble organophosphate salts functioning as mineral carriers,
especially for calcium. CPPs were the first BAPs to be mentioned by Mellander [28] in 1950.
CPPs have been shown to possess mineral binding properties thereby improving bioavaila‐
bility of metal ions [76]. CPP-ACP (amorphous calcium phosphate) exhibited anti-plaque,
remineralisation and demineralisation prevention of teeth [77]. Increased bioavailability of
iron in the presence of CPP has also been reported [78]. Whey peptides also exhibited mineral-
binding properties [79]. Tryptic hydrolysates of whey proteins inhibited calcium phosphate
formation thereby favouring calcium absorption. [80]. Significant elevation in mice calcium
absorption in the presence of tryptic hydrolysate of whey (Ser-Thr-Glu-Tyr-Gly) suggested
their possible utility as functional food or dietary supplement to prevent calcium deficiency
[81].

5.1.2. Antioxidant activity

Aerobic metabolism inherently releases free radicals which are scavenged by antioxidants in
the biological system that protects against the damage caused by reactive oxygen species. Free-
radical-mediated reactions play a major role in cellular damage and aging via lipid oxida‐
tion and production of secondary lipid products contributing to major degenerative diseases,
such as CVD, diabetes and even in neurological disorders [82]. A number of milk BAPs have
been shown to possess antioxidant property. This ability of peptides to bind/interact with
radical species and/or inhibit oxidation could be a boon to boost human health [83]. Casein
peptide, derived through pepsin hydrolysis, bearing the sequence Tyr-Phe-Tyr-Pro-Glu-Leu
(YFYPEL) was found to show superoxide anion scavenging activity [84]. Further they
identified that the preferred sequences were EL>YFYPEL>FYPEL>YPEL>PEL, suggesting that
Glu-Leu in the sequence is important for this activity. Casein-derived peptides exhibited
antioxidant property via inhibition of lipid peroxidation. It was further observed that
proteolysis or dephosphorylation of casein did not impair its antioxidative potential [85].
Peptide with SerP-SerP-SerP-Glu-Glu domain has proven to possess free radical scavenging,
hydroxyl and metal chelating properties [19, 86]. A recent study on peptides derived from
sodium caseinate by proteases (papain, trypsin and pancreatin) demonstrated the contribu‐
tion of proteolytic conditions on the extent of antioxidant activity [87]. Antioxidative poten‐
tial of whey protein hydrolysates (WPHs) was associated with both low and high molecular
mass fractions [88, 89]. α-Lactalbumin (α-LA) hydrolysed by thermolysin-yielded peptides
with antioxidative properties. Peptides with Trp or Tyr at their extremities were found to
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possess higher antioxidative activity in comparison with gallic acid and Trolox [90]. Trp-Tyr-
Ser-Leu purified from whey protein displayed high radical scavenging and superoxide radical
scavenging activities among peptides obtained through other enzymes [91]. Many peptides
from whey have been shown to be multifunctional and possess antioxidant property along
with ACE inhibition and antimicrobial properties [92, 93]. IIAEK and IPAVFK peptides,
derived from tryptic hydrolysate of β-lactoglobulin (β-LG), possessed potent ACE inhibitor
potential while VAGTWY was found to be an effective antioxidant having 1.7-fold higher
activity in comparison with commercial antioxidant [94]. Hydrolysates derived from sheep
cheese whey through hydrolysis by protease from Bacillus species P7 were effective as
antioxidant and antihypertensive agents. They exhibited 3.2-fold increases in radical scaveng‐
ing activity and could potentially be engaged in retarding oxidation in food products or as a
nutraceutical [95].

Lipid peroxidation leads to spoilage, reduced shelf life along with release of free radicals that
possibly decrease the nutritional value of food. Independent or combined antioxidant or
antimicrobial roles by whey BAPs have extended their utility as natural food preservation
agents. Ability of lactoferrin (Lf) to retard growth of microbes or limit lipid oxidation finds its
application in food preservation as it acts as antimicrobial and physical barrier between food
and microbes. It can also be used as spray or directly applied to beef carcasses improving its
shelf life [96]. Peptide sequence Trp-Tyr-Ser-Leu-Ala-Met-Ala-Ala-Ser-Asp-Ile from α-LA
and β-LG hydrolysed by commercial proteases was found to possess radical scavenging
activity higher than butylated hydroxyl anisole indicating its utility as antioxidant in food
industry [97]. Alcalase-treated whey protein isolate (WPI) hydrolysates proved to possess
antioxidant property by acting as metal ion chelator, radical stabiliser and hydrogen donor
thereby inhibiting lipid oxidation ascertaining their potential to replace synthetic antioxi‐
dants [98]. Radical scavenging activity of fragments LQKW and LDTDYKK of β-LG-en‐
riched WPC were identified [99]. Antioxidant peptides and their application have been
reviewed by Power et al. [18]. Critical contribution of thermal processing contributing to
maintenance of milk protein bioactivity was delineated. Lf and β2 transforming growth factor
were significantly high in low-heat-treated WPC mainly from acid whey that could induce
immune response via proliferation and cytokine responses of intestinal epithelial cells. These
findings could be vital in maintaining optimal bioactivity infant’s formula thereby influenc‐
ing maturation and immune modulation of developing intestine [100].

5.1.3. Angiotensin-converting enzyme inhibitors

CVD is the leading cause of mortality and morbidity globally. BAPs from milk have gained
prominence in protection against CVD owing primarily to their antihypertensive effects along
with hypocholesterolaemic, anti-inflammatory and anti-oxidant potentials [101]. Multifunc‐
tional ACE regulates blood pressure via catalytic conversion of angiotensin 1 to angiotensin 2
which is a potent vasoconstrictor. ACE inhibition is known to be the major strategy in BP
treatment using pharmacological drugs. Due to their side effects, there is continuous search
for safe and possibly natural inhibitors [102]. Extensive research has been focussed on ACE
inhibitory biopeptides. Casokinins that are casein-derived peptides, found in α1-, β- and κ-
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caseins, are very effective in inhibiting ACE [72]. Casein peptide, VPP, is a potential inhibi‐
tor of ACE. Research suggests that monocyte adhesion to inflamed endothelia is well
moderated by VPP that may prove vital in the prevention of atherosclerosis [103]. Pepsin
hydrolysed bovine casein (HBC) with molecular mass <3000 were studied for their antihyper‐
tensive property. HBC exhibited nearly 10 times decrease in DBP substantiating its potential
as ACE inhibitor and an antihypertensive agent. Pepsin hydrolysate of casein has been
commercialised and patented as potential hypotensive agents containing α1 peptides [99, 104].
Structure–activity studies have shown that three residues in the C-terminal region of BAPs
seem to interact with active centre of ACE. This interaction may enhance the ACE inhibitory
activity if hydrophobic/aromatic AAs (Trp, Tyr and Phe) or imino acid Pro are situated in this
location. Additionally, Arg and Lys residue’s positive charge may increase the inhibition [105].
Further C-terminal region’s importance in ACE inhibition was delineated through QSAR
model [106, 107]. A recent study on α-casein-derived peptides identified a potent ACE inhibitor
using endoproteinase from Aspergillus niger [108]. Enzymatic hydrolysis of β-LG obtained from
chemical hydrolysis of ovine and caprine whey exhibited consistently high ACE activity. It
was postulated that end product of thermolysin hydrolysates, LQK from LQKW and LL from
LLF, possibly possessed ACE inhibitory action [109, 110]. Stage 1 hypertensive young adults
treated with dietary intake of WPC beverage daily for 6 weeks resulted in a significant decline
in diastolic and systolic blood pressure [111]. Hydrolysates of camel milk, colostrum and
colostral whey proteins by pepsin and pancreatin to mimic intestinal digestion presented
increased ACE inhibition along with multifunctional effects like radical scavenging and
antimicrobial effect. Biopeptides α-LA and immunoglobulin (IgG) exhibited multifunctional
activity including ACE inhibition [92]. Recently, optimisation studies to produce whey
hydrolysate from WPC containing 70% protein with commercial enzyme through response
surface methodology demonstrated up to ~65% inhibition of ACE and 50% antioxidant
property [93].

5.1.4. Opioid activity

Opioid peptides are short sequence AAs required by the brain for important functions and
these mimic the effect of opiates in the brain. Opioid peptides are peptides that exert affinity
towards opiate receptors. Some of the functions of these peptides are to increase analgesic
action, moderate social behaviour, stimulate endocrine secretions, increase GI transient time
and thereby inhibiting intestinal peristalsis, motility, etc. [112]. Activity of opioid agonist
peptides is inhibited by the opioid antagonist naloxone both in vitro and in vivo. All opioid
receptor ligands are proved to possess some characteristic features, such as N-terminal Tyr
residue, another Phe, Tyr or another aromatic AA at the third or fourth position from the N-
terminal end. These features ensure appropriate fit between the peptide and receptor for the
specific target activity [113]. One of the earliest discovered BAPs from milk was casein opioid
peptide, β-casomorphins. Water buffalo, sheep and human milk also contain analogues of β-
casomorphins. Exorphins derived from α-casein of milk corresponding to bovine α1-casein
and casoxins from κ-casein mimic as opioid antagonists [114]. Recent research on casein-
derived β-casomorphins-7 has shown to have positive influence on neurogenesis through
redox-based epigenetic effects [115]. Enzymatic hydrolysis of whey by GI enzymes individu‐
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ally or in combination was used in vitro to release an agonist peptide, serorphin, from bovine
serum albumin (BSA). It also led to the production of antagonist peptides, lactoferroxin A, B
and C from Lf, α- lactorphin from α- LA and β-lactorphin from β-LG [116]. α-Lactorphin was
shown to upregulate mucin gene (MUC5AC) expression and secretion in human colonic
goblet-like cells [117]. Trypsin hydrolysates of β-LG and β-lactorphin exhibit similar results
possibly operating via opioid pathway. Results confirm that mucin secretion could be induced
via opioid receptor and whey peptides as promising gastrointestinal protective agents [118].

5.1.5. Antithrombotic activity

Rennin hydrolysis of κ-casein during milk clotting releases caseinomacropeptide (CMP) that
contain peptide sequences aiding blood clotting by inhibiting platelet aggregation and binding
of γ chain of fibrinogen to fibrinogen receptors [119]. The sequences LSFMAIPPK,
MAIPPKKNQDDK, MAIPPKK and NQDK in primary structure of κ-caseins were found to be
involved in antithrombotic activity [119, 120]. κ-Caseinoglycopeptide from sheep casein
exhibited antithrombotic property [121]. Undecapeptide (106–116) of bovine κ-casein exhib‐
its structural similarities to dodecapeptide of human fibrinogen γ chain at C-terminal. Ile108,
Lys112 and Asp115 residues of undecapeptide are positionally homologous with r-chain of
human fibrinogen for platelet receptors thereby inhibiting clot formation [122].

5.1.6. Antimicrobial activity

Conventional antibiotics use is increasingly turning deterrent due to antibiotic resistance by
microorganisms resulting in treatment impediments and augmented healthcare expenses.
Antimicrobial peptides (AMPs) resulting from milk have the advantage due to their precise
infected cell targeting, broad spectrum nature, safe and economical source with vast industri‐
al potential [17, 20, 71]. Antimicrobial properties of milk was first identified in 1930 when
lactenin was identified to possess antibacterial property against scarlet fever Streptococcus
[123]. Research has shown that milk proteins contain several motifs that can be released by
proteolytic enzymes to enhance the antimicrobial potential of these proteins [124]. Disease
prevention/control through BAPs primarily involves microbial interaction as AMPs or
immunomodulation [125]. α1-Casein-derived peptides, casecidins, were the first purified
antibacterial peptides from casein and were effective against a wide range of Gram-positive
bacteria including Staphylococci. Isracidin, N-terminal peptide of α1-casein was found to be
effective against Lactobacilli and Gram-positive bacteria in vitro and yielded a strong protec‐
tion against Staphylococcus aureus, Listeria monocytogenes and Streptococcus pyogenes in vivo.
Isracidin is comparable in its antibiotic action to standard commercial antibiotics in protect‐
ing cows and sheep against mastitis [126]. Caseicin A, B and C from α1-casein share common
characteristics with isracidin in their AMPs. Caseicin A and B were effective against E. coli and
Enterobacter sakazakii while caseicin C only showed minor activity against Listeria innocua [127].
Peptides obtained from bovine α1-casein by Lactobacillus acidophilus DPC6026 fermentation
have been active against infectious pathogenic strains in neonate, E. sakazakii and E. coli
suggesting the possible bioprotective applications of these AMPs in infant milk formula [128].
Digestion of casein with pepsin yielded two AMPs, Cp1 from α1-casein and Cp2 from α2-casein.

88

Milk Proteins: Chemistry and Biology

________________________ WORLD TECHNOLOGIES ________________________



WT

Cp1 was effective against both Gram-positive and negative bacteria whereas Cp2 exhibited
inhibition generally more towards Gram-positive bacteria [129]. Casocidin-I (165–203)
characterised and isolated from bovine α2-casein was effective against E. coli and S. cornosu in
infants. Human milk does not contain α2-casein and hence it was proposed that human
intestinal flora was influenced by casocidin-I ingestion [29]. Chymosin digestion of sodium
caseinate resulted in the release of five antibacterial peptides (Cr1, Cr3, Cr4, Cr5 and Cr7) that
were found potent against Gram-positive bacteria [130]. Peptide from human β-casein (184–
210) showed broad spectrum antibiotic activity against Gram-positive and negative bacteria.
Fragment from rabbit β-casein (64–77) exhibited potent action against Gram-positive bacte‐
ria [105]. Ser(P)149, a mono phosphorylated sequence of κ-casein (138–158), also displays
antibacterial effects against Porphyromonas gingivalis, E. coli and S. Mutans [74]. κ-Casein-
derived AMPs, kappacin, is a non-glycosylated and phosphorylated form of CMP. These
peptides limit GI tract infections in neonates possibly by transmembrane cation gradient
collapse and by elevating bacterial sensitivity to gastric acids [105]. CMP by itself is a power‐
ful health booster. It is effective against cholera toxins as well as influenza virus. Prevention
of bacteria adhesion to oral cavity by CMP controls dental plaque consequently promoting
teeth remineralisation. CMP has also been patented in hygiene products for dental caries
prevention [131]. κ-Casecidin, trypsin digest of κ-casein, exhibited both antimicrobial potential
and mammalian cell cytotoxicity including cell lines of human leukaemia probably through
apoptosis [127]. Whey protein Lf has been considered as a good source of AMPs. A cationic
peptide, from Lf N-terminal region, lactoferricin 27, binds to microbial membrane and
increases its permeability causing cell death. Potential to bind iron, a pathogenic virulence
factor of many bacteria, and depriving it from cell vicinity has been another mechanism by
some whey-derived AMPs especially on E. coli and L. monocytogenes [132]. Three α-LA
hydrolysates by trypsin and chymotrypsin was found potent against many Gram-positive
bacteria, especially Bacillus subtilis. Four peptide fragments from trypsin digests of β-LG
exerted bactericidal property only against B. subtilis [132]. Targeted modifications after partial
hydrolysis by pancreatic enzymes improved antimicrobial property by β-LG towards Gram-
negative bacteria [132]. Whey proteins and their chemically modified analogues were effective
against Helicobacter pylori infections and exhibited antiviral activity towards human herpes
simplex virus type 1 (HSV-1) during and after infection [35]. Fungal stasis and antifungal role
of Lf and its synthetic peptides are well established against Candida albicans, Candida glabrata
and other Candida species [39]. Whey from goat milk on hydrolysis with gastric and duode‐
nal juices exhibited antimicrobial properties. Nature of protein substrate and proteases affect
AMP generation and their efficacy. Camel milk whey protein exhibited higher inhibition of E.
coli in comparison with that of bovine. Camel whey hydrolysates by trypsin, thermolysin and
chymotrypsin showed increased antimicrobial activity [133]. Peptic and pancreatic hydroly‐
sates of camel colostrum proteins were inhibitory to growth of E. coli and L. innocua signify‐
ing their natural antimicrobial potential [92].

The biggest challenge faced by researchers in food-borne pathogen control is tolerance to high
salt and low pH by a wide range of microorganisms (bacteria, fungi and viruses). Novel
antimicrobial agents from natural sources are therefore the need of the hour to overcome this
challenge [134]. Recent past has witnessed a rise in interest towards the use of BAPs as bio-
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preservative for food or as functional food that is more prophylactic, nutritious and healthy
[128]. This extended application of AMPs is advantageous over chemical food preservatives
as they introduce fewer antagonistic effect, retain the organoleptic flavours of food along with
their nutritional benefits and require decreased heat treatment for minimal processing [74,
105]. Milk-derived AMPs find immense potential in therapeutic healthcare and food preser‐
vation.

5.1.7. Immunomodulatory property

Body’s immune system protects it from pathogens through its specialised cells, antibodies and
lymphatic system. Dietary composition and their intake play a vital role in body’s immune
system. Immunomodulation includes stimulation or suppression of immune functions in the
human body. BAPs from innumerable sources have revealed their immunomodulatory role
in humans. They are identified to boost the immunological activity by regulating antibody
production, cytokine regulation and reactive oxygen species induced immune functions [127].
Neonates’ resistance to microbial infections is through physical transmission of passive
immunity through breast feeding via a number of multifunctional factors including casein,
which on digestion in GI tract releases peptides with immunomodulatory functions [72]. β-
Casomorphin-11, a hexapeptide corresponding to Val-Glu-Pro-Ile-Pro-Tyr possessing
immunostimulatory effect, was isolated from tryptic digest of β-casein of human milk. Several
other hydrolysates from β-casein (191–193) and α1-casein (194–199) including β-casomor‐
phin-11 exert protection against Klesieblla pneumoniae in mice in vivo and activate phagocytic
action in human and murine macrophages in vitro [30]. β-Casokinin-10, obtained via pepsin–
chymosin hydrolysis of bovine casein, stimulated proliferation of peripheral blood lympho‐
cytes in rats. Stimulatory effect on proliferation of human peripheral blood lymphocytes was
presented by synthetic peptide sequence analogue from bovine κ-casein (Tyr-Gly) [135].
Chymosin-mediated bovine casein hydrolysis released fragments (1–23 and 193–209 of α1-

and β-caseins, respectively) with immunomodulatory capacities. CPP III, a commercially
available CMP containing mainly α2-casein (1–32) and β-casein (1–28), increases immunoglo‐
bulin production in spleen cell cultures of mouse. Further, it induces proliferation by lipopo‐
lysaccharide, concavalin A (Con A) and phytohaemagglutinin. O-Phospho-l-serine residue of
CPP III was found to be responsible for this immunostimulating activity and therefore study
suggested relative stability of this peptide even with GI tract proteinase action. These
observations were considered vital for developing infants’ formula with optimised immuno‐
modulatory activities [72]. Enhanced mucosal immunity was observed in mice with oral
administration of CMP [15]. Immunotherapy against HIV virus displayed positive results in
decreasing the tendency to progress to AIDS (in patients with pre-AIDS) probably by inhibiting
the infection development [136]. Eight casein hydrolysates’ (titled a–h) bioactivities were
assessed for their antioxidant and immunomodulatory response. Hydrolysates (d–h) exhibit‐
ed increased Con A-stimulated IL-2 production; however, IL-10 was least stimulated in Jurkat
cells in culture [47]. Further studies revealed cross-linking of sodium caseinate with transglu‐
taminase before hydrolysis by Prolyve 1000 (microbial proteolytic preparation) had a positive
impact on anti-inflammatory functions in Jurkat cells [137]. Peptides with immunosuppres‐
sive property are utilised during medical conditions like grafting and transplantations and
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also during autoimmune disorders whereas stimulative immune peptides are required for
overall immune strength. Immunopeptides released after digestion in adult human are not
significant to stimulate immune response for therapeutic purposes [138]. Whey peptides have
exhibited its positive impact on immune system through various studies both in vivo and in
vitro [15]. GMP and its peptic hydrolysates were found to stimulate proliferation and phago‐
cytic activity of human macrophage-like cells U 937 [139]. Lymphocyte activation, antibody
production, non-immune responses like NK cell and macrophage functions are all reviewed
extensively by Gauthier et al. [138]. Cow and goat whey protein samples revealed in vitro a
dose-dependent inhibition of T-lymphocyte proliferation indicating the possible role of whey
peptides probably hindering some important proliferation activating signals [140]. Synthetic
peptides hydrolysed by trypsin or chymotrypsin on theoretical basis from α-LA (fragments
10–16 and 104–108) and β-LG (fragments 1–8, 15–20, 55–60, 78–83, 84–91, 92–105, 139–148, 142–
148 and 102–105) were evaluated for their immunomodulatory functions. Different extent of
proliferation stimulation was observed by fragments 15–20, 55–60, 84–91, 92–105, 139–148
and 142–148 from β-LG and α-LA 10–16, while inhibition and/or stimulation on cytokine
secretion was also observed by fragments 15–20, 55–60 and 139–148. Cytotoxic effect was
predominant in β-LG 1–8, 102–105 and α-LA 104–108. Studies show whey-derived peptides
to have prospective to modulate specific immune response [141]. Rat and mice models have
shown that dietary intake of whey adds positive influence in combating small bowels by
reducing ulcers and having high IgA in gut advocating their protective role in patients with
intestinal disorders and perioperative damage to small intestine [142, 143].

5.1.8. Anticancer property

In spite of promising results from anticancer studies on casein peptides, casein is not regard‐
ed as chemo preventive. β-Casein derivatives, β-casomorphin-7 and 5, along with their opioid
properties, have displayed arrest of cell cycle and anti-proliferative properties in colon and
breast cancer cells [144, 145]. CPPs inhibit intestinal tumour proliferation through activation
of calcium channels and stimulate apoptosis [146]. Calmodulin (CaM), a calcium activated
protein, plays a major role in physiological maintenance of the body functions, such as cell
proliferation and neurotransmission. CaM binding properties of food-derived peptides prove
vital in preventing many chronic diseases including Alzheimer’s and cancer [12]. Nitric oxide
synthases (NOSs), protein kinase II and phosphodiesterase I (PDE) are some of the major
enzymes that require CaM for their activation. Nitric oxide produced from arginine by CaM-
dependent NOS is involved in neurotransmission, immune response and other vital muscle
movements along with several other functions in the body. In excessive levels, it may lead to
degenerative nervous disorders, such as stroke, Parkinson’s, Alzheimer’s, etc. NOS exists in
three isoforms and depends on CaM for their activation. Inhibitors of CaM are effective against
these isoforms. One isoform is involved in tumour necrosis factor production by macrophag‐
es and hence CaM inhibitory substances during diseased conditions could provide therapeu‐
tic benefits [147]. Similarly, CaM-PDE catalyses the breakdown of cAMP to linear nucleotide
phosphate. Apoptotic cell death of normal and cancer cells is induced by cAMP in human
body. CaM-PDE in excess causes depletion of cAMP leading to physiological imbalance in cell
death. Inhibitors of CaM-PDE increases cAMP cellular levels that could offer therapeutic relief
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during cancer treatment. BAPs can exhibit effective CaM inhibition when they have hydro‐
phobic AA residues and positive charge at physiological pH to interact with CaM [148]. Pepsin
mediated hydrolysis of α-casein released such five peptides that were potential CaM-PDE
inhibitors [12]. Whey protein and its derivatives suppress tumour growth by elevating
glutathione levels and consequent free radical scavenging. The significant abundance of
cysteine, an essential AA required for glutathione synthesis, in β-LG may be contributing to
peptide’s tumour protective role [15]. Tumour preventive role by peptides could also be
through their modulatory effect on immunity and cell viability [149]. Tumour development
and progression of lung, colon and oesophagus was found to be inhibited in both rat and mouse
models after oral administration of bovine Lf. However, studies could not resolve its mode of
action [15]. Apoptosis-inducing property of α-LA was exhibited on tumour and immature cells
but not on mature cells. This property was attributed to its 3D protein folding that is unlike‐
ly of its native form [150, 151]. Case reports presented anti-tumour effect by whey proteins on
urogenital cancer when administered as dietary supplements. However, further clinical trials
were required to confirm its efficacy as therapeutics [152]. N-terminal peptides of Lf are
investigated for their anticancer activity. Fragments of bovine Lf 17–38 induced apoptosis in
HL-60 cell lines and fragments 17–41 exerted cytotoxicity in melanoma, colon carcinoma and
fibrosarcoma cell lines. Cytotoxicity of Lf was found to be located within FKCRRWQWRM
sequence. In vivo and in vitro cytotoxic effects on neuroblastoma cells and breast cancer cells
were exhibited by lactoferricin B and lactoferricin, respectively. Lf further displayed capaci‐
ty to inhibit angiogenesis required for tumour growth [74]. Human α-LA made lethal to
tumours (HAMLET) and bovine α-LA made lethal to tumours (BAMLET) are complexes of
calcium depleted or apoform of α-LA that exhibited anti-tumour activity in human studies.
Skin papillomas treated with HAMLET (skin application) for 3 weeks exhibited reduction in
lesion volume in relatively 75% of test group and further complete lesion resorption with 2-
year symptom-free period [153]. Apoptosis along with decreased size and surface atrophy of
tumours were observed in bladder cancer patients treated with HAMLET [154]. Daily
supplementation of bovine Lf for a year significantly arrested growth of colorectal polyps in
animals possibly through its iron chelating property [155]. Bovine Lf-treated colorectal cancer
patients undergoing chemotherapy showed relief from chemotherapy side effects (kidney and
liver toxicity, mucositis and anaemia) compared to the controls with no impact on normal cells;
however the results did not achieve statistical significance [156]. WPH exhibited low tumour
multiplicity in rats with chemically induced mammary tumours when fed as diet in compar‐
ison with casein hydrolysates, 20% casein and intact whey [157].

5.1.9. Miscellaneous properties

Various other health potentials of casein/whey peptides are also explored by researchers
worldwide. Type 2 diabetes, a globally prevalent metabolic disorder characterised by impaired
insulin secretion by pancreatic β cells is considered an epidemic in recent past. Its associa‐
tion with increased risk of chronic health issues including CVD and hypertension makes it a
public health burden resulting in elevated healthcare cost globally. This has led to research
towards finding an economic nutritional approach to improve postprandial glycaemia.
Dietary modifications alone in numerous million cases could prevent this disorder [158, 159].
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Epidemiological studies support positive correlation between intake of milk and dairy
products with its lesser incidence. The positive impact of milk on insulin resistance is majorly
attributed to its proteins and peptides that is validated through in vitro and in vivo studies [101].
Human studies on metabolic effects of milk proteins on glycaemia and insulinaemia exhibit‐
ed higher insulinotropic activity by whey in comparison with casein, other protein-rich food
and supplements possibly owing to faster rate of whey digestion [158]. The positive effect of
WPHs as an insulinogenic agent has also been evaluated. Whey proteins are considered as an
excellent source of insulin regulators due to its rich (40–50%) essential AA composition. These
AAs are primarily involved in inducing and modifying insulin secretion by β cells of pan‐
creas [160]. Experimental evidence suggested faster gastric emptying and subsequent
stimulation of incretin, an insulin secretagogue produced by small intestine (SI), in the
presence of hydrolysates of whey [71, 161]. Gastric emptying studies revealed influence of
different protein sources and their degree of hydrolysis on insulin response. WPHs lacking
carbohydrate stimulated rapid release of AAs, dipeptides (Val-Leu and Ile-Leu), along with a
significant increase in insulin secretion. Insulinotropic effect of whey hydrolysate is attribut‐
ed to increased postprandial concentration of AAs, such as Ile, Leu, Lys, Thr, Val, all of which
stimulate insulin secretion [162]. Animal studies on diabetes and β cells of pancreas were also
appraised [163]. Incretin [glucagon-like peptide (GLP 1) and glucose-dependent insulinotrop‐
ic polypeptide (GIP)] hormones contribute ~70% insulin release from pancreatic β cells.
Dipeptidyl peptidase (DPP IV), an abundant enzyme present in circulation and on cell surfaces,
acts on incretin decreasing their plasma levels. Inhibitors of DPP IV could improve half-life of
GLP-1 whose activity is preserved even during type 2 diabetes thereby stimulating its
insulinotropic effect. BAPs of whey from bovine, caprine and ovine are considered insulino‐
genic by acting as potential inhibitors of DPP IV [94]. Brandelli et al. have extensively reviewed
DPP IV inhibitors from whey proteins and their hydrolysates [40]. Yet another approach in
diabetes management involves inhibition of membrane bound α-glucosidase (carbohydrate
hydrolysing enzymes) from SI that catalyses release of monosaccharides from complex
carbohydrates. Inhibition of α- glucosidase delays carbohydrates degradation and thereby
decreasing the postprandial plasma glucose levels [164]. WPI, α-LA, β-LG and Lf hydroly‐
sates from peptic digestion were investigated for their DPP IV and α-glucosidase inhibition
potential. α-LA, β-LG and WPI hydrolysates were found to be potential inhibitors for both,
whereas Lf and serum albumin could inhibit DPP IV alone suggesting WPHs potential
antidiabetic property [165]. β-LG- and WPH-derived peptides by serine protease from
Cucurbita ficifolia were found to be potent natural inhibitors of α-glucosidase, DPP-IV and ACE.
The study supported antidiabetic nature of these peptides through inhibiting incretin and
carbohydrate digestion [166].

Muscles play a key role in whole protein body metabolism. They serve as reservoir of AAs,
which are required by vital organs and tissues for their protein synthesis when adequate AAs
are not available from gut absorption. It also provides hepatic glycogenic precursors. Any
impairment in muscle metabolism may thus check pathologic and chronic disease condi‐
tions. In order to maintain balance in rate of breakdown and synthesis of protein in vital organs,
postprandial absorption of proteins become vital especially for elders and sportsmen [167].
Protein homoeostasis by a suitable diet strategy is critical for growth, maintenance and/or limit
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loss of protein after stress. The quantity and quality of protein ingested could modulate protein
metabolism by its AA composition and digestibility [168]. Dietary protein from milk, meat,
etc., provides AAs that intensely stimulate protein synthesis in skeletal muscles [169]. Milk
proteins were investigated for their role in muscle mass maintenance and their possible role
as anti-aging factor. Whey proteins have proved to possess greater postprandial retention than
casein proteins. Improved anabolic properties of whey than that of casein was mainly
attributed to their faster digestion and absorption leading to increased availability of AAs to
stimulate protein synthesis [170]. Leucine has been recognized as important nutritional signal
to stimulate postprandial muscle protein deposit [171]. During aging, impairment of protein
synthesis in skeletal muscle postprandial results in a progressive decline in muscle mass
leading to sarcopenia [172]. Anabolic resistance towards muscle protein synthesis is consid‐
ered a major causative factor in sarcopenia [173]. Clinical trial has been registered for whey
proteins’ effective stimulation of protein accretion in muscle after ingestion of food in
comparison with casein [174]. Recent research on myofibrillar protein synthesis after inges‐
tion of whey in young men during rest and after exercise exhibited a 49–56% increase. The
study concluded that 20g dose of whey protein is adequate for maximum stimulation of
myofibrillar protein synthesis [175].

5.2. Dairy products

Starter cultures employed traditionally in dairy industry for milk fermentation release BAPs.
End products of dairy industry, such as fermented milk, cheese, etc., are found to possess
peptides that are biophysiologically active. Cheese is the oldest and widely used diary product.
It contains abundant casein-derived peptides formed during its production due to rennet-
based proteolysis. Subsequent ripening associated secondary proteolysis contributes to the
formation of diverse biologically active peptides whose function depends on the nature of
proteolytic enzyme used and the ripening stage of cheese [176]. Hydrolysates produced by
proteases differ according to their casein specificity. CPPs have been identified in Cheddar,
Comte and Herrgard cheese [21]. Various biological activities similar to casein and whey
peptides have been associated with varieties of cheese. Table 1 represents compilation of
antihypertensive peptides from selected commercially available cheese. VPP and IPP se‐
quence of several hard, semi-hard and soft cheese were also studied for their ACE inhibitory
properties [15, 177–182].

Antioxidant and antimicrobial activity were presented by cheddar and artisanal Coahlo cheese
peptides [182, 183]. Studies identified radical scavenging peptides from Burgos cheese made
by different proteases of animal (rennet), plant (C. cardunculus) and microbial (Mucor meihei)
origin. Cheese made by animal rennet could yield an antioxidant peptide from α1-casein [184].
Antihypertensive peptides from Calpis, a Japanese soft drink, were identified as VPP and IPP
from α1-casein and β-casein, respectively [136]. Peptides from fermented milk and yogurt from
bovine and sheep’s milk were evaluated for their antihypertensive and antioxidant activities
[97, 185]. A recent study on fermented camel milk (chal) and bovine milk using protease from
LAB exhibited significant antioxidant property in camel milk in comparison with its bovine
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counterpart [186]. Research stays on to find novel BAPs from various dairy products and to
disclose their probable values and health benefits.

Cheese type Source and peptide information

Cheddar α1-casein:1–6, 1–7, 1–9, 24–32, 102–110
β-casein: 47–52, 193–209

Fresco cheese α1-casein:1–15, 1–22, 14–23 and 24–34
β-casein:193–205, 193–207, 193–209

Spanish cheese Several fragments of α1 and β casein

Gouda cheese α1-casein: 1–9, β-casein: 60–68

Herrgard cheese β-casein: 29–105, 29–107, 1–105, 1–107, 29–93, 30–93

Italian cheese mozzarella, crescenza, Italico and Gorgonzola β-casein: 58–72

Parmigiano-Reggiano cheese β-casein:8–16, 58–77, α2-casein: 83–33

Table 1. Antihypertensive peptides from diverse commercial cheese [180–182].

6. Commercial products

Extensive evidence found in literature suggests potentiality of BAPs as therapeutic or dietary
supplements/functional foods. Commercial products enriched with BAPs are available in the
market with empirical knowledge from research [187]. Abundant potential is found in peptides
to be used as dietary supplements or as functional foods; however, they may not always be
included in regular intake as additional information regarding safety, cytotoxicity and
hypersensitivity as mandatory [47]. Food and oral hygiene products along with various
ingredients enriched with BAPs from milk proteins are available commercially. Table 2
represents selected products from milk-derived peptides with their claimed potential health
benefits. Various other food-derived BAPs are also available in market with substantial health
benefits associated with them. A few have been approved by FDA for therapeutic uses. One
of the major challenges for existing and future commercial peptide products is valid docu‐
mentation of the functional and health promoting properties associated with them [26, 70].

Protein  Peptide

sequence

Commercial product Food type Health claim Website/

manufacturer

Milk

proteins

Dipeptide and

tripeptides

PeptoPro® Ingredient Boosts muscle

protein synthesis

http://www.dsm.com/markets/

foodandbeverages/en_US/

products/nutraceuticals/

peptopro.html

DSM, Netherlands

α1-casein  YLGYLEQLLR Prodiet F200 Confectionary, Stress reliever www.ingredia.com/
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Protein  Peptide

sequence

Commercial product Food type Health claim Website/

manufacturer

Lactium drink Ingredia, France

α1, β-Casein IPP and VPP Calpis Sour milk Hypotensive www.calpis.net/

CalpisCo. Japan

β and

κ-casein

IPP and VPP Calpico/

Calpis AMEAL s

Fermented

milk

Hypotensive www.calpis.net/

Calpis Co., Japan

Casein-

derived

dodeca

peptide

FFVAPFPE

VFGK

C12 peptide Peptide

ingredient

Hypotensive www.dmv.nl/en/

DMV, Netherlands

Casein Casein

hydrolysate

Excellion Calcium

Caseinate A

Powder Nutraceutical www.dmv.nl/en/

DMV, Netherlands

Sodium

caseinate from

curd

Excellion OPTIMIX

100

Dried milk

protein

Nutraceutical www.dmv.nl/en/

DMV, Netherlands

Casein

hydrolysates

PROTARMOR™ 80 Ingredient Weight loss

Sports nutrition

http://www.armor-

proteines.com/en/products/

protarmor-80/

Armor Proteines, France

CPP Caploc CPP ingredient Mineral

absorption

www.arlafoodsingredients.com/

Arla Foods, Denmark

CPP CE90CPP ingredient Mineral

absorption

www.dmv.nl/en/

DMV, Netherland

CPP Kotsu calcium Soft drink Mineral

absorption

www.asahiinryo.co.jp/

Asahi Soft Drinks Co. Ltd,

Japan

CPP Tekkotsu Inryou Soft drink Mineral

absorption

www.suntory.com/softdrink/

Suntory, Japan

CPP-ACP Recaldent Tooth paste Remineralisation 

of enamel

http://www.recaldent.com/

p_welcome.asp

Cadbury enterprises

Whey

protein isolate

GMP (106–109) BiPRO WPI Ingredient and

infant formula

Antithrombic,

anticariogenic

Antimicrobial

www.daviscofoods.com/

specialty/bipro.html

Davisco foods, Minnesota

Whey

protein

hydrolysate

β-LG fragments Biozate 3 and 7 Ingredient Hypotensive www.daviscofoods.com/

specialty/biozate.html

Davisco foods, Minnesota

α-

Lactalbumin 

α-LA fragments Lacprodan®

ALPHA-10 and

Health food Improves sleep

and memory

www.arlafoodsingredients.com/

products/alpha-lactalbumin/
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Protein  Peptide

sequence

Commercial product Food type Health claim Website/

manufacturer

Lacprodan®

ALPHA-20

health-foods/, Arla foods,

Denmark

Whey

protein 

WPC Hiprotal® Whey

Protein 35 and

Hiprotal® Whey

Protein 45

Ingredient for

infant nutrition

Muscle building  www.domo.nl/en/markets-

ingredients/list/infant-nutrition-

ingredients-list/

FrieslandCampina Domo,

Netherlands

Whey

peptide 

CMP Lacprodan® CGMP-10Infant food Cognitive and

neuronal

development

www.arlafoodsingredients.com/

products/

caseinoglycomacropeptide/

infant-nutrition/

Arla foods, Denmark

Whey

protein 

WPH Peptigen®

IF-3087/3090/3012/3080

Infant food Mineral binding  www.arlafoodsingredients.com/

products/whey-hydrolysates/

infant-nutrition/Arla foods,

Denmark

WPH Lacprodan®

DI-3071/3021

Lacprodan®

HYDRO.milk

Sports nutrition Vitamins and

minerals

uptake; oral

hygiene

improvement

www.arlafoodsingredients.com/

products/whey-hydrolysates/

sport-nutrition/

Arla foods, Denmark

Table 2. Commercial products from milk protein/peptides [70, 187].

7. Summary and future prospects

BAPs derived from milk proteins have been a subject of growing interest as health-support‐
ing foods due to their varied nutritional and biological properties. Several studies have shown
the role of BAPs as functional food and nutraceuticals. Still, the existence of milk-derived
peptides in the gastrointestinal tract has been demonstrated through only a handful of studies.
In addition, very little or no information about the stability, bioavailability and efficacy of these
BAPs generate a main breach in knowledge to allow an improved understanding on their role
in human health. There is still a need for the development of integrated research platforms
involving inter-disciplinary skills to bring more clarity on the role and mechanism of action
of milk-derived BAPs in humans. Developing tools to preserve/augment the activity of BAPs
and favour their optimum utilisation in food systems appear to be yet another prerequisite at
this stage. Human-volunteer-based clinical studies on standard recommendations to im‐
prove the oversight and safety are also required to confirm the likely results obtained at the in
vitro and animal model systems. To conclude, milk BAPs with their multifunctional assets
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appear to offer substantial upcoming prospective for the development of products to sup‐
port health.
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Additional information is available at the end of the chapter

Abstract

Cow’s milk protein allergy (CMPA) affects children most commonly than adults, with
symptoms usually developing before 1 year of age and within 1 week after the intake
of cow’s milk. Food allergies can be divided into: IgE mediated and non-IgE mediat‐
ed. Some reactions may include both mechanisms (mixed type). The most studied faecal
Mar-kers, so far, are calprotectin, Tumor necrosis factor-alpha (TNF-α), beta-defensin
and eosinophil  cationic  protein (ECP).  Calprotectin belongs to  the S-100 family of
calcium-binding proteins and seems to be involved in the regulation of inflammation.
Faecal calprotectin (FC) values are significantly higher in infants suspected of having
CMPA than in a comparison group of healthy infants. Moreover, there is a significant
decrease in FC in infants with CMPA after a period of dietary antigen elimination,
although levels use to remain higher than in age- and diet-matched comparisons. TNF-α
is a cytokine involved in systemic inflammation and is one of the cytokines that make
up the acute phase reaction. TNF-α expression in the epithelial cells and mononuclear
cells in the lamina propria is markedly increased in FPIES patients.  TNF-α is also
increased in the stools of patients with gastrointestinal milk allergy after milk challenge.
Defensins  are  small  (~29  to  42  amino  acid)  cationic  arginine  and  cysteine  rich,
amphipathic peptides with a molecular weight of 3–5 kDa. They can be classified into
three  groups:  α-,  β-  and  θ-defensins.  Among  them,  only  α-  and  β-defensins  are
expressed in humans.  Defensins display various functions,  including antimicrobial
activity and also act  as chemoattractant.  They contribute to host immunity and to
maintain  the  balance  between  pathogens  and  normal  flora.  Beta-defensins  values
detected in infants with a previous diagnosis of CMPA prior to the oral food chal‐
lenge, and during each provocation do not seem to show significant changes. ECP is a
single-chain, zinc-containing protein with a molecular weight ranging from 16 to 22 kDa
and is one of the most important proteins in the granules of eosinophil granulocytes.
Infants with atopic eczema exhibit a specific faecal protein pattern characterized by an
increase in both ECP and TNF-α. The faecal concentration of ECP enhances particular‐
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ly in patients with immediate-type reactions to the cow’s milk challenge whereas faecal
TNF-α  enhances  in  those  with  delayed-type  reactions,  confirming  the  different
pathogenesis (IgE mediated and non-IgE mediated) of these two types of reactions.

Keywords: Cow’s milk protein allergy, faecal markers, faecal calprotectin, human β-
defensins, TNF-α, eosinophilic cationic protein

1. Introduction

Food allergy is an abnormal immune response to components of the diet, in particular to
proteins. Food allergy can manifest itself by configuring different clinical entities, including
atopic dermatitis, gastrointestinal or respiratory symptoms, and anaphylaxis.

The clinical history and sometimes allergen-specific serum IgE tests, skin tests and/or
elimination diets can help you achieve the diagnosis.

The therapy is mainly based on the elimination of the food that triggers the reaction.

The prevalence of true food allergy ranges from <1 to 3% and varies by geography and method
of assessment.

It is important not to confuse food allergy with non-immune reactions to food (e.g. lactose
intolerance, irritable bowel syndrome, infectious gastroenteritis) and reactions to food
contaminants (e.g. latex dust in food handled by workers wearing latex gloves) or additives
(e.g. monosodium glutamate, metabisulphite, tartrazine), which cause most food reactions [1].

Milk allergy is one of the most common food allergies in infants and children. It consists in an
abnormal immune response towards milk and its products.

There are two main groups of proteins in cow’s milk that can cause an allergic reaction:

• Casein, found in the solid part (curd) of milk that curdles

• Whey, found in the liquid part of milk that remains after milk curdles

Cow’s milk is the most usual cause—as it is the most consumed milk worldwide—but milk
from sheep, goats, buffalo and other mammals can cause a reaction as well. Less commonly,
people allergic to cow’s milk are also allergic to soya milk.

Food allergy can be mediated by IgE, T cells or both. IgE-mediated allergy (e.g. asthma,
urticaria or anaphylaxis) presents acute onset, usually starts during infancy, and generally
occurs in people with a strong family history of atopy. On the other hand, T-cell-mediated
allergy (e.g. celiac disease or dietary protein gastroenteropathies) develops gradually and is
chronic; it is common among infants and children [1]. Allergies mediated by both IgE and T
cells (e.g. atopic dermatitis, eosinophilic gastroenteropathy) tend to be delayed in onset or
chronic.

CMPA produces a range of symptoms and clinical entities (Figure 1). The principal symp‐
toms are gastrointestinal (GI-CMPA) and dermatological and are represented by atopic
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dermatitis, vomiting and gastrointestinal distress such as infantile colic, gastroesophageal
reflux, esophagitis, diarrhoea (typically in the very young), constipation (typically in older
children), stomach pain or flatulence. In some cases, particularly in infants, it may also cause
proctocolitis, with the presence of blood and/or mucus in the stools.

According to the main clinical manifestations, organic GI-CMPA in infants can be usefully
classified [2] into:

• food protein-induced enterocolitis syndrome (FPIES),

• food protein-induced proctocolitis (FPIP),

• food protein-induced enteropathy.

Figure 1. GI-CMPA clinical manifestations in infants can be classified into three main groups: gastrointestinal dysmo‐
tility, organic disease and mixed forms characterized by eosinophilic mucosal infiltration.

Patients with FPIES experience repetitive vomiting, starting 1 or 2 hours after the ingestion of
offending foods, followed by diarrhoea. However, these patients do not develop acute
cutaneous or respiratory symptoms, which commonly accompany IgE-mediated food allergy.
FPIES can manifest with systemic symptoms such as lethargy, hypotension, hypothermia,
pallor, ileus, bloody stools, methemoglobinemia, thrombocytosis and, sometimes, high
temperature with neutrophilia. Therefore, the first diagnoses to be excluded for these patients
are sepsis or surgical abdominal emergency.

Patients with FPIP typically develop grossly blood-streaked stools with mucus in the first few
months of life. In contrast to FPIES, almost all patients with FPIP develop no systemic
symptoms and seem to be well except for the bloody stools. They have no growth delay or
poor weight gain. Mild anaemia is seen in rare cases. Many patients with FPIP are breast fed,
and the cause is thought to be mainly cow’s milk proteins passed through the breast milk
(Table 1).

It is still unclear when the sensitization phase of allergic proctocolitis occurs. It is thought that
dietary antigens can cross the placental barrier or enter the amniotic fluid, which is swal‐
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lowed by the foetus, causing in utero sensitization. Another possibility is that variations in the
concentration of immunomodulatory substances in human milk can alter the protective effect
of breastfeeding against allergy. In particular, maternal leukocytes contained in human milk
may play a role in antigen processing and presentation to neonatal lymphocytes in the
intestine. Thus, it is possible that the ingestion of dietary food proteins excreted in the mother’s
milk, in case of particular physiologic conditions favouring immunogenic responses (in the
neonate or maternal milk), may result in allergic sensitization. However, there are insuffi‐
cient data to recommend dietary restriction during pregnancy and/or lactation in order to
prevent allergy onset [3].

IgE mediated Non–IgE mediated

Calprotectin ++ +++

Beta-defensins − −

TNF-α + +++

ECP +++ +/−

Table 1. Faecal markers values in IgE-mediated and non–IgE-mediated CMPA.

Cow’s milk and soya-based formulas are the major causative foods in the remaining cases.

Patients with enteropathy typically develop chronic diarrhoea and show poor weight gain in
the first several months of life. Mild-to-moderate anaemia and hypoproteinemia were seen in
some patients with enteropathy. Enteropathy has to be distinguished from celiac disease (CD),
that is associated with sensitivity to wheat protein, and is characterized by similar symp‐
toms (diarrhoea, poor weight gain, sideropenic anaemia) usually occurring when the infant
is 7–8 months old, as this is the common period of gluten introduction in the diet.

2. Diagnosis of CMPA and faecal markers

Cow’s milk protein allergy (CMPA) affects children most commonly than adults [4], with
symptoms usually developing before 1 year of age and within 1 week after the intake of cow’s
milk [5, 6]. During infancy, symptoms suggesting CMPA are observed in 5–15% of the
population; however, when specific diagnostic criteria are used, the incidence of CMPA is
approximately 2–5% [7].

Skin prick test and serum-specific IgE tests are helpful for diagnosis, mainly in IgE-mediated
forms. On the other hand, in cases of CMPA with gastrointestinal chronic signs and symp‐
toms (GI-CMPA), skin prick test and specific IgE test are usually negative, because these forms
are mostly non-IgE mediated. This is the reason why the only reliable method of diagnosis in
such cases is a food challenge, double blind and placebo controlled [7]. The food challenge
needs to be done in hospital, and it could be also dangerous. This easily explains why there is
a growing interest to find any faecal biomarker for diagnosis and follow-up (Table 2).
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A National Institutes of Health working group defined a biomarker as ‘a characteristic that is
objectively measured and evaluated as an indicator of normal biological processes, pathogen‐
ic processes or pharmacological responses to a therapeutic intervention’. A biomarker has to
be reproducible, accurate, easy to interpret by the clinician, acceptable for the patient, sensitive
and specific for the outcome it is expected to identify [8].

Faecal inflammatory markers are represented by different molecules that leak from or are
generated by the inflamed mucosa of the bowel. Therefore, these markers could represent a
non-invasive means of evaluating objectively mucosal inflammation [9].

The most studied faecal markers, so far, are calprotectin, tumor necrosis factor-alpha (TNF-α),
β-defensin and eosinophil cationic protein (ECP).

GA Birth
weight

Delivery Antibiotic Diet Microbiota NEC Gender

FC None −
(only

in term)

+
(only for
C-section

in preterm)

−
(in very

low birth
weight

(VLBW))

Not agree on −

HBD2 + − − +

TNF-α − − −

ECP −

Table 2. Relations between faecal markers values in term and preterm newborns and different variables.

3. Calprotectin

Calprotectin was first discovered as a protein with antibacterial activity [9]. It can be found in
the cytoplasm of neutrophil granulocytes where it forms about 60% of cytosolic proteins [10],
but it is also expressed on the cell membranes of monocytes and in some mucosal epithelial
cells [11, 12]. It is a 36.5 kDa heterodimer composed of one light (MRP8) and two heavy
(MRP14) chains (8 and 14 kDa) and belongs to the S-100 family of calcium-binding proteins
[13, 14]. Calprotectin also contains histidine-based zinc-binding sequences (His-X-X-X-His
motif) involved in its antibacterial activity [15]. Although its exact biological function is not
known, calprotectin was shown to have bactericidal and fungicidal properties [16]. It is thought
that, binding calcium and zinc, calprotectin deprives microorganisms of zinc and additional‐
ly inhibits many zinc-dependent enzymes [17–21].

Various data also suggest that it may be involved in the regulation of inflammation.
Calprotectin is secreted extracellularly from stimulated neutrophils [22] and monocytes [23],
or is released by cell disruption or death. Once released, calprotectin may be detected in serum,
body fluids and faeces [24]. A high level of calprotectin was found in extracellular fluid during
several inflammatory diseases, such as rheumatoid arthritis [17], cystic fibrosis [25] and active
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multiple sclerosis. Once released in extracellular fluids, soluble calprotectin provides both
bacteriostatic and cytokine-like effects in the local environment. When calprotectin metabo‐
lism is affected on a systemic level, the zinc-binding properties of the protein may induce
severe dysregulation of zinc homeostasis causing severe clinical symptoms. Only monocytes
and immature macrophages present the membrane form of calprotectin; therefore, the
presence of calprotectin-positive infiltrating cells is related to the influx of mononuclear
phagocytes to the site of inflammation. On the other hand, the intracellular distribution of
calprotectin is influenced by the activation state of macrophages. In non-activated macro‐
phages, the protein complex is in the cytosolic fraction; once stimulated, the complex moves
towards the cell membrane, thus localizing with proteins of the cytoskeleton. Therefore,
calprotectin may be related to phagocytosis, cell movement or signal transduction. Although
calprotectin is classified as a specific marker for neutrophils and macrophages, it was also
found in other cell types, such as in keratinocytes in inflammatory dermatoses [26] and
squamous cell carcinoma. Moreover, the 14 kDa subunit of calprotectin is expressed in a subset
of microglia in brain tissue of patients affected by Alzheimer’s disease [27]. Since the expres‐
sion of calprotectin in these cell types seemed to be up-regulated by the inflamed state of the
tissue, the functional relevance of the factor to each inflammatory process was suggested [25–
27]. In synthesis, calprotectin expression and release seem to be of particular importance in
immune and immunopathological reactions. However, the exact biological role(s) of the factor
is now under investigation.

Moreover, calprotectin presents growth-inhibitory and apoptosis-inducing activities against
various cell types, even including tumour cells and normal fibroblasts. Calprotectin seems to
induce apoptosis through a dual mechanism. One is the zinc exclusion from the target cells,
and the other is the binding of the factor to target cell surface, possibly in a ligand-receptor
fashion [28].

Several gastrointestinal diseases, inflammatory bowel diseases (IBD) among them, can cause
a higher release of leukocytes in stools [29, 30].

In adults, a strong correlation between 4-day faecal excretion of 111-indium leukocytes,
considered the standard criterion faecal marker of inflammation [31] and faecal calprotectin
levels, raised the interest in calprotectin as a marker for intestinal mucosa inflammation [9].

Calprotectin can be easily measured in stools. In fact, the calcium saturated form of calpro‐
tectin is highly resistant to proteolysis and colonic bacterial degradation, allowing faeces
sample to be kept for up to 1 week at room temperature without any significant degradation
[9, 20, 32–34]. Moreover, calprotectin is stable at −20°C for at least 6 months. Several enzyme-
linked immunoabsorbent assays (ELISA) using small stool samples (0.1 g) are commercially
available. The reference value is 50 μg/g faeces for healthy adults and children aged from 4
to 17 years, regardless of sex [35].

Less agreement has been shown in regard of cut-off values in neonatal age, for both term and
preterm newborns. This is mostly due to the high interindividual variations of calprotectin
values in this population. Calprotectin is already present at high levels in the first passed
meconium, indicating the capability of the foetal GI tract to produce and secrete this protein [9].
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Several factors can influence faecal values of calprotectin in newborns, such as gestational age,
postnatal age, delivery mode, antibiotic treatment, diet and gut microbiota.

In term infants, there is a negative correlation between calprotectin levels in meconium and
gestational age or birthweight [9]. Such correlation was not confirmed in preterm infants,
without any obvious reason for this discrepancy [36, 37]. Healthy full-term and preterm
infants, especially younger than 3 months old, present high faecal calprotectin levels, compa‐
rable to those seen in children or adults affected by IBDs. Full-term and preterm neonates at
the same postnatal age do not show significant differences in calprotectin values [38].

Calprotectin values in full-term newborns seem to slightly but significantly increase at day of
life 7 compared with values at day of life 3, the levels then remaining similar for the first month
of life [24]. Then, a decrease occurs between 6 weeks and 6 months of life [39].

The mode of delivery was not found to influence faecal calprotectin in full-term neonates [24,
40], even if a positive correlation was found with caesarean delivery in preterm infants [37].
No relationships were found with gestational age [37, 41, 42].

Faecal calprotectin was also found to correlate negatively with antibiotic treatments in this
population of very low birthweight infants [37].

The influence of diet on calprotectin levels is not agreed on. Some researchers [24, 40] found
no differences between breast fed and formula-fed infants during the first month of life in full-
term infants, while in another study [43], faecal calprotectin concentrations were found to be
significantly lower in breast fed than in formula-fed infants during the ‘preweaning’ period.
Finally, some other researchers [44, 45] described opposite results with higher calprotectin
levels in exclusively breast fed infants compared with mixed-fed or formula-fed ones.
However, the comparison between the different studies is difficult because infants were
recruited at various ages. As calprotectin levels change during the first year of age, the different
inclusion criteria could explain the obtained results. Moreover, most of these studies gave poor
information about the infants’ background and the composition of the formulas, which could
affect calprotectin levels [9].

Gut microbiota has been shown to affect faecal calprotectin values. Oral supplementation by
Bifidobacterium lactis Bb12, which modified the equilibrium of the gut microbiota, led to a
significant decrease in calprotectin levels in the probiotic group compared with the placebo
one [46].

As high faecal calprotectin values in newborns show an increment of granulocytes in the
intestinal lumen due to enhanced intestinal permeability and/or development of the bowel-
associated lymphoid tissue, interindividual variations should be related to environmental
factors (e.g. mode of feeding, intestinal colonization or response to dietary antigens) which
could individually alter this process [9].

In the light of this, we can now analyze calprotectin usefulness in the management of CMPA.
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4. Calprotectin as a predictive factor in CMPA

It was hypothesized that alterations in newborns faecal calprotectin (FC) could be associated
with specific disorders in infancy such as atopic dermatitis, cow’s milk intolerance, severe
infantile colic and gastroesophageal reflux [47], so that calprotectin was proposed as a
predictive marker in these pathological conditions.

The predictive value of calprotectin measured at birth as a possible marker of allergic
predisposition in the first 2 years of age was tested, but the comparison of calprotectin
concentration at birth did not lead to any statistically significant result in allergic vs. non-
allergic children at 2 years of age. The levels of FC in the first month of life are not influ‐
enced by a possible individual predisposition to atopy [48].

5. Calprotectin, diagnosis and management of CMPA

No single laboratory test is either sensitive or specific enough to be diagnostic of allergic colitis,
but the finding of either peripheral eosinophilia or eosinophils in stool samples is often
considered suggestive of this condition. It was widely demonstrated that faecal calprotectin
(FC) values are significantly higher in infants suspected of having CMPA than in a compari‐
son group of healthy infants. Moreover, there is a significant decrease in faecal calprotectin in
infants with CMPA after a period of dietary antigen elimination, although levels use to remain
higher than in age- and diet-matched comparisons [7, 49].

FC levels before the CMP elimination diet seem to be higher both in the IgE-mediated CMPA
group and in the non-IgE-mediated CMPA group compared with the control group. However,
the difference seems to be statistically significant only in the non-IgE-mediated CMPA
group (Table 3).

Calprotectin Useful for diagnosis and treatment follow up

Not susceptible to degradation

HBD2 Not useful

TNF-α Useful for diagnosis and treatment follow up

Highly susceptible to degradation

ECP Usefulness not agreed on

Table 3. Usefulness of faecal markers in CMPA.

On the other hand, a statistically significant difference was found between FC levels before
and those after the cow milk’s proteins elimination diet both in the IgE-mediated CMPA group
and in the non-IgE-mediated CMPA group. According to these findings, FC levels may be
useful only in treatment follow-up for the IgE-mediated group, while, in the non-IgE-mediat‐
ed group, FC may be useful both for the follow-up of treatment and recurrence determina‐
tion [49].
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Moreover, a comparison of the IgE-mediated and non-IgE-mediated groups revealed signifi‐
cantly higher FC levels in the non-IgE-mediated group.

It was supposed that FC levels within the non-IgE-mediated group are higher because
gastrointestinal symptoms and colitis are predominant in these patients. Therefore, faecal
calprotectin may be more useful to detect relapses during the follow-up of patients in the non-
IgE-mediated group, as gastrointestinal involvement is more common in this patients’
population.

Given that FC can increase in case of several inflammatory bowel conditions, FC can be useful
only to determine relapses and follow ups after diagnosing patients as CMPA particularly with
gastrointestinal involvement [7].

It is to say that the addition of Lactobacillus GG (LGG) to an extensively hydrolysed casein
formula significantly improves the recovery of the inflamed colonic mucosa as indicated
indirectly by greater decreases in faecal calprotectin and in the number of infants with the
persistence of occult blood in stools after 1 month. The mechanisms of this beneficial effect are
not well known but may be linked to the effects that LGG has on enhancing the intestinal
mucosa’s barrier function, cooperating in breakdown of protein antigens, competing with
bacterial pathogens and fostering early immune system development towards nonallergy, as
well as easing symptoms of eczema attributed to CMPA [49–53].

6. Beta-defensins

The sterile amniotic fluid fills the foetal gut and delivery triggers a rapid transition to bacterial
colonization, a crucial challenge for the immune system of the newborn. Despite a naive
adaptive immune system, infants rarely become infected, suggesting strong innate defence
mechanisms [54]. Several peptides have been identified in meconium and faeces from neonates
during the first weeks of life, suggesting their participation in the gut barrier against infec‐
tion [55].

Defensins are small (~29 to 42 amino acid) cationic arginine and cysteine rich, amphipathic
peptides with a predominantly β-sheet structure stabilized by 3 disulfide bonds and a
molecular weight of 3–5 kDa [56]. They can be classified on the basis of structure and disul‐
fide bond organization into three groups: α-, β- and θ-defensins. Among them, only α- and
β-defensins are expressed in humans. In particular, humans express six α-defensins and up
to 31 β-defensins [57]. The α-defensins can be further subdivided into myeloid (HNP1-4) and
enteric [human defensin (HD) 5 and 6] peptides on the basis of both expression patterns and
genetic organization [58]. HNP (from 1 to 4) are mainly expressed by neutrophils but can also
be expressed by B cells some T cells, natural killer (NK) cells, monocyte/macrophages and
immature dendritic cells (DCs) [58, 59]. HD5 and HD6 can be found in epithelial Paneth cells
belonging to the small bowel [60, 61]. HD5 is also expressed by epithelial cells in the genito‐
urinary tract [62–65].
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Human β-defensins (HBDs) are largely expressed by skin epithelial cells and at mucosal
surfaces in contact with the environment [66, 67]. They are also expressed by monocytes,
macrophages, and certain DCs, and a subset of β-defensins are only expressed in the male
reproductive tract [68, 69].

Defensins display various functions, including antimicrobial activity towards Gram-positive
and Gram-negative bacteria as well as towards enveloped viruses and fungi [70], and also act
as chemoattractant. They also trigger histamine release, wound repair and apoptosis.
Defensins contribute to host immunity and to maintain the balance between pathogens and
normal flora [71], creating small micropores in the bacterial membranes: this causes a damage
to the cell structural integrity and the consequent breakdown of the bacterial cell. Therefore,
defensins, thanks to this antimicrobial quality, protect the host epithelium and stem cells from
virulent pathogens and also contribute to regulate the number and composition of commen‐
sal microbiota [72]. It seems that α-defensins influence the composition of the small intesti‐
nal commensal microbiota and the presence of interleukin-17-producing T cells in the lamina
propria [73]. In the intestine, α-defensins are highly expressed by Paneth cells and largely
confined to the small intestine, whereas β-defensins are expressed by epithelial cells at multiple
sites. In general, α-defensins and β-defensin 1 are constitutively expressed, whereas β-
defensin 2 (HBD2) to 4 are inducible at sites of infection or inflammation [74, 75]. Recent
findings have suggested that, in addition to genetic factors, IBD pathogenesis may result from
a breach in the effective mucosal barrier to constituents of the commensal microbiota, thus
eliciting pathologic responses from the normal mucosal immune system. In particular, Crohn’s
disease may, at least in part, be due to a relative defensin deficiency related to reduced
expression of Paneth cell α-defensin in disease of the ileum and reduced secretion of induci‐
ble β-defensin, namely due to lower HBD2 gene copy number in colonic Crohn’s disease [76],
allowing intestinal microbes to invade the mucosa and stimulate uncontrolled pro-inflamma‐
tory immune responses [77].

Very few data are yet available on innate defence in neonates. In this population, defensins
should provide a first-line defence against infection, promoting interactions between the innate
and adaptive immunity in newborn infants [78]. Low levels of two enteric α-defensins, that is
HD-5 and HD-6, were found in foetus at a gestational age corresponding to preterm infants
suggesting that an immaturity of local defence could predispose infants born prematurely to
infection from intestinal microorganisms [79]. Besides, these α-defensins were up-regulated
during necrotizing enterocolitis (NEC) [80]. Moreover, the expression of mucosal HBD2
mRNA seems to be increased in colonic inflamed mucosa in adults [81].

HBD2 can be easily measured in faeces of adults and children using a commercially availa‐
ble ELISA [82–84].

HBD2 is always detectable in the faeces of full-term and preterm neonates and provides a first
kinetic analysis throughout the first weeks of life. The levels are higher than those observed
in healthy children and adults and are positively correlated with gestational age at birth [85].
Mode of delivery and mode of feeding do not seem to influence HBD2 values in healthy infants.
After 2 weeks of post-natal age, the levels are identical in full-term and preterm infants. These
time course mimic partially the one previously described with faecal calprotectin [9, 24],
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suggesting that birth is associated with a ‘physiological’ inflammation, which might repre‐
sent a trait of the gut neonatal adaptation to the various encountered antigens.

A reduction in β-defensin production, as seen in preterm newborns, is associated with an
alteration of the colonic microbiota that can determine a colonic inflammation [77] and may
be related with a high risk of NEC [80, 86].

Moreover, HBD2 is up-regulated in infants suffering from severe intestinal distress due to
NEC, indicating an activation of the mucosal innate defence. As HBD2 has a chemoattrac‐
tant activity for cells expressing the chemokine receptor CCR-6, such as DCs, defensin could
serve as a bridge between the innate immunity at the intestinal mucosa and subsequent
adaptive immune responses during NEC [87].

7. Beta-defensins and CMPA

Few studies have been performed to evaluate the correlation between faecal β-defensins values
in infants affected by CMPA. In particular, β-defensins values detected in infants with a
previous diagnosis of CMPA prior to the oral food challenge, and during each provocation
period (3–5 days after the start of either the active or placebo provocation) do not seem to show
significant changes [88].

Therefore, nowadays β-defensins are not considered useful in the management of CMPA.

8. Faecal Tumor necrosis factor-alpha

TNF-α is a cytokine involved in systemic inflammation and is one of the cytokines that make
up the acute phase reaction.

TNF is an endogenous pyrogen, as it can provoke fever, but it also shows other properties such
as apoptosis, cachexia and inflammation induction. It inhibits tumorigenesis and viral
replication and responds to sepsis through IL1 and IL6 producing cells. Several human
diseases including Alzheimer’s disease [89], cancer [90], major depression [91] and IBD [92]
seem to be linked to an impaired TNF production. Increased faecal TNF-α levels have been
found in Shigella enteritis [93] and in children with IBD and correlate with the severity of colitis
in the latter [94].

TNF is primarily produced as a 212-amino acid-long type II transmembrane protein ar‐
ranged in stable homotrimers [95, 96]. Then, metalloprotease TNF-alpha converting enzyme
(TACE, also called ADAM17) generates the soluble homotrimeric cytokine (sTNF) by cleaving
the membrane-integrated form [97]. Both the secreted and the membrane bound forms are
biologically active, although the specific functions of each are controversial.
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TNF was thought to be produced primarily by macrophages [98], but it is produced also by a
broad variety of cell types including lymphoid cells, mast cells, endothelial cells, cardiac
myocytes, adipose tissue, fibroblasts and neurons.

It has a number of actions on various organ systems, generally together with interleukin (IL)-1
and IL-6.

Among these actions, one of the most important is stimulating the acute phase response,
leading to an increase in C-reactive protein and a number of other mediators.

It is a potent chemoattractant for neutrophils and promotes the expression of adhesion
molecules on endothelial cells, helping neutrophils migrate.

A local increase in concentration of TNF causes the cardinal signs of inflammation to occur:
heat, swelling, redness, pain and loss of function.

The overexpression of TNF causes many of the clinical problems associated with autoim‐
mune disorders such as rheumatoid arthritis, IBD, psoriasis. Thus, these disorders are
sometimes treated by using a TNF inhibitor, such as infliximab (Remicade), adalimumab
(Humira), certolizumab pegol (Cimzia) or etanercept (Enbrel).

TNF-α time course was evaluated in preterm and term neonates. Mean values at day of life 15
were negatively related with GA with significantly higher values in preterm than in term
newborns. The difference was more evident at day of life 30. Neither type of delivery nor type
of feeding seem to influence TNF-α values, both in term and preterm neonates.

TNF-α is released after the contact of the macrophages with Gram-positive and Gram-negative
bacteria. Gastrointestinal tract of preterm newborns is poorly colonized, harbouring no more
than seven bacterial species [99], with high level of staphylococci and clostridia and low level
of probiotic strains Lactobacilli and Bifidobacteria that demonstrated high capacities to reduce
TNF-α concentrations in the gut [100]. However, the higher levels of TNF-α in preterm
newborns may promote the increase of inducible HBD2 production: this agrees with the lower
HBD2 levels demonstrated in preterm neonates, increasing over time. Defensins’ expression,
in fact, increases in response to TRL ligand, TNF-α, IL-1ß, INF-γ [101].

Faecal TNF-α can be determined using an ELISA kit adapted for faecal samples. In normal
control cohorts of children, TNF-α levels are considered normal if they are inferior to 90 pg/g
[102].

9. TNF-α and CMPA

TNF-α seems to be involved in the pathogenesis of FPIES through an alteration of intestinal
permeability [2, 103, 104] that can lead to an aberrant increased absorption of luminal antigens.

TNF-α expression in the epithelial cells and mononuclear cells in the lamina propria is
markedly increased in FPIES patients. In addition, TNF-α is highly secreted, antigen specifi‐
cally, by peripheral blood mononuclear cells from patients with FPIES [103, 105, 106] and is
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also increased in the stools after milk challenge of patients with gastrointestinal milk allergy
[107, 108].

Infants with atopic eczema exhibit a specific faecal protein pattern characterized by an increase
in both ECP and TNF-α [109]. The faecal concentration of ECP was enhanced particularly in
patients with immediate-type reactions to the cow’s milk challenge, whereas faecal TNF-α was
enhanced in those with delayed-type reaction, confirming the different pathogenesis (IgE
mediated and non-IgE mediated) of these two types of reactions.

TNF-α is a helpful faecal marker to discriminate two main types of persistent diarrhoea with
onset within the first weeks or months of life: constitutive intestinal epithelial disorders, such
as epithelial dysplasia (ED) or microvillus atrophy (MVA), and immune-inflammatory
disorders, such as inflammatory colitis (IC) or autoimmune enteropathy (AIE) [102, 110–112].

Only in inflammatory disorders, an increase in TNF-α levels appears, whereas it remains
undetectable/normal in constitutive epithelial disorders [102]. Moreover, TNF-α levels closely
correlate with the inflammatory activity of the intestinal mucosa [94].

TNF-α increase reflects that previously seen for calprotectin. Calprotectin and TNF values are
dramatically increased in neonates and small infants with immune-inflammatory disorders.
The main difference between TNF-α and calprotectin is that the first is highly susceptible to
degradation [113]. Therefore, calprotectin measurement might be preferable in the diagnos‐
tic work-up of diarrhoea and more appropriate to the clinical setting [102].

10. Eosinophil cationic protein (ECP)

ECP is one of the most important proteins in the granules of eosinophil granulocytes togeth‐
er with the major basic protein (MBP), eosinophil peroxidase (EPO) and eosinophil-derived
neurotoxin/eosinophil protein X (EDN/EPX). Very small amounts of ECP can also be found in
neutrophil granulocytes and monocytes [114, 115].

ECP is a single-chain, zinc-containing protein with a molecular weight ranging from 16 to
22 kDa. The heterogeneity of the molecule is partially due to differences in glycosylation of
three potential sites in its amino acid chain [116].

The gene that codes for ECP has been located on chromosome 14q11.2 and three polymor‐
phisms have been identified [117].

ECP synthesis in eosinophil granulocytes begins already at the stage of promyelocytes in
primary granules; from the myelocyte stage, ECP is present only in the matrix of specific
granules of eosinophil granulocytes [118, 119]. Mature eosinophil granulocytes contain
13.5 mcg ECP/106 cells [120]. Unstimulated neutrophil granulocytes cannot produce ECP
themselves, but these granulocytes can take ECP from the local environment [121]. After
cellular stimulation, ECP mRNA can be found in neutrophil granulocytes [122]. On the other
hand, monocytes are able to synthetize ECP, except for when macrophage differentiation is
ongoing [115].
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Activated eosinophil tissue granulocytes can excrete ECP, in response to two kinds of stimuli:
antibody dependent (IgG, IgA) and antibody independent (C3 and C5 complement compo‐
nents) [123, 124]. IL like IL-5 and IL-3, and the granulocyte–monocyte colony-stimulating
factor (GM-CSF) have positive impact on this secretion. During the excretion of the ECP
molecule from eosinophil granules, enzymatic deglycosylation occurs and converts the
inactive ECP form with high molecular mass into a cytotoxic variant with low molecular
mass [125].

Inhibitory effect on ECP secretion has been confirmed for cyclosporine A, dexamethasone,
rapamycin, formoterol and pemirolast [126–128].

ECP exhibits numerous biological activities that may be classified into cytotoxic and non-toxic
reactions.

Cytotoxic activity of ECP is effective against a wide range of microorganisms: parasites, Gram-
negative and Gram-positive bacteria, viruses [129–131].

• Antibacterial activity: for antibacterial ECP activity, electrostatic interactions are important
between negatively charged cellular membrane or cellular bacterial wall and positively
charged ECP, followed by destabilization of bacterial membrane. Other mechanisms involve
the formation of transmembrane pores that allow the transition of water and osmotic cell
lysis. Specific interaction of ECP with lipopolysaccharides and peptidoglycans on the
bacterial cell wall may result in bacterial cell aggregation and cell death [132–136].

• Antihelminthic activity: eosinophilia is present in the peripheral blood of patients with
parasitary diseases and granulocyte and eosinophil infiltrates have been detected in tissue
biopsy. However, the actual role of ECP and eosinophil granulocytes in parasitary infec‐
tion has not been clarified. ECP seems to play a role in the isolation of pathogenic agent and
the entire infected region in the form of granuloma. Blood cells, particularly eosinophil
granulocytes, are part of the structure of such granulomas. The chemotactic action of ECP
on fibroblasts is the first step towards the remodelling of the extracellular matrix. Moreover,
ECP promotes the secretion of tumor growth factor-β (TGF-β), that is a pro-fibrotic mediator
synthetized by fibroblasts [121, 137].

• Antiviral activity: antiviral action of ECP is mediated by ribonuclease activity [121]. ECP
belongs to the family of ribonucleases A (RNase A) which cleave the single-strand RNA
molecules [131, 138]. Ribonuclease activity is, however, the same in all genetic and post‐
translational ECP variants and is entirely independent of cytotoxic activity. Most of the
studies have been performed on respiratory syncytial virus (RSV) [139, 140], showing a
decrease of viral infectivity due to ECP, yet ribonuclease activity does not seem sufficient
to explain the whole antiviral effect attributed to eosinophil granulocytes [121, 138].

• Antihost activity: in addition to its important role in host immune defence, ECP may also
cause undesired side-effects on the host’s own tissues via its cytotoxic activity. Neuronal
damage has been described, as well as the damage of muscular cells and respiratory tract
epithelial cells. One of the possible mechanisms of eosinophil-induced tissue destruction is
based on the apoptotic action of ECP via activation of the caspase cycle [132, 141–143]. In
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contrast, in several dermatoses, intracellular accumulation of ECP is crucial in damaging
dermal cell, whilst RNase activity and cation-dependent cytotoxicity of the ECP molecule
seem to cause skin lesions [121, 144].

• Non-toxic activity: several immunomodulatory properties (e.g. inhibition of T-cell prolifer‐
ation, up-regulation of receptors and adhesion molecules on epithelial cells, or basophil
histamine release) are involved in ECP non-toxic action [132, 137, 145]. Chemotactic action
on fibroblasts is the first ECP action in tissue repair processes. Moreover, ECP stimulates
the secretion of TGF-β, whose pro-fibrotic action alters the intracellular metabolism of
fibroblasts. ECP mediates both the increase of proteoglycan synthesis and the inhibition of
proteoglycan degradation, with consequent intracellular proteoglycan accumulation [121,
137, 146]. Moreover, ECP seems to play a role in atherogenesis as it enables adhesion of
monocytes on endothelial cells, is involved in coagulation cascade, and has a stabilizing
impact on the plaque [137, 145, 146].

Only activated eosinophil granulocytes release the granule content, and therefore, the
determination of ECP concentration is a considerably more specific indicator of eosinophil
inflammation than eosinophil granulocyte count in peripheral blood. ECP has been associat‐
ed with several pathologic conditions, especially atopic diseases: allergic asthma, allergic
rhinitis and perennial rhinitis, atopic eczema/dermatitis syndrome (AEDS) [116, 147–149].
Elevated serum values are proportional to the intensity of allergic inflammation and indi‐
cate acute allergen exposure. ECP levels are also augmented in several gastrointestinal
disorders, some of which are IgE-associated: eosinophil diseases (esophagitis, gastro-enteri‐
tis and colitis), gastrointestinal food allergy and intestinal parasitoses. Also, ECP values are
enhanced in non-IgE-dependent disorders such as non allergic asthma with aspirin intoler‐
ance, respiratory infections, sinonasal polyposis, Churg-Strauss disease and idiopathic
hypereosinophilia (HES) syndrome [150].

Differential diagnostics of hypereosinophilia could be easier thanks to the evaluation of plasma
ECP concentration and the ECP/eosinophil count ratio, as ECP levels and the above ratio are
increased in patients with HES. Moreover, these values are higher in patients with reactive
eosinophilia associated with malignancy than in those patients with reactive eosinophilia
associated with inflammation. However, on the basis of ECP concentration and ECP/eosino‐
phil count ratio, discriminating clonal from reactive eosinophilia is not possible [121, 151].

ECP is present in numerous body fluids such as plasma, serum, sputum, bronchoalveolar
lavage (BAL), saliva, nasal lavage, tears, jejunal fluid, faeces, synovial fluid [145].

Faecal ECP is intensively investigated as a novel potential marker of IBD and eosinophil
gastroenteritis [152, 153]. Faecal ECP levels are not dependent on the number of eosinophil
granulocytes or serum ECP values, which makes this type of measurement a potential
intestinal marker. Moreover, faecal ECP levels do not differ in dependence to age or gender.
Serum and faecal ECP mean and median values have been evaluated in a population of healthy
children. Serum values are, respectively, 13.50 and 9.54 mcg/L, whereas faecal values are 1.93
and 1.20 mcg/g [154].
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11. ECP and CMPA

ECP values are a valid index to evaluate eosinophil granulocytes activity, even more than
eosinophil peripheral blood count. In particular, serum ECP values have been demonstrated
to strictly correlate with disease activity in CMPA: ECP levels were determined during a diet
with and without cow’s milk in a patient with eosinophilic enteritis. ECP levels were consid‐
erably elevated during the diet with milk, although they returned to normal values several
months after milk was withdrawn [155].

To demonstrate inflammation and increased protein leakage from the gut during a cow’s milk
elimination-challenge test in faecal samples of infants presenting with different symptoms
suggestive of cow’s milk allergy, ECP levels were measured in faecal samples of 208 infants
with a mean age of 7 months. Pre-challenge samples were obtained after a mean 3-weeks
elimination period, while post-challenge samples were collected 4 days after starting the
challenge. Among these infants, pre- and post-challenge ECP levels were increased in those
reacting after 24 h than in those reacting within 1 h. Moreover, pre-challenge levels of ECP
were higher in those showing intestinal symptoms. Therefore, in infants with slowly Develo-
ping gastrointestinal symptoms, enhanced faecal ECP values could be helpful in discriminat‐
ing patients from those who tolerate cow’s milk. Serial follow-up of faecal ECP can be useful
to evaluate the degree of intestinal inflammation and to determine an appropriate time for a
challenge test. Nevertheless, faecal ECP values are not diagnostic tools for cow’s milk
allergy [156].

Kapel et al. [107] also evaluated faecal ECP values before and after the oral challenge in 13
patients with GI-CMPA, not showing any significant change. No data are available about
timing of measurement.

Kristjánsson et al., using rectal protein challenge, investigated the local inflammatory reaction
to gluten and CM protein in adult patients with CD in remission, but still complaining
gastrointestinal symptoms. In 20 celiac patients and 15 healthy controls, rectal challenges with
wheat gluten and dried cow’s milk powder were conducted. Fifteen hours after challenge, the
reaction of intestinal mucosa was recorded evaluating local secretion of neutrophil and
eosinophil granule molecules such as myeloperoxidase (MPO) and ECP. At the same time,
mucosal release of nitric oxide (NO) was measured. Compared to healthy controls, patients
with CD showed significant increases in rectal NO and MPO concentrations measured 15 h
after challenge with both CM and gluten, while ECP was increased to a similar extent in the
two groups. Therefore, a rectal challenge with CM protein seems to induce a local inflamma‐
tory mucosal reaction in patients with CD but not in healthy controls. Ten out of 20 patients
showed abnormal increases in both MPO and NO as a reaction to CM challenge, but no increase
in ECP, indicating the absence of eosinophil activation at least 15 h after challenge [157].

More studies are needed to evaluate the correct time of faecal ECP measurement.

Therefore, we can assume that ECP is not a reliable faecal marker, as its values are not
constantly increased in CMPA. This is possibly due to the lack of agreement on the correct
time to perform ECP measurement in stool samples, as this faecal marker does not seem to
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increase immediately after CM exposure. Moreover, as previously said, faecal concentration
of ECP seems to be enhanced particularly in patients with immediate-type reactions to the
cow’s milk challenge (IgE mediated). This can help understanding the different results reached
in the cited studies.

12. Conclusions

In the light of this, calprotectin and TNF-α seem to be the most useful faecal marker in the
management of non-IgE-mediated GI-CMPA. They can be helpful in achieving a diagnosis, as
they can easily differentiate constitutive intestinal epithelial disorders, such as MVA or ED,
and immune-inflammatory disorders, such as AIE or IC. Moreover, faecal calprotectin and
TNF-α are useful for treatment follow-up, as their values in the stools markedly increase after
intake of cow’s milk protein, due to the reactivation of mucosal inflammation.

The main difference between TNF-α and calprotectin is that the first is highly susceptible to
degradation. Therefore, calprotectin measurement might be preferable and more appropri‐
ate to the clinical setting.

Beta-defensins seem to provide a first-line defence against infection, promoting interactions
between the innate and adaptive immunity in newborn infants. Their values are mainly
influenced by microbiota and are up-regulated during NEC. No significant correlations have
been reported with GI-CMPA, so far. Therefore, β-defensins are not considered a useful faecal
marker in the management of CMPA.

ECP is one of the most important proteins released by activated eosinophil granulocytes, and
the determination of its concentration is a considerably more specific indicator of eosinophil
inflammation than eosinophil granulocyte count in peripheral blood.

ECP can be measured in several biological samples, serum and stools among them. In indi‐
viduals with CMPA, serum ECP values increase considerably during the diet with milk,
then returning to normal values several months after milk withdrawal. Also faecal ECP val‐
ues tend to increase after exposure to cow’s milk protein, but this does not happen immedi‐
ately. ECP values usually increase for several hours, or even days, after CM exposure.
Unfortunately, the lack of agreement on when to measure ECP in stool samples after CM
exposure, leads ECP not to be considered a reliable faecal marker in CMPA nowadays, as
further researches are still needed in order to understand the correct time to perform faecal
ECP measurement.
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Abstract

Mammalian milk is a complex fluid mixture of various proteins, minerals, and lipids,
which play an important role in providing nutrition and immunity to the newborn.
Casein proteins, which form about 80% of the bovine milk proteins, form large colloidal
particles with calcium phosphate to form casein micelles, which for many years have
been an important subject of interest. Casein micelles are composed of four main types
of  proteins:  αS1‐casein,  αS2‐casein,  β‐casein,  and  k‐casein.  These  constituent  casein
proteins lack well‐defined secondary and tertiary structure due to large amount of
propyl  residues.  These  micelles  are  being  extensively  studied  because  of  their
importance in functional behavior of milk and various milk products. However, the
exact structure and nature of these casein micelles are still under debate. These different
casein proteins possess different functional properties due to their primary amino acid
sequence.

Keywords: Milk, Casein, Phosphoproteins, calcium

1. Introduction

It is now widely known that milk is a complex biological fluid secreted by mammals whose
most important biological function is to supply nutrients for the nourishment of the off‐
spring. The term “micelle” has been applied to the dispersed phase of milk, that is the casein‐
protein complex. Casein protein component of milk is made up of different proteins, which
possess different functions despite having no well‐defined secondary and tertiary structure.
These proteins, which include αS1‐,  αS2‐,  β‐,  and k‐casein, have a primary amino acid se‐
quence different from each other and occupy different positions in micelle and perform specific
functions. Some of the proteins are involved in calcium phosphate transport while others in
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stability of other caseins and micelle. The structure and properties of casein micelle as a whole
and individual casein proteins, which constitute the micelle, are discussed.

2. Milk proteins and casein micelle

Milk is a complex biological fluid with high content of proteins, minerals, and lipids secreted
by mammals to supply nutrition and to provide immunological protection to the newborn.
The differences in the metabolic processes of the lactating mother and the nutritive require‐
ments of the newborn are thought to be responsible for the interspecies differences in the
composition of milk [1]. The main function of milk is to provide essential amino acids and
minerals that are vital for the development and therefore function of muscular and other
tissues in new born mammals. It also includes active proteins providing antibodies, metal and
vitamin‐binding proteins, and several protein hormones [2]. Milk proteins coagulate very
rapidly in the stomach of newborn as they are structurally built in a way that they form large
complexes with calcium phosphate. Normal bovine milk contains almost 3.2–3.7% protein
which varies in composition and concentration during different stages of lactation [3, 4]. Milk
proteins are divided into two classes and are no more thought to be a homogeneous protein
[2]. Caseins constitute about 75–80% of total protein and precipitate at pH 4.6 at 30°C. The
remaining fraction, serum or whey protein, is soluble under similar conditions [5]. The rest of
proteins found in milk are trace fractions of glycoprotein [6]. Casein proteins and calcium
phosphate form large colloidal particles called casein micelles, which have been the subject of
interest for many years [7]. The main function of the casein micelle is to provide fluidity to
casein molecules and solubilize phosphate and calcium. There is a very large flow of calcium
through the mammary epithelial tissue, and despite this, there is rarely any formation of
calcium stones in the mammary gland. It has been suggested that the calcification of the
mammary gland is prevented by the formation of casein‐micelle complex with calcium
phosphate. The primary amino acid sequence of casein proteins and their conformation in
solution are therefore thought to prevent calcification of the mammary gland in addition to
providing nutrition [8]. In addition to their biological role, which is to provide nutrition, caseins
are also studied for their role in human health and other malfunctions such as stone‐forming
diseases in bovine animals [9–12].

The casein‐micelle structure is being studied extensively because of its importance in the
functional behavior of milk and some milk products [5]. However, the exact structure of casein
and its micelles is still under debate. Various physical and biochemical studies of these colloids
have mainly focused on the properties, size of the colloids, protein composition, micelle
reconstitution, etc. Due to the large size of the casein‐micelles, which interfere with absolute
structure determination, different models have been proposed. Models can be classified into
three categories: coat–core model, subunit or submicelle model, and internal structure model.
Waugh and Nobel in 1965, Payens in 1966, Parry and Carroll in 1969, and Paquin and others
in 1987 proposed coat‐core models. Coat‐core model dictates that micelle is an aggregate of
caseins with outer and interior of micelle having different composition, and there is an
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inaccuracy in the identification of inner part of the structure [13–16]. This actually contains
two diametrically opposite theories. Waugh and Nobel in 1965 were the first who proposed a
model which fits in this class which is based primarily upon the solubilities of various caseins
in Ca2+ solutions. According to them, αS1‐ and k‐caseins form low weight ratio complexes in
the absence of calcium. Monomers of αS1‐ or β‐caseins with charged phosphate loop form
caseinate core due to addition of calcium ions. The αS1‐ or ‐β‐caseins in their monomeric form
with charged phosphate loops form limiting size aggregates/caseinate core. The formation of
low weight αS1‐k‐complex monolayer leads to the prevention of caseinate precipitation. The
k‐casein monomers spread out entirely on the surface of coat/complex formed, and therefore,
its amount dictate the size of casein micelle. This model explains the lyophilic nature of the
colloidal casein complex and also the ready accessibility of k‐casein to chymosin and therefore
is quite appealing [17]. According to Payens (1966) model based on his experimental data on
the association of caseins, the densely folded αS1‐caseins remain adhered to loose network of
β‐caseins to form micelle core. Unlike the Waugh and Nobel models, colloidal calcium
phosphate is present both on the outer surface and in the inner side of the micelle, while k‐
casein is confined to the surface of the micelle [7]. In 1969, Parry and Carroll used electron
microscopy to locate k‐casein on the surface of micelle as proposed by Waugh. They suggested
that k‐casein is present at the interior and acts as a nucleating agent to which calcium‐insoluble
caseins might cluster and gets stabilized the colloidal calcium phosphate. They used ferritin‐
labeled anti‐k‐casein antibodies to localize kappa casein at the outer surface of casein micelles.
They found very little or no concentration of k‐casein protein on the outer surface of the casein
micelles as was suggested by previous workers. According to this model of casein micelle, the
surface of the micelle comprises αS1‐ and β‐caseins with some colloidal calcium phosphate [18].
Paquin et al. in 1987 proposed a model based on results obtained from experiments using gel
chromatography of EDTA‐dissociated casein micelles for identifying two protein fractions by
monolayer methods. This model describes the micelle core as a scaffold of colloidal calcium
phosphate and αS1‐caseins, while β‐caseins are held by hydrophobic interactions. These models
predict a precise distribution of k‐casein and are based upon nucleation around a core which
is k‐casein in case of Parry and Carroll and αS1, β‐calcium caseinate in case of Waugh [7].

The submicelle models that were proposed by Shimmin and Hill (1964), Morr (1967), Slattery
and Evard (1973), Schmidt (1980), Walstra (1984), and Ono and Obata (1989) considered that
casein micelles are composed of uniform subunits that are roughly spherical in shape [19–23].
Shimmin and Hill (1964) were the first who postulated a submicellar structure for the casein
micelle [24]. They used electron microscopy to study the ultrathin cross sections of embedded
casein micelles and measured a diameter of 10 nm for the submicelles [24]. Another model
proposed by Morr (1967) which was based on results obtained from study of oxalate and urea
treatment on the disruption of casein micelles and proposed that αS1‐, β‐, and k‐monomers
formed small uniform submicelles. These casein micelles are composed of numerous, loosely
packed, calcium caseinate complex units, joined in association by a combination of calcium
and colloidal calcium phosphate and citrate linkages between casein phosphoserine and
carboxyl groups. Hydrophobic bonding and calcium caseinate bridges stabilize the submi‐
celles, while colloidal calcium phosphate helps to aggregate the submicelles into micellar
structure [19]. Each of these calcium caseinate complex units is probably composed of an inner
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core consisting of a αS1‐ and β‐casein, surrounded by an outer layer rich in αS1‐ and k‐casein,
as suggested by Waugh and noble [14, 25]. According to Morr, these submicelles have a
diameter of ∼30 nm studied by using sedimentation velocity which is somewhat larger than
that postulated by Shimmin and Hill. Additional β‐casein could become associated with the
outer surfaces of the micelle under appropriate conditions which favor conversion of soluble
casein (mainly β‐casein) to micellar casein. A model was proposed for the native casein micelle
which consists of numerous loosely packed calcium caseinate complex units joined in associ‐
ation by a combination of calcium and colloidal calcium phosphate–citrate linkages. The
colloidal calcium phosphate–citrate is considered to be distributed throughout the micelle
rather than as a layer on its outer surface. αS1‐, αS2‐, and β‐casein precipitate when calcium
binds to their phosphoserine residues. k‐casein at the other end is not only calcium insoluble,
but it also interacts with other calcium‐sensitive caseins and stabilizes them thereby initiates
the formation of the stable colloidal state. Various enzymatic, immunological, and chemical
techniques usually recognized that while majority of the k‐casein must reside on the outer
surface of the casein micelles, other caseins might also occur there as well [26, 27]. k‐casein is
thought to be predominantly present on the outer surface of the casein micelle as shown by
almost all researchers working in this field till date. Various methods for disruption of casein
micelles have been used by several other researchers to study the nature of submicelle. Carroll
et al. (1971) used urea, EDTA, sodium fluoride, and sodium lauryl sulfate for the disruption
of micelles and found particles ∼8 to 12 nm in diameter [28]. Submicelles of 10 nm diameter
were also found by Schmidt and Buchheim (1970) after they dialyzed milk free calcium in cold
and using high pressure to disrupt casein micelles [29, 30]. These results were confirmed by
Buchheim and Welsch in 1973. Pepper and Farrell (1982) used gel chromatography to study
interaction of concentration‐dependent interactions of EDTA dissociated whole‐casein
micelles. It was found that with increasing protein concentration at 37°C and pH 6.6, the
individual components of casein formed polymers which approached a molecular radius of
∼9.5 nm [31]. These submicelles were thought to be formed by the interaction of SH‐k‐casein
monomers with those of αS‐ and β‐caseins as seen by analyzing concentration elution profiles.
Carroll et al. (1970) and Farrell and Thompson (1971) also observed particles of ∼10‐nm
diameter in the Golgi vacuoles of lactating rat mammary gland and therefore supported the
hypothesis of Shimmin and Hill (1964) [28, 32]. Another model for casein micelle structure is
based on the results of various experiments on the effect of calcium on the sedimentation
behavior of those particles which are formed in mixtures of caseins was proposed by Slattery
and Evard in 1973. This model based upon casein interactions combines the best features of
most casein micelle models. According to this model, submicelles which are rich in k‐casein
are found predominantly on the outer surface of the casein micelle, while those poor in k‐casein
content are internalized. They suggested that casein monomers interact to form submicelles
of variable composition depending upon their casein content. This model also suggests an
inverse relationship between k‐casein content and micelle size. This model predicts large
casein micelles which are poor in k‐casein content, k‐casein will occupy position on surface,
while in smaller micelles which are rich in k‐casein, k‐casein is uniformly distributed [22].
Walstra (1984) proposed the submicelle model for casein which is the most accepted model
for casein. According to this model, spherical subunits or submicelles are the building blocks
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of casein micelles. Each submicelle is variable in composition with 20–25 casein molecules per
submicelle, and the diameter of submicelle is 12–15 nm. Hydrophobic interactions between
the constituent proteins and the calcium phosphate linkages keep the submicelle together.
According to this model, there are two types of submicelles one consisting of αS‐ and β‐caseins
and another αS‐ and k‐caseins, the former is has hydrophobic regions buried in the center while
latter is more hydrophilic because of the presence of sugar residues on k‐caseins. Further
aggregation of submicelles is avoided by the steric and electrostatic repulsions by the hydro‐
philic part of the C‐terminal end of k‐casein located near outside of micelle, protruding from
the micelle surface as a hairy layer [23]. Carroll and Farrell in 1983 also found that the location
of k‐casein is indeed related to casein micelle size using ferritin‐labeled double‐antibody
technique coupled with electron microscopy [33]. These results confirm the inverse relation‐
ship between micelle size and k‐casein content and also that larger casein micelles contain
higher polymers of k‐casein, indicating that k‐k interactions are greater in k‐poor micelles.
Since according to this model, k‐casein is not totally precisely localized in the micelles this
model therefore contradicts with models proposed by Parry, Waugh, Garnier, and Ribadeau‐
Dumas and supports the more flexible model of Slattery and Evard [22, 25, 34].

The internal structure models, which are the last models, were proposed by Rose (1969),
Garnier and Ribadeau‐Dumas (1970), Holt (1992), and Horne (1998) indicate the manner in
which different caseins aggregate [34–37]. The internal structure model of casein micelle is
based upon the properties of isolated protein components which are involved in the formation
of internal structure of the micelle. Rose (1969) was the first to propose internal structure model
by using the endothermic polymerization of β‐casein as the basis for his casein micelle model.
According to this model, αS1‐monomers attach to chain like polymers of β‐casein which are
self‐associated from β‐casein monomers. k‐casein interacts with αS1‐monomers. The β‐casein
is directed inward, while k‐casein is directed outwards and a small amount of k‐casein is placed
in an internal position as these two segments associate. Colloidal calcium phosphate is
incorporated as a stabilizing during the formation of micelle. The occurrence of some overall
stoichiometry of the various casein components and the role of colloidal calcium phosphate
in stabilizing micelle make this model appealing [37]. However, synthetic micelles can be
formed from simple k‐ and αS1‐casein complexes in the complete absence of β‐casein which
makes β‐casein as the basis of micelle formation questionable. Waugh et al. (1970) have also
shown that the αS1‐ and β‐caseins tend to form mixed polymers randomly and β‐casein is
structure less in solution. It also forms micellar‐like complexes rather than linear polymers [38].
Garnier and Ribadeau‐Dumas (1970) who proposed another model emphasize on k‐casein as
the foundation of micelle structure. According to this model, three chains of αS1‐ and β‐casein
are linked to the trimers of k‐casein which radiate from the k‐casein node which is present as
a Y‐like structure. There is a formation of loosely packed network when these αS1‐ and β‐caseins
connect to other k‐nodes. This model places steric restraints upon k‐casein which posses few
secondary structures. This model provides demonstrated porosity and explains a uniform
distribution of k‐casein regardless of micelle size. The model assigns no role to calcium
caseinate interactions and ignores the role of colloidal calcium phosphate involvement in
stabilization of the micelle. Although the submicelle casein model proposed by Walstra in 1999
has been widely accepted, there are two alternative models proposed by Holt in 1992 and
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Horne in 1998 which fall into internal structure model [6, 35, 36]. According to model proposed
by Holt, the casein micelle forms a tangled web of flexible casein networks forming a gel‐like
structure with C‐terminal region of k‐casein extending to form a hairy layer and microgranules
of colloidal calcium phosphate at center. The surface location of k‐casein and the cementing
role of colloidal calcium phosphate are the two main features of this model. The caseins
micelles according to this model are stabilized by two main factors one of which is steric
stabilization by protruding k‐casein layer hairs and another is by surface potential of approx‐
imately -20mV at pH 6.7. In 1998, Horne proposed dual bonding model which suggests that
it is a balance between electrostatic repulsions and attractive hydrophobic interactions which
held the proteins in casein micelles together. According to this model, hydrophobic interaction
is the driving force for the formation of casein micelles and electrostatic repulsions are
responsible for limiting the growth of polymers [36]. αS1‐ and β‐caseins self‐associate by
hydrophobic interactions as a result of formation of train–loop–train and tail–train like
structures, respectively, upon adsorption at hydrophobic interfaces. There occurs a reduction
in electrostatic repulsion because of colloidal calcium phosphate which form linkages between
casein micelles and neutralizing agents of the negative charge of phosphoserine residues which
makes the hydrophobic interaction between caseins a dominant force for the association of
proteins. The lack of phosphoserine cluster to bind calcium in k‐casein makes it to interact
hydrophobically and act as a propagation terminator.

3. Forces responsible for the stability of the casein micelle

Linderstrom‐Lang in 1929 postulated that mixture of calcium‐insoluble proteins stabilized by
calcium‐soluble protein form the colloidal milk complex [39]. The calcium‐soluble protein
would be readily split by chymosin which leads to its coagulation due to destabilization of
colloid. Such fractions exist as αS1‐, αS2‐, and β‐caseins which are insoluble in calcium and k‐
casein which is soluble in presence of calcium and is split readily by chymosin. Sedimentation
velocity experiments performed by Waugh et al., in 1971, demonstrated that αS1‐ and k‐casein
complexes can be reformed from already isolated fractions [40]. A brief summary of the various
types of bonding forces responsible for the stabilization of protein structure will be discussed.

3.1. Hydrophobic interactions

There is presence of large number of hydrophobic residues clustered together in αS1‐, β‐, and
k‐casein as found by amino acid sequence analysis of these proteins. Since these are among
the most hydrophobic proteins, role of hydrophobic bonding in the stabilization of casein
cannot be ignored. The ability of β‐casein to self‐associate was reduced after removal of
isoleucine and valine at C‐terminal end of protein which normally self‐associate in the absence
of calcium [41]. Additionally, the ability of β‐casein to form polymers was destroyed com‐
pletely after removal of 20 amino acids at C‐terminal which are mainly hydrophobic in nature
[41]. Various investigators have found that αS1‐, β‐ and k‐caseins diffuse out of the micelle at
low temperature due to decrease in hydrophobic interactions [42–44]. The micelles containing
rare αS1‐A genetic variant which possesses similar physical and solubility properties like that
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of β‐casein is also less stable in cold. On the basis of light scattering and electron microscopy,
it has been found that increased pressure disrupts casein micelle structure which also acts
primarily on hydrophobic interactions [42–46]. The dependence of hydrophobic interactions
on temperature and pressure also explains the resistance of skim milk to withstand higher
temperature which is otherwise destabilized at extremely low temperatures.

3.2. Electrostatic interactions

There are many potential sites for strong ion bonding in apolar environment that might play
a role in the stabilization of casein micelles. It is not possible to exactly assess the role of various
inter‐ and intramolecular ionic bonds present in αs‐, β‐, and k‐casein in stabilization of casein
micelle structure. The ability of k‐casein to stabilize the αS1‐casein is abolished when there is
carbamylation of lysine residues in k‐casein which further demonstrate that ionic interactions
play a role in the casein micelle structure [47]. Modification of arginine side chains also affects
the casein micelle stability and chymosin‐induced coagulation [48].

3.3. Hydrogen bonding

The α‐helical and β‐pleated structures in many globular and fibrous structures are stabilized
by hydrogen bonding along the polypeptide chain. Since casein proteins posses very little
secondary structure and 72–76% of protein exists in aperiodic form, the degree of stabilization
by α‐helix and β‐structure is very low [49, 50]. Hydrogen bonds between the various compo‐
nents of casein during the formation of highly aggregated casein micelle are possible but in
case of ionizable side chains of monomeric proteins which are accessible to water, their
contribution to the stability of these monomeric proteins is very less. For the formation of a
residue‐residue hydrogen bond in case of these monomeric proteins, there must be breakage
of water‐residue hydrogen bond which has already formed. During the interaction of two
subunits of a protein, there are chances of formation of hydrogen bonds between individual
monomers as the surface groups are no longer fully hydrated. Hydrogen bond may exist
during the formation of aggregated casein micelles and self‐association of αS1‐casein.

3.4. Disulfide bonds

Disulfide bonds between cysteine residues during folding of pleated sheet structures, helical
segments, and unordered structures leads to the formation of tertiary structure. Both αS2‐ and
k‐casein contain cysteine but the degree of disulfide cross‐linkages which are normally present
in the casein micelle is controversial [51–53]. It has been reported by many investigators that
disulfide cross‐linkages contribute to the overall stability of the casein micelle but they are not
the driving force for the formation of casein micelle. Slattery in 1978 found that larger micelles
have higher molecular weight disulfide‐bonded polymers of k‐casein. These k‐casein mole‐
cules are thought to be contiguous with each other and form disulfide‐linked aggregates which
compose the casein micelle structure [54].
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4. Casein proteins as internally disordered calcium‐binding
phosphoproteins

Casein proteins are phosphoproteins which comprise approximately 80% of the total protein
present in bovine milk [55]. They were defined as phosphoproteins which precipitate from
raw milk upon acidification at pH 4.6 at 20°C [56]. Casein proteins belong to one of the larger
family of secretory calcium‐binding phosphoproteins as has been found by the analysis of
structure of human genome. Casein proteins provide one of the best example of intrinsically
disordered or natively disordered or natively unfolded proteins [57]. The previous assumption
that only those proteins which possess a well‐defined folded conformation is able to perform
a specific biological function is not valid in case of many intrinsically disordered proteins as
they have specific biological functions even in their unfolded state [58]. Furthermore, it has
also been found that in case of many of the eukaryotic proteins involved mainly in signaling
pathways, there is presence of regions with disordered backbone conformations. The presence
of disordered region in a protein involved in signaling provides larger surface area for
interactions with other proteins. This property can therefore also help these proteins to interact
with multiple proteins or target molecules at one time [59]. All of the casein proteins possess
very little secondary and tertiary structure but are still able to perform their function in their
disordered state. Caseins belong to the scavenger family of secretory calcium‐binding phos‐
phoproteins as they are involved in trapping of calcium phosphate. The intrinsic disorder of
these proteins not only help in forming a thermodynamically stable complex with calcium
phosphate but also allow these proteins to form a more tightly packed complex than a globular
structure [58]. These casein proteins are post‐translationally phosphorylated at seryl and very
less frequently at threonyl residues which is one of their unique characteristic. k‐casein
contains only one or two phosphoseryl residues and is only casein which is glycosylated [53].
These calcium‐sensitive caseins are not only able to bind to calcium phosphate crystal surface
but are also able to form calcium phosphate nanoclusters which are thermodynamically stable
chemical complexes by sequestering amorphous calcium phosphate. Calcium phosphate
sequestration also depends upon the formation of phosphate centers in the primary sequence
by clustering of phosphorylated residues [60].

5. Properties and functions of different protein components of casein

Earlier principle protein of bovine milk was considered to be homogenous protein casein. Later
on it was found that casein proteins are heterogeneous and are composed of distinct fractions
like α‐, β‐, and k‐casein [61]. Casein in milk in its native state exists as large associate of
macromolecules in colloidal dispersion with a mass of ∼ 108 Da and ∼200 nm in size [62]. The
major protein of the casein complex is αS1‐casein which almost 38% followed by β‐casein 36%,
k‐casein 13%, and αS2‐casein 10% [63]. Proline which is known to disrupt alpha‐helical and β‐
structures is present in higher amount in αS1‐casein. It has been found that 70% of αS1‐casein
is in unordered form with only a small amount of α‐helical and β‐structure. αS1‐Casein plays
an important role in the ability of milk to transport calcium phosphate. It has also been found
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that one of its antioxidant peptide has 2,2‐diphenyl‐1‐picrylhydrazyl (DPPH) radical scaveng‐
ing activity. All casein proteins in their native states do not possess a well‐defined tertiary or
secondary structure [49]. Casein is classified as intrinsically disordered proteins implying that
the protein is functional in its unstructured form. Further, it has been found by various
investigators that αS1‐ and β‐casein possess chaperonic activity and are responsible for the
stabilization of micelle by preventing aggregation of αS2‐ and k‐casein, respectively. Various
investigators have also found that αs‐casein prevents the stress‐induced aggregation of various
proteins like bovine serum albumin, whey proteins, β‐lactoglobulin, carbonic anhydrase, and
alcohol dehydrogenase by forming soluble, high molecular weight complexes [64]. The self‐
association of αS1‐casein monomers in aqueous solution is attributed to the high degree of
hydrophobicity and small amount of structural content [38, 45]. There are ∼43% hydrophobic
amino acids in case of αS1‐casein, ∼33% in case of αS2‐casein, ∼52% in β‐casein, and ∼43% in
k‐casein. Under the normal pH, ionic strength, and temperature of milk, the major protein
components of milk are insoluble. The second most abundant milk protein is β‐casein with
five phosphoserine residues and a molecular weight of 23,980 [65]. All the protein's net charge,
phosphoserine content, and α‐helical residues are restricted to the first 40 amino acid residues
present at N‐terminal portion of β‐casein, while C‐terminal contains many apolar residues
responsible for its high hydrophobicity [49]. β‐Casein possesses very little secondary structure
and is present as a random coil in aqueous solution. The lack of secondary structure is due to
the evenly distributed proline found during complete amino acid sequence of β‐casein [66]. β‐
Casein plays an important role in determining the surface property of casein micelle. One of
its peptide acts as a macrophage activator thereby increase the phagocytic activity of macro‐
phages and their peroxide release. β‐casein also possesses an antioxidant peptide which has
antioxidant activity. The last casein sequenced was αS2‐casein which possesses most unique
primary structure of all the caseins with a molecular weight of 25,150 [67]. This protein has
two cysteine residues with no known carbohydrate. αS2‐Casein exists as a dimer or may have
some intrachain disulfide. αS2‐Casein is least susceptible to aggregation because of alternating
negatively charged and hydrophobic areas [68]. It also plays important role in the transport of
calcium phosphate. Its anti‐microbial peptide casocidin‐I has the ability to inhibit growth of
E. coli and other bacteria. k‐casein, which is soluble over a very broad range of calcium ion
concentrations unlike other forms of caseins like αS1‐, αS2‐, and β‐casein, is the fourth major
component of the milk‐protein complex [69]. Calcium solubility of k‐casein has led workers
to assign to it the role of casein micelle stabilization whose other components are insoluble in
calcium. It stabilizes micelle formation thereby prevent precipitation of casein in milk.
Casoxins peptide possesses opoid antagonist, whereas casoplatelin inhibits platelet aggrega‐
tion. The molecular weight of reduced k‐casein is about 19,000 [51]. It exists as a high molecular
weight mixtures of polymers. It is the only major component of casein which possesses
carbohydrates bound to the highly soluble macropeptide portion formed after chymosin
hydrolysis. There are only one or two phosphate residues per k‐casein casein monomer which
makes it soluble in calcium [70].

There are several genetic variants of casein components with variable numbers of
phosphoseryl residues especially in case of αS2‐casein which exhibits a large variability in the
extent of phosphorylation [71]. Another unique feature of caseins is the large amount of propyl
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residues especially in case of β‐casein which greatly affect the secondary and tertiary structure
of caseins [53]. In addition, all casein proteins possess different hydrophilic and hydrophobic
regions along the protein chain [46]. αS‐Caseins are the major casein proteins with 8–12 seryl
phosphate groups, while β‐casein contains about 5 phosphoserine residues and is more
hydrophobic than αS‐caseins and k‐casein [49]. Highly phosphorylated αS‐caseins and β‐
caseins are very sensitive to the of calcium salt concentration, that is, these proteins precipitate
in presence of high Ca2+ ions [40, 72]. Unlike other types of caseins, k‐caseins are glycoproteins
[56, 71] with only one phosphoserine group. This makes them stable in the presence of Ca2+

ions thereby playing an important role in protecting other caseins which are calcium sensitive
from precipitation and makes casein micelle stable [69]. Casein is insensitive to heat, and it is
only temperature above 120°C that causes the casein proteins to become insoluble, whereas it
is sensitive to pH and will precipitate at its isoelectric pH [73]. The individual families of casein
proteins were identified by alkaline urea gel electrophoresis. Each of the four different caseins
may have a variety of numbers of phosphate groups attached through their serine or threonine
residues. In terms of the extent of phosphorylation, αS1‐casein may have 8 or 9, αS2‐casein 10–
13, β‐casein may have 4 and k‐casein, 1–3. αS1‐ and β‐Casein contain no disulfide bonds, and
αS2‐ and k‐casein contain two cysteine residues which form inter‐ or intramolecular disulfide
bonds [74, 75]. αS2‐Casein exists as a dimer, and k‐casein can exist from dimer to decamer
depending upon the pattern of intermolecular disulfide bonding [68]. There are 10 different
molecular forms of k‐casein on the basis of degree of glycosylation and is the only casein which
is glycosylated [56, 70, 71]. Another source of variability in caseins is genetic polymorphism.
αS1‐Casein has been shown to be present in bovine milk as αS1‐casein A‐D [71]. Caseins are
structurally classified as natively or intrinsically disordered proteins which is different from
random coil conformation found in some globular proteins [76, 77]. Due to the lack of well‐
defined structure, crystallization of casein proteins to provide a three‐dimensional crystal
structure is not possible, but at the other end, this lack of structure helps to facilitate proteolysis
and therefore ready absorption of amino acids and small peptides in the intestine [2, 78].
Caseins proteins possess very little three dimensional structure but possess some secondary
structure [79]. The high number of proline residues which distort protein folding into α‐helices
and β‐sheets is responsible for inhibition of higher proportions of secondary and tertiary
structure. Casein proteins contain 32–42% non‐polar amino acids which makes them highly
hydrophobic but due to the presence of high number of phosphate and sulfur‐containing
amino acids and carbohydrates in case of k‐casein, they are quite soluble in aqueous solvents
[2]. Casein proteins are homologous in all the species as has been found by various protein
and gene sequencing studies [80]. The proportion of various caseins varies widely. All species
form colloidal casein micelles for the transport of calcium and phosphate. Casein micelles of
most species appear quite similar at the ultra structural level. Despite the variations in casein
components, the αS1‐ and αS2‐caseins are calcium sensitive, whereas β‐ and k‐casein are not
sensitive to calcium. Casein proteins are important nutritionally because of their high
phosphate content due to which they bind significant quantities of calcium and also are rich
in lysine which is an essential amino acid in humans. αS1‐ and αS2‐casein possess 14 and 24
lysines, respectively [2]. Each of the caseins possesses significant variability due to extent of
their post‐translational modification, disulfide bonding, genetic polymorphism [81]. The
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properties of milk and various milk products mainly depend on proteins present in it and to
some extent on other components like salts, fat, and lactose. Caseins which possess an
extraordinary high heat stability make the milk and other milk products highly stable even at
higher temperature [61].

6. Conclusion

Mammalian milk contains casein micelles that help to provide adequate nutrients to the
neonate and at the same time prevent any risk of pathological calcification or amyloidosis.
Interestingly, all caseins exhibit a disordered conformation and many have chaperonic activity
(αS1‐ and β‐casein) which might be an attribute that help these casein proteins to self‐associate
and assembly into functional micelle. The structural disorderness and the chaperonic property
would have been evolutionarily selected to make these molecules ideally suitable to thrive
under various environmental insults since the milk is secretory product. It might be possible
that that in addition to casein, many other milk proteins may also have chaperonic function.
Identifying chaperonic function of other proteins present in milk will have many industrial
and clinical insights.
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The Protein Component of Sow Colostrum and Milk

P.K. Theil and W.L. Hurley

Additional information is available at the end of the chapter

Abstract

The production of colostrum and milk by the sow are primary limiting factors affecting
survival, growth and development of the piglets. The proteins of colostrum and milk
provide not only a supply of amino acids to the neonate but also a wide range of
bioactive factors. Proteins in sow mammary secretions include those associated with
the milk fat membranes, caseins, mammary-derived whey proteins, immunoglobu‐
lins,  hormones and growth factors,  enzymes,  and a  wide range of  other  proteins.
Concentrations of most milk-specific proteins typically are lower in colostrum than in
milk, while concentrations of immunoglobulins and other bioactive proteins often are
enriched in colostrum compared with mature milk. Dietary protein is utilized for milk
protein production with approximately 50% efficiency.  During both the colostrum
period and at peak lactation as much as 700–800 g of protein is secreted daily by today’s
highly prolific sows. Estimates of daily milk protein secretion during lactation suggest
that sows are not able to consume sufficient dietary protein and energy to account for
output of solids in milk and therefore must mobilize body protein and body fat to
support their milk production. Milk protein content typically is not affected by dietary
treatment,  indicating  that  the  sow  mobilizes  her  body  reserves  to  maintain  milk
production and milk protein production. These observations are of particular interest
for today’s highly prolific sows, which may require more dietary protein than previous
genotypes.

Keywords: Colostrum, milk, protein, sow, lactation

1. Introduction

The newborn piglet is completely reliant on the sow’s colostrum and milk for a nutrient supply
as well as for a range of bioactive factors that impact its immunological and physiological
development. Production of colostrum and milk by the sow are primary limiting factors
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affecting survival, growth and development of the piglets [1–6]. Milk production by sows is
impacted by numerous factors, including litter size, piglet size, nursing frequency, stage of
lactation, sow age, body condition and parity, maternal behavior, and nutrition [7–10].

General composition of sow colostrum and milk has been reviewed previously [11–16].
Composition of mammary secretions after giving birth changes rapidly. For the sow, colos‐
trum is considered as the secretions during the first 24 h after giving birth [17]. The period
between 24 and 96 h after parturition is considered as transition milk [18, 19].

Recently, the lactation curve of sows was described [20], which showed that milk yield
increases day by day in the first two weeks of lactation, depending on the number of suck‐
ling piglets. Indeed, genetic selection for large litters has increased the milk yield of sows and
at peak lactation highly prolific sows (14 suckling piglets) produce on average 13–15 kg of milk
daily. The milk protein production increases in a pattern similar to the lactation curve and
peaks at 700–800 g of protein secreted daily.

The proteins of colostrum and milk provide not only a supply of amino acids to the neonate
but also a wide range of bioactive factors. This chapter provides an overview of the proteins
found in sow colostrum and milk, and a description on how the milk protein changes over
time during the colostrum and lactation periods. In addition, estimates of milk protein
production by the sow are discussed, and some of the factors that may impact milk protein
production.

2. Proteins in milk fractions

The proteins of milk generally are characterized according to how they segregate during some
fundamental methods of fractionating milk components. These methods originally were
developed to fractionate bovine milk. One basic method of separating the fractions of milk is
to separate the lower density lipid-containing cream fraction from the aqueous component,
typically by centrifugation. The residual aqueous or defatted fraction then is referred to as the
skim milk fraction. This type of fractionation has most often been used as a starting point for
identifying milk proteins.

Milk is a partially stable emulsion of fat globules. In addition to the lipid component of the fat
globules (primarily triacylglycerides), they also contain numerous proteins, which are
associated with the milk fat globule membrane (MFGM). The MFGM proteins have been
extensively studied in cow milk [21–23]; however, they have received relatively less atten‐
tion in sow milk. Seventeen proteins have been identified in association with sow MFGM,
including xanthine dehydrogenase, lactadherin, butyrophilin, adipophilin, acyl-CoA synthe‐
tase, fatty acid-binding protein 3, and others [24].

The skim milk fraction will contain the major milk protein components, including the
caseins and whey proteins. Caseins are a special set of proteins found only in milk and
are the major proteins found in sow milk. The caseins in sow milk include αS1-casein
(CSN1S1), αS2-casein (CSN1S2), β-casein (CSN2), and κ-casein (CSN3). The whey proteins
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are defined as all of the skim milk proteins excluding the caseins. The whey protein
fraction encompasses a wide range of proteins with an extensive array of functions. The
functionality of the various whey proteins includes direct involvement in the process of
milk synthesis, provision of immune protection to the neonate, and hormones and growth
factors that may impact neonatal development as well as enzymes and other proteins
associated with cellular functions arising from epithelia, leukocytes, and other mammary
tissue cells.

3. Major sow milk proteins

The concentration of total casein as a proportion of total milk protein generally increases
from a low of 9–32% at parturition to 30–45% at 24 h postpartum [25, 26] and accounts
for 50–55% of total milk protein in mature milk [25–28]. Total whey protein content of sow
colostrum may be as high as 90% at parturition, followed by a decline to 70% by 24
postpartum [18, 26]. Total whey protein as a percentage of total protein is approximately
50% in mature milk [26].

The major whey proteins in sow milk include β-lactoglobulin (BLG), α-lactalbumin
(LALBA), whey acidic protein (WAP), lactoferrin (also referred to as lactotransferrin; LTF),
serum albumin (ALB), and immunoglobulins. BLG is a member of the lipocalin family,
which transports small hydrophobic molecules; however, the specific function of this
protein in milk or in the neonate is not understood. BLG has significant sequence similarity
with glycodelin [29], also known as progestin-associated endometrial protein (PAEP).
Isolated bovine BLG has also been shown to have antimicrobial activity against some
mastitis causing bacteria [30]. Concentrations of BLG, the major whey protein in sow milk,
are between approximately 8 and 15 g/L during the initial week postpartum [31, 32].
LALBA is a small molecular weight protein that is the regulatory subunit of the lactose
synthase enzyme activity. LALBA binds with β-1,4-galactosyltransferase in the Golgi
apparatus of the mammary epithelial cell resulting in the synthesis of the disaccharide
lactose from glucose and galactose. The synthesis of lactose, the primary osmole in sow
milk, is responsible for drawing water into the Golgi apparatus and secretory vesicles
during milk synthesis. Concentrations of LALBA are lower in colostrum (0.8–1.9 g/L) than
in transition or mature milk (approximately 2–3 g/L) [31, 32], consistent with the observed
lower concentrations of lactose in colostrum compared with mature sow milk. The function
of the WAP in sow milk also is not understood. Concentrations of WAP in sow mammary
secretions increase from 0.3 g/L at parturition to approximately 1 g/L at day 7 [31, 32].
Lactoferrin is an iron-binding protein with antimicrobial properties. Concentrations of
lactoferrin in colostrum are relatively high (1.2 g/L) until day 3 postpartum and then
decline to 0.3 g/L by one week postpartum [33]. Colostrum concentrations of albumin
decline rapidly between parturition and 12 h postpartum (from 19 down to 8 g/L) and
then gradually decline to 3.0 g/L or less [34].
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4. Protective and bioactive proteins

Colostrum and milk contain an array of protective factors that can impact the neonate. The
role of colostrum and milk immunoglobulins in the neonate has been extensively studied. The
immunoglobulins are transported through the mammary epithelial cells by a receptor-
mediated process, thought to involve the neonatal Fc-receptor (FcRn) in the case of IgG1 and
IgG2, and the polymeric immunoglobulin receptor (pIgR) for IgA and IgM (see Ref. [35] for
review).

Colostrum during or immediately after parturition contains the highest concentrations of each
immunoglobulin, with average concentrations of total IgG, IgA, and IgM of approximately 65,
13, and 8 g/L, respectively [16]. These immunoglobulin concentrations remain elevated during
the initial 6 h postpartum, decline by approximately 30–45% by 12 h, and continue declining
through the next several days. Concentrations of IgG and IgM in mature milk are approxi‐
mately 1 and 1.6 g/L, respectively. Interestingly, IgA is the major immunoglobulin in mature
milk of the sow with a concentration of approximately 4 g/L [16]. The changes in proportion
and total amount of immunoglobulins in sow mammary secretions are shown in Figure 1.

Figure 1. Relative total amounts and proportions of immunoglobulins G, A, and M in sow mammary secretions during
lactation. Circles for 6 h through ≥12 days represent the total immunoglobulin content in mammary secretions com‐
pared with the content at 0 h. Adapted from Ref. [16].
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Milk contains a wide array of antimicrobial and immunomodulatory proteins and peptides.
Certainly the immunoglobulins, especially IgA, lactoferrin and lysozyme activity individual‐
ly and synergistically probably provide for some of the antimicrobial function that has been
found in sow milk [36]. Lysozyme activity has been identified in sow colostrum immediate‐
ly after parturition [37] but not in mature milk [38]. Even some of the proteins associated with
the milk fat globule may have bactericidal properties, such as the mucins [39, 40], lactadher‐
in, butyrophilin, adipophilin, acyl-CoA synthetase, and fatty acid-binding protein 3 [24]. The
specific role of these proteins in modulating the immune health of the sow’s mammary gland
and the health of her litter deserve additional evaluation. Several cytokines have been
identified in sow colostrum and milk, including IL-4, IL-6, IL-10, IL-12, IFN-γ, TNF-α, and
TGF-β [41]. Concentrations of these cytokines are greatest in colostrum and then decline as
lactation progresses [41]. Butyrophilin has also been implicated as having an immunomodu‐
latory function [42].

Milk contains many hormones and growth factors, which may have biological activity in the
neonate [43, 44]. Prolactin in sow colostrum is at its highest concentration just prior to
parturition and then declines rapidly during the first 24 h postpartum [45], followed by a
slower decline through the remainder of lactation [46]. Similarly, concentrations of relaxin are
greatest in colostrum and then decline over the first week of lactation [47]. This milk-borne
relaxin has been associated with maternal programming of neonatal development in what is
called the lactocrine hypothesis [48]. Specifically, relaxin absorbed into the circulatory system
in the piglet prior to gut closure can affect the developing reproductive tract of the neonate.
Leptin concentrations in the skim fraction of colostrum and milk decrease during the initial
week of lactation before stabilizing for the remainder of lactation, while stage of lactation does
not seem to impact leptin concentrations in whole milk [49]. Sow colostrum and milk also
contain insulin, neurotensin, bombesin [50], triiodothyronine and thyroxine [51], insulin-like
growth factor-I (IGF-I; [52]), epidermal growth factor-like peptide [53, 54], and prostaglan‐
din-like activity [55].

Proteins in sow colostrum and milk include many enzyme activities, such as lipase and
ribonuclease activity [38], trypsin inhibitor activity [56], ceruloplasmin [57], and enolase and
glycogen phosphorylase [58]. A high molecular weight glycoprotein of unknown origin and
function has been identified, which may be specific to sow milk [59].

5. Protein concentrations in sow mammary secretions

Sow colostrum, i.e. the mammary secretions during the first 24 h after onset of parturition, is
rich in protein, especially colostrum from the earliest phase. The protein concentration drops
from approximately 16 to 10% during the first 12 h after onset of parturition (Figure 2; [60]).
Recent studies indicate that the protein content continues to decrease to reach a plateau at 6–
7% protein at 36 h after parturition [61]. However, according to Ref. [60], the protein content
remains rather stable in transient milk, i.e. in mammary secretions released from 24 h post
parturition and the next couple of days (Figure 2). The low protein content of mammary
secretions 24–36 h post parturition observed in Ref. [61] may indicate that late colostrum/
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transient milk produced by modern hyperprolific sows, with an average of 18 piglets born,
may be compromised in terms of protein content. In Ref. [60], published in 1995, sows had an
average of 9.7 piglets born.

Figure 2. Examples of mammary secretion protein concentration change during the initial 12 h of the colostrum period
and during the transition milk period. (A) Changes in colostrum protein concentration from parturition to 12 h can be
described by y = 0.0757x3 – 1.3411x2 – 0.1717x + 163.25 (R2 = 0.99931). (B) Changes in protein concentration from 24 to 72
h can be described by y = −0.0151x2 + 1.5054x + 66.15 (R2 = 1). Adapted from Ref. [60].

Changes in the protein concentration of sow milk during lactation can be estimated using the
mathematical model described in Ref. [20]. Milk protein concentrations decline from 7% at
day 2 to reach a plateau at approximately 5%, which is then maintained through at least four
weeks after parturition (Figure 3; [20]).

Figure 3. Milk protein concentration during lactation. The profile was calculated using the mathematical model devel‐
oped in Ref. [20] with the following input: Dietary protein (16%).
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As lactation progresses, other milk constituents than the protein fraction also change. Indeed,
the milk lactose concentration increases slightly from 5.2 to 5.5%, while the milk fat concen‐
tration decreases from 8.0 to 6.3% from day 2 to 28, respectively [20]. As a consequence, the
energy content of milk decreases in a curvilinear manner throughout lactation (Figure 4).

Figure 4. Milk energy content during lactation. The profile was calculated using the mathematical model developed in
Ref. [20] with the following input: Dietary protein (16%).

The protein-to-energy ratio of the milk declines during the first week of lactation; however,
there is a gradual increase thereafter until weaning (Figure 5). The protein-to-energy ratio may
be indicative of the nutritive quality of sow milk to support piglet growth [19]. However, the
relative consistency of the protein-to-energy ratio of sow milk through lactation may indi‐
cate that milk intake of individual piglets is the major determinant of piglet growth rather than
milk composition per se.

Figure 5. Protein-to-energy ratio of sow milk during lactation. The profile was calculated using the mathematical mod‐
el developed in Ref. [20] with the following input: Dietary protein (16%).
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6. Daily protein yields in sow colostrum and milk

Recently, it was demonstrated that the yield of sow colostrum was approximately 50% higher
than previously believed [4, 5, 17]. With the high protein content in colostrum secreted in the
early phase (described above), the daily protein secretion through colostrum amounts to 700–
800 g [61], which is similar to the daily secretion of protein in milk at peak lactation (see
below; [20]). While recent studies have shed light on the amounts of nutrients being secreted
through colostrum and when they are secreted [4, 61], it is still unknown when the colostral
proteins are being synthesized [5]. The high concentration of protein in colostrum at parturi‐
tion suggests that this synthesis occurs in late gestation, allowing for accumulation of the
proteins in colostrum. Milk-specific proteins, such as the caseins, BLG, LALBA, and WAP, are
synthesized by mammary epithelial cells, while most of the immunoglobulin and the serum
albumin are synthesized elsewhere in the sow.

Figure 6. Daily milk yield of sows with litter size (LS) of 10, 12, or 14 piglets. Note that the profile was calculated using
the mathematical model developed in Ref. [20], assuming that sows with 10, 12, and 14 piglets on average produced
litter gain (LG) of 2.5, 2.8, and 3.1 kg/d, respectively.

From a nutritional perspective, the timing of synthesis of the colostral proteins is important
because fetal growth, mammary growth, and colostrum protein production compete for the
dietary proteins supplied during late gestation. Factorial calculations of the daily protein
requirement in late gestation suggest that dietary protein likely is scarcely supplied [62]. In a
recent study, colostrum yield and colostrum protein content were studied across five differ‐
ent experiments to reveal potential limitations in colostrum synthesis [63]. In that study, it was
found that the colostrum yield was positively correlated with litter size (including total born,
live born, and 24 h litter size), and it is therefore logical to suggest that highly prolific sows
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may require more dietary protein than previous genotypes. However, no relationship between
colostrum yield and colostrum protein concentration was found, indicating that colostrum
protein production likely is not compromised, in spite of high colostrum production due to
their large litters [63].

Daily milk production increases during the first two weeks of lactation and peaks around
day 17 of lactation [20], although it seems to peak a few days later if the production level is
lower. Milk yield is greatly affected by the number of suckling piglets [64] because each piglet
takes ownership of a single mammary gland and stimulates mammary growth [65, 66] and
maintains milk production within that gland [67]. Milk yield is around 13-15 kg/d at peak
lactation in modern highly prolific sows (with 14 piglets; [20]), whereas sows with a more
moderate litter of 10 suckling piglets and consequently less litter gain per day produce
around 10 kg/d (Figure 6). Consequently, sows produce around or slightly above 1.0 kg of
milk daily for each piglet at peak lactation. After peak lactation, the milk yield decreases;
however, it remains nearly maximal if piglets are weaned after three to four weeks.

Figure 7. Daily milk protein yields of sows with litter size (LS) of 10, 12, or 14 piglets. Note that the profile was calcu‐
lated using the mathematical model developed in Ref. [20], assuming that sows with 10, 12, and 14 piglets on average
produced litter gain (LG) of 2.5, 2.8, and 3.1 kg/d, respectively.

Daily milk protein production increases in a fashion similar to the lactation curves of sows
(Figure 7). Thus, the daily milk protein yield also peaks around day 17 (slightly later for sows
with a lower yield). For highly prolific sows, as much as 750 g of milk protein is secreted daily,
whereas the daily milk protein yield is around 500 g when sows have 10 suckling piglets and
have a moderate level of productivity (i.e. litter gain of 2.5 kg/d). In a recent study, it was found
that milk protein concentration was negatively related to the milk yield of highly prolific sows
for all four weeks of lactation [63]. The negative relationship suggests that the mammary
capacity for milk protein synthesis has been reached or, alternatively, that the dietary protein
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supply is inadequate to support the milk production of high prolific sows. In favor of the latter
explanation, it was demonstrated that dietary protein is utilized for milk protein production
with approximately 50% efficiency [68]. At peak lactation, sows ingest around 1300–1400 g of
dietary protein daily, but if high producing sows secrete 750 g of milk protein daily, they
should ingest 1500 g/d of dietary protein (assuming 50% utilization efficiency). Most sows are
not able to ingest enough feed to obtain a zero balance of protein nor a zero balance of energy,
and consequently, sows typically mobilize body protein and body fat to support their milk
production [19, 62, 68].

Milk production and milk protein production are highly prioritized by lactating sows [19]. If
the dietary supply of protein or energy is insufficient, the sow mobilizes amino acids from
muscle tissues or fat from adipose tissues, respectively. Mobilization of muscle tissues can be
substantial and result in sow weight loss that in extreme cases may amount to 75–80 kg during
three weeks of lactation [69]. However, in a pioneer experiment [70] where lactating sows were
provided an insufficient nutrient supply, a linear decrease in weight loss was reported in sows
in response to feed intake that was gradually increased from 1.5 to 4.8 kg/d (over six differ‐
ent feeding levels). In each case, the nitrogen balance of the sows was negative but was clearly
responsive to feed intake. Interestingly, the milk protein content was not affected by dietary
treatment, and the piglet growth rate, which may be seen as an indicator for the milk yield,
was not compromised until the fourth week of lactation. These findings are consistent with
the sow’s physiology during lactation being set to maintain milk production and milk protein
production as a high priority, and she compensates for insufficient nutrient intake by
increasing the body mobilization. The reduced piglet weight gain in the fourth week of
lactation observed in Ref. [70] could be interpreted as a result of the depletion of readily
available body pools of amino acids after three weeks of insufficient nutrient supply.

7. Conclusion

Colostrum is much richer in protein than in mature sow milk. The protein component changes
dramatically during the colostrum period, where the decline in contents of bioactive pro‐
teins, including immunoglobulins, hormones, and growth factors, is pronounced. The
concentrations of milk-specific proteins, such as the caseins and the major mammary-de‐
rived whey proteins, increase during the early lactation period. The amount of protein secreted
in colostrum and milk is extremely high. During both the colostrum period and at peak
lactation as much as 700–800 g of protein is secreted daily. Currently, it is not known which
factors are most limiting the sow milk production or the sow milk protein production. Without
doubt, daily feed intake and dietary content of essential amino acids are important factors.
However, sow live weight, body pools of amino acids in muscle tissues, and amino acid
mobilization capacity may be equally important to sustain this demanding daily production
of milk and milk protein. Current research suggests that today’s highly prolific sows may
require more dietary protein than previous genotypes.
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Abstract

Human milk is a source of biologically active proteins, including lactoferrin (LF) and
antibodies (Abs). These proteins are considered as the most polyfunctional proteins of
human milk. Apparently, human milk is not a simple mixture of proteins and peptides:
recently it was shown that human milk contains stable supramolecular protein com‐
plex, composed of LF, α‐lactalbumin, milk albumin, β‐casein, IgG, and sIgA molecules.
We believe that the whole set of different biological functions of the individual milk
proteins is significantly supplemented by features of their complexes.

Keywords: antibodies, catalytic antibodies, Fab arm exchange, lactoferrin, protein
complexes

1. Introduction

Human milk not only has nutritional value but also is a source of biologically active proteins,
including lactoferrin (LF) and antibodies (Abs). LF and Abs are often considered as the most
polyfunctional proteins of human milk. LF is an iron‐binding glycoprotein and is assumed to
play a key role in iron uptake by the intestinal mucosa; it also keeps iron from iron‐requiring
bacteria acting as a bacteriostatic agent. Major immunoglobulin of human milk is sIgA; besides
that milk contains significant amounts of IgG, along with conventional Abs, human milk contains
anti‐idiotypic Abs capable of enhancing infant antibody response. Maternal milk Abs coat infant
mucosal surfaces, play protective role, and also catalyze various chemical reactions (so‐called
abzymes). Recently it was shown that human milk contains stable supramolecular protein
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complex, which is composed of LF, α‐lactalbumin, milk albumin, β‐casein, IgG, and sIgA
molecules. Here we describe the biological roles of LF and Abs as the major multifunctional
proteins of human milk.

2. Human milk lactoferrin and its known functions

LF is a single polypeptide chain of 76–80 kDa containing two lobes [1] either of which binds
one Fe3+ ion and contains one glycan chain [2]. LF was first isolated and purified from bovine
and human milk [3–5]; then LF was described in human epithelial secretions and barrier body
fluids [6–9]. The concentration of LF in human milk (∼1 mg/ml) is much higher comparing to
cow's milk (up to 0.01 mg/ml) [10]. Considering that LF binds iron [4], it was hypothesized that
LF transports iron in the infant gut. In 1991 the LF receptor specifically binding and trans‐
porting LF was identified on the gut mucosa cells [11, 12]. Since there is no evidence that iron
then enters the bloodstream, it can be concluded that LF does not facilitate iron absorption in
the infant gut [13].

Many different functions have been attributed to LF: immunomodulation and cell growth
regulation [9, 14], protection from iron‐induced lipid peroxidation, DNA binding [9], RNA
hydrolysis [15, 16], and transcriptional activation of specific DNA sequences [17, 18]. LF also
activates natural killer cells [19] and may be effective in antitumor defense, which is not
dependent on iron [14, 20]. It was shown that LF induces granulopoiesis [21], cytotoxicity
mediated by Abs [22], production of cytokines [23], and growth of some cells in vitro [24]. The
role of LF in physiology of these activities is not yet clear, but there are suggestions that LF is
effective for primary defense against viral and microbial infections [6, 8]. The highest concen‐
tration of LF is usually detected in the inflammatory sites since LF is known as a protein of the
acute phase. The blood of newborn babies contains LF during several hours after feeding and
it was shown that LF easily penetrates plasmatic and nuclear membranes of the cells [25].
Protective activity of LF against viral and microbial diseases may increase the newborns’
passive immune system. Since the removal of iron from bacteria eliminates this important
microelement which is ultimately needed for the proliferation of microflora, it was initially
suggested that the antimicrobial properties might be attributed to LF iron‐binding capacity
[26]. Surface receptors for LF are expressed on many microorganisms that may explain
different iron‐independent antimicrobial and antiviral properties of LF [27, 28] in which
mechanisms are still unknown.

It has been proposed that the existence of several oligomeric forms of LF may provide
polyfunctional properties of this relatively small protein. The oligomerization and dissociation
of LF may be under control of specific ligands such as ATP and others [29, 30]. There were
shown some peculiarities of LF molecule ATP‐binding site: interaction of the protein with ATP
leads to changes of LF interaction with DNA, proteins, and polysaccharides [30]. Further it
was demonstrated that LF possesses two DNA‐binding sites which interact with specific and
nonspecific DNAs in an anti‐cooperative manner and may coincide or overlap with the known
polyanion‐binding and antimicrobial domains of the protein [31].
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3. Oligomerization of human milk lactoferrin

It has been reported that at physiological concentrations of NaCl and KCl LF in solution
predominantly exist in two forms—monomeric and tetrameric [19, 32]. However, LF oligo‐
merization has been so far studied by gel filtration using polysaccharide sorbents [19, 32], but
it is known that LF can efficiently interact with polysaccharides [33]. Therefore, LF can bind
to such polysaccharide sorbents and as a result may be eluted only with buffers with high ionic
strength which promote dissociation of LF oligomers [34]. Thus, gel filtration is inadequate for
studying LF and may lead to improper conclusions about the state of LF in solution in the
presence or absence of salts.

The analysis of the LF oligomerization by gel filtration [35] has shown that the LF monomer
and oligomer interactions with resins are remarkably weaker in case of Sepharose 4B. Prior to
gel filtration, the solutions of lyophilized LF (3 mg/ml) were incubated in the absence or in the
presence of different ligands and 0.1–0.15 M KCl for 10 days at 20°C. Gel filtration of LF
preincubated in 50 mM Tris‐HCl pH 7.5 on the Sepharose 4B column resolves the LF sample
into several fractions (Figure 1A, curve 1) demonstrating small reproducible peak at ∼800 kDa
presumably containing LF decamers, major wide peak at ∼310–275 kDa (a tetramer), and small
peaks at ∼150 kDa (a dimer) and at ∼70 kDa (a monomer).

Figure 1. Gel filtration analysis of LF oligomeric forms on Sepharose 4B. Prior to gel filtration, LF was incubated for 20
days at 22°C in 50 mM Tris‐HCl (pH 7.5) in the absence of other ligands (A) or in the presence of 5 mM oligosaccharide
(B), 50 mM ATP (C), or 50 mM AMP (D). The reaction mixtures containing no salt (curve 1), containing 0.1 M (curve 2),
or 0.15 M KCl (curve 3) were used. The column was equilibrated and LF was eluted with the buffer used for the LF
preincubation.
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The addition of 0.1–0.15 M KCl to the buffers leads to the significant decrease of the LF oligomer
forms (Figure 1A, curves 2 and 3). One can suppose that absence of KCl leads to nonspecific
absorbing of dimer and monomer LF forms on the Sepharose 4B resin [35]. Preincubation of
LF in the presence of 0.1 M KCl prior to gel filtration leads to complete dissociation of the
tetramer form (Figure 1B, curve 2) with the most of LF fraction being a dimer. The gel filtration
profile of LF sample incubated with 50 mM ATP in the presence and in the absence of KCl
indicates that such conditions are favorable either for decamer (∼800 kDa) and for tetramer
(∼306 kDa) forms and especially favorable for the dimer and monomer forms of LF (Fig‐
ure 1C). As it can be seen from Figure 1D, 50 mM AMP allows formation of even more stable
complexes: in this condition the most expressed peaks of decamer and tetramer forms are
observed, and again, addition of 0.1 M KCl leads to dissociation of decamer form, but increase
of KCl to 0.15 M stabilizes dimer LF forms. Hereby, oligosaccharide, ATP, and AMP stimulate
the formation of LF oligomers [35].

Denaturing PAGE with 0.1% SDS of the LF preparations preheated with 1% SDS at 100°C
reveals on the gel only one band corresponding to the 80 kDa LF monomer [29–31, 35]. Mild
treatment with 0.1% SDS without heating leads to the detection of oligomeric forms containing
up to six monomers [36]. This leads us to suggestion that LF forms oligomers with a higher
monomer number in solution and that these oligomers are quite stable under mild concentra‐
tions of SDS. The native electrophoresis allowed us to estimate the initial degree of LF
oligomerization and changes of the oligomerization degree due to the presence of various
ligands. The gel after the native electrophoresis revealed several weak bands with different
electrophoretic mobility, including two major bands that could be attributed to the monomer
and the tetramer. After the preincubation with ATP or AMP, most of the proteins remain at
the start of the gel, which leads to suggestion that generation of LF oligomer forms with high
molecular weight is taking place [36]. The results demonstrated that gel filtration and electro‐
phoresis are not the optimal methods for the detection of the LF oligomers existing before and
after binding with different ligands. Therefore, the methods allowing direct detection of
protein oligomer forms in solutions were used: small‐angle X‐ray scattering (SAXS) and light
scattering (LS) [35].

According to the data of 2.8 Å X‐ray analysis and calculations of LF hydration [1], the volume
LF globule is ∼132 Å3. The shape of molecule is close to the ellipsoid and the average radius
of gyration (Rg) and is ∼26.7 Å. The SAXS method allows detecting only small particles, which
are comparable with LF oligomers containing one to four monomers. SAXS spectra from a
standard LF solution (5 mg/ml) were obtained and the average Rg was calculated as 43.7 Å
[35]. LF oligomers dissociate in the presence of 1 M NaCl; therefore the changes in the SAXS
spectra after adding NaCl to LF solution to 1 M final concentration were studied. Values of Rg
after adding NaCl were 38.6 Å after 1 h, 32.9 Å after 20 h, and 27.4 Å after 42 h; during the
further incubation SAXS spectra were stable and the profile matched expected Rg 26.7 Å for
LF monomer. Then the LF solutions were analyzed by the LS method: Rg values estimated for
the solutions of various LF preparations ranged from 450 to 575 Å and depended on the time
of storage and the initial LF concentration. Rg values obtained using LS were one order higher
than obtained by SAXS (43.7 Å). LF oligomers analyzed by LS demonstrated approximately
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the same slow rate of monomer dissociation, and the final values of Rg after long incubation
were similar to SAXS data. Interestingly, lyophilized LF preparations that were solubilized in
a neutral buffer contained substantially lower quantities of oligomer LF: the Rg values for such
solutions were 50–100 Å, which is 5–10 times lower than for the nonlyophilized LF solutions
(450–575 Å). Thereby LF exists in neutral solutions in different oligomer forms, the increase of
LF concentration promotes oligomer formation, but all the oligomers dissociate in the presence
of 1 M NaCl [35].

There may be different possible modes of monomer association into oligomers: a sphere (model
1), a cylinder (model 2), and a plate of the height h and the radius R (model 3) [35]; the estimation
of LF oligomerization type was done taking into account these three different models. The LF
oligomers with Rg 30–44 Å (SAXS) or Rg 50–100 Å (LS) can consist of 8–70, 5–25, or 2–5
monomers depending on the proposed shape of molecule. According to the gel filtration data
(Figure 1), the LF solutions contain at least ∼10‐mer complexes. These results comply with the
model assuming formation of cylindrical structures composed with 10–25 monomers. LS
method has shown that the presence of 0.1 M KCl slows the initial rate of LF oligomerization
in 1.5‐ to twofolds compared to one without salts. The presence of the nucleotides, oligonu‐
cleotides (ODNs), and oligosaccharides increases the Rg values of LF complexes up to 300–
700 Å which corresponds to 5–25 monomers in cylindrical oligomer model. The relatively low
correlation level of Rg values can be explained by conformational changes of LF molecules in
the presence of 1 M KCl due to high conformational lability of LF. According to the SAXS and
LS data, the increase of LF concentration promotes oligomer formation, but all the oligomers
dissociate in the presence of 1 M NaCl.

The effect of d(pT)10 and maltoheptaose on the oligomerization of 3.5 μM LF was analyzed in
detail. In the presence of the oligosaccharide and d(pT)10, Rg was increased from the initial
Rg = 75–100 Å to 304 ± 30 Å and 260 ± 20 Å, respectively [35]. Interestingly, AMP exerted a
greater effect on the efficiency of oligomerization in several LF preparations (Rg = 75–100 Å)
to oligomers demonstrating Rg. = 450–480 Å. Addition of 1 M NaCl to the oligomer complexes
formed in the presence of d(pT)10 and maltoheptaose led to the dissociation into free LF
monomers with Rg 27.3 Å. Remarkably, according to the LS data, the LF decamer can be
formed in all analyzed reaction mixtures and the best ligand‐stimulating decameric complex
formation is AMP and then ATP and the last maltoheptaose. It should be mentioned that each
of the three LF ligands demonstrated two Kd values characterizing the interactions with LF
(see below). Taken together, the results show that interaction of LF with mono‐oligonucleoti‐
des, ODNs, and oligosaccharides can lead to the formation of complexes with various degrees
of oligomerization.

4. Oligonucleotide recognition and catalytic activity of human milk
lactoferrin

It was shown that LF interacts with RNA [15, 16, 37, 38]. Later it was shown that LF can be
considered as sequence‐specific protein, since it interacts with DNA molecules containing
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three specific sequences including specific d(TAGAAGATCAAA) ODN [17, 29, 30, 39]. Later,
it was shown that human milk LF interacts with ATP, NTP, and oligosaccharides [34] and
contains two DNA‐binding sites, interacting with specific and nonspecific ODNs [31].

Detailed analyses of LF interaction with a number of nucleotides, NTPs, NDPs, NMPs, dNTPs,
dNDPs, and dNMPs and their derivatives (e.g., cAMP, cGMP, NAD, ppppA) by fluorescence
analysis have shown that LF contains three nucleotide‐binding sites, which are characterized
by three dissociation constants (Kd). In the case of the first site, the Kd values for various
nucleotides and their derivatives varied from 1.4 × 10-5 M for ADP to 3.6 × 10-7 M for dGDP [40].
Similar results were observed for the second site: the Kd values varied from 3.9 × 10-4 M for
NAD to 7.3 × 10-6 M for cAMP, while the Kd for the third site were in the range from 1.1 × 10-3 
M for NAD to 9.2 × 10-5 M for dCMP [40]. The results obtained by using fluorescence analysis
were confirmed with the measurements of the circular dichroism spectra for LF in the absence
and in the presence of ATP: the Kd for LF‐ATP complex (1.8 × 10-6 M) was comparable with the
fluorescence data (8.3 × 10-6 M). It has been shown that LF binding to the different nucleotides
leads to a change of the intrinsic LF fluorescence indicating that conformation changes in the
protein are caused by LF‐nucleotide complex formation [40].

Using affinity modification of LF by chemically active derivatives of ATP, it was shown that
ATP‐binding site is localized in the C‐terminal domain of LF in contrast to the antibacterial
and polyanion‐binding sites which are located in the N‐terminal domain [30]. In addition, it
was shown that LF has two anti‐cooperative DNA‐binding centers which are localized on the
N‐domain [31]. Interaction of LF with three ATP molecules consists with binding one of the
ATP molecules (high affinity) with a specific ATP‐binding center on C‐terminal domain and
binding of two other ATP molecules (with a lower affinity) with two sites on N‐terminal
domain of LF [41].

It was shown that human milk LF possesses two DNA‐binding sites with different affinity for
specific ODNs: Kd1 ≈ 8 nM (high‐affinity site), while Kd2 ≈ 0.1 mM (low‐affinity site) [31].
Considering the wide range of LF biological functions, it was highly interesting to analyze how
the high‐affinity site of LF recognizes DNA and what are the differences of LF interactions
with DNA comparing to other canonical DNA metabolism enzymes. To evaluate the relative
contributions of individual DNA elements to the enzyme affinity for long DNA, a new
approach, stepwise increase in ligand complexity (or SILC), was developed (reviewed in [42–
44]). Using the SILC approach, many DNA‐dependent enzymes were studied, including those
of not specific for DNA structure or sequence such as E. coli RecA; specific for DNA structure
but not for sequence, such as DNA polymerases of prokaryotes, eukaryotes, viruses, and
human DNA ligase I; specific for DNA damage such as human uracil DNA glycosylase (UDG),
E. coli Fpg and human 8‐oxoguanine DNA glycosylases (OGG1), and human apurinic/
apyrimidinic endonuclease (AP endonuclease); and specific for DNA sequence such as EcoRI
restriction endonuclease, human topoisomerase I (Topo I), and HIV integrase. It was shown
that complex formation, including formation of contacts between all these enzymes and
specific sequences, cannot provide high enzyme affinity for DNA or substrate specificity. All
mentioned enzymes recognize DNA by forming multiple additive contacts with all DNA units
covered by the protein globule (7–20 units depending on the enzyme), and the total interaction
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is a combination of weak electrostatic, hydrophobic, and/or van der Waals interactions of the
enzyme with the individual structural elements of DNA. Thus total interaction can be
described by the following geometric progression:

( ) [ ] n a c g t
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where Kd[Pi] is the constant of dissociation (Kd) for the orthophosphate (Pi); e is the electrostatic
factor reflecting the interaction with one inter‐nucleoside phosphate group and increase in
enzyme affinity; and h is hydrophobic factor for A, C, G, and T nucleotide bases, corresponding
numbers of which are, respectively, a, c, g, and t. It might be proposed that the interaction of
noncognate single‐stranded (ss) and double‐stranded (ds) DNA with any enzyme can be
described by this equation. The h, Kd, and e values for orthophosphate were reviewed in [42–
44]. The affinity of some DNA‐dependent enzymes to nonspecific d(pN)n does not always
depend on the relative hydrophobicity of the bases. In the case of repair enzymes (8‐oxogua‐
nine DNA glycosylases FPG and OGG1, apurinic/apyrimidinic endonuclease APE) and EcoRI
restriction endonuclease, all hydrophobic factors (a, c, g, and t) were equal to one. These
enzymes interact mainly with internucleotide phosphate groups, and these weak electrostatic
interactions provide high affinity of the d(pN)n for these enzymes (reviewed in [42–44]).

Figure 2. Logarithmic dependencies of LF affinity (Ki = Kd values) for ss and ds; homo‐ and hetero‐ODNs of different
lengths (n) were calculated by LF complexation analysis with ss [32P]sODN1 and its inhibition. Positions of -log(Ki) val‐
ues for ethylated d[(pEt)T)10, d[(pT)(pR)9] (pR is a tetrahydrofuran analog of deoxyribose), specific ss and ds sODN1,
are shown.
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Using the SILC method, the formation of the LF‐DNA complexes with d(pA)1–16, d(pT)1–16,
d(pC)1–16, r(pA)10, r(pU)10, r(pC)10, specific ODN, and several oligodeoxyribonucleotides was
analyzed by electrophoretic mobility shift assay (EMSA) and the Scatchard plot [45]. It was
shown that the interaction of the first high‐affinity LF DNA‐binding site with single‐stranded
(ss) specific and nonspecific ODNs as well as double‐stranded (ds) ODNs is competitive, and
Ki (Kd = Ki) values were estimated [45]. Affinity of LF (Ki) for homo‐ and hetero‐ss and hetero‐
ds ODNs of different lengths (n) is determined by using inhibition of LF complexation with ss
specific for LF [32P]sODN1. It was shown that like all abovementioned DNA‐dependent
enzymes [42–44], the minimal ligands of two LF DNA‐binding sites are mononucleotides and
nucleotide derivatives [45]. The Kd values for minimal ligands of the first LF DNA‐binding site
were calculated: orthophosphate (5 × 10-6 M), deoxyribose phosphate (3 × 10-6 M), and different
dNMPs ((0.56–1.6) × 10-6 M). It means that similarly to other analyzed enzymes [42–44], LF
recognizes free dNMPs through interaction with all structural elements (base, sugar, phos‐
phate), and the phosphate group makes the major contribution to the affinity for dNMPs [45].
Logarithmic analysis of dependencies the Kd for d(pN)n versus the number of mononucleotide
units (n = 1–20) has shown the additivity of free ΔG0 values for the interaction of 10–11
individual nucleotide units of ODNs with LF and the absence of strong cooperative interac‐
tions (Figure 2).

Values of factor f (2.28 ± 0.02), the increase in affinity of LF for various d(pT)n and d(pA)n, were
evaluated from the slopes of the linear parts of these curves (Figure 2). The factor f (2.36 ± 0.03)
for d(pC)n was slightly higher. The values of Kd = 1/f = 0.44 ± 0.004 M for d(pT)n and d(pA)n and
0.42 ± 0.005 M for d(pC)n correspond to the increase of enzyme Kd values. These are reflecting
the interaction between one of ss DNA units and enzyme active center and in turn are equal
to the reciprocals of these factors. The affinity of the first LF‐binding site for dNMPs (0.56–
1.6 mM) is approximately 81–770‐fold higher than for other 9–10 nucleotides (Kd = 0.42–0.44 
M) of an extended ODN [45]. In contrast to DNA polymerases, UDG, AP endonuclease, and
Topo I but similarly to E. coli Fpg, human 8‐oxoG OGG1 glycosylase, and EcoRI endonuclease
[42–44], the affinity of LF for d(pC)n, d(pT)n, and d(pA)n did not depend on the relative
hydrophobicity of their bases (Figure 2). Moreover, LF does not contact 9 of the 10–11 DNA
bases but mainly interacts with the sugar‐phosphate backbone of the ligands. The internu‐
cleoside moieties of ethylated phosphates neutralize their charges and increase the affinity of
d(pT)10 (0.83 μM) up to 12‐fold comparing to ethylated d[p(Et)T]10 (Ki = 10.0 μM) (Figure 2),
indicating that negative charges play an important role in DNA internucleoside phosphate
group interaction with LF. It might be supposed that the lack of all bases except one nucleotide
unit of d(pN)n interacting with LF active center does not influence significantly the LF
interactions with the sugar‐phosphate backbone of ss DNA. Similar to other enzymes [42–44],
the interactions between LF and sugar‐phosphate backbone of DNA may be considered as
weak interactions of oppositely charged surfaces by ion‐dipole and dipole‐dipole interactions.
Most probably, DNA‐ and RNA‐binding sites of LF may be the same or at least significantly
overlap. It was shown that LF binding to polyanions such as heparin and tRNA inhibits the
binding to DNA [31]. Moreover, LF demonstrates higher affinity for r(pA)10 (2.9‐fold),
r(pC)10 (2.8‐fold), and r(pU)10 (7.5‐fold) than that corresponding for d(pN)10. This can be
attributed to extreme biological polyfunctionality of LF, including its ability to activate
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transcription; also it cannot be excluded that r(pN)n can be easier adopted to the first LF nucleic
acids–binding site [45].

It was shown previously that LF interacts specifically with three sequences of ds DNAs and
activates transcription: TAGAAGATCAAA (ODN1), ACTACAGTCTACA (ODN2), and
GGCACTTAC (ODN3) [17]. The affinity of these three ODNs for LF was estimated. It was
shown that ss and ds ODN3 demonstrate the Kd values of 8.0 × 10-7 M and 2.5 × 10-7 M, respec‐
tively. Interestingly, the ss d(pN)9 ((1–3) × 10-6 M)) and ds d(pT)10:d(pA)10 (2.7 × 10-7 M) values
are comparable for those different substrated. It has been proposed that the interaction of LF
DNA‐binding site's central cytosine bases of GGCACTTAC and in the case of different hetero‐
ODNs results in equality of f factor for d(pG)‐mononucleotide units, d(pT)‐ and d(pA)‐links
(f = 2.28; see above). Thereby Kd value for ODN3 was calculated from the equation:
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The calculated Kd value (7.1 ± 0.7) × 10-7 M was comparable with experimental one (8.0 ± 0.7) × 
10-7 M. In a similar way the Kd values for five different nonspecific hetero‐ODNs of different
lengths and sequences were estimated. The experimental Kd values for all five ODNs were also
comparable with the calculated values. The affinity of LF for specific ss ODN2 (Kd = 2.2 × 10-7 
M) was ∼3.9‐fold higher than that for ss d(pT)12–14 or ss d(pA)12–14 (average Kd = (8.6 ± 2.0) × 10-7 
M). Interestingly, these values for ss d(pC)12–14 ((3.0 ± 0.2) × 10-7 M) are 1.4‐fold lower, but ds
ODN2 (Kd = 1.8 × 10-7 M) affinity was approximately twofold lower than that for ds
d(pT)12:d(pA)12 (Kd = 9.0 × 10-8 M), which are completely nonspecific. Specific ss ODN1 (Kd = 8.0 
× 10-8 M; increase in affinity 4.0–7.9‐fold) and ds ODN1 (Kd = 1.0 × 10-8 M; increase in affinity
ninefold) but not others, compared to nonspecific ss (Kd = (3.2–6.3) × 10-7 M) and ds (Kd = 9.0 × 
10-8 M) homo‐d(pN)12 of the same length, demonstrated significantly higher affinity for LF. Of
all hetero‐ODNs only specific ss and ds ODN1 demonstrates significant increase in the affinity
compared to nonspecific ODNs and only this ODN contains TCA trinucleotide. Therefore, one
cannot exclude that this particular trinucleotide sequence may be important for specific
interaction of all nucleotide units of ODN1 with the DNA‐binding site of LF [45]. Similar to all
analyzed enzymes, the second strand contributes to the LF affinity for nonspecific and specific
ds DNA (14–24‐fold; (4–7) × 10-2 M) in a less degree than the first strand ((3–8) × 10-7 M)
(Figure 2) [45].

Interestingly, the relative contributions of specific interactions with specific modified nucleo‐
tide units in the case of UDG, AP endonuclease, and Fpg are comparable on the level of minimal
ligands (dNMP), ss d(pN)n, and ds ODNs [42–44]. This may explain why total affinity for these
repair enzymes is close to additive in case of the specific and nonspecific interactions of specific
DNA with different nucleotides. The cooperative effect on the DNA‐binding groove of the
active site of human OGG1 enzyme may be due to the formation of specific contacts with the
oxoG unit [46]. Some nonspecific, previously weak interactions with noncognate ODNs may
also greatly strengthen when cognate DNA is bound with LF. Since the ratio in the affinity
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(Kd values) for specific and nonspecific ligands significantly increases from mononucleotides
(1.8–2.9 ratio) to ss (4.0–7.9 ratio) and ds ODNs (9.0 ratio), it seems likely that the TCA motif
of ODN1 may be important for possible cooperative interaction of LF DNA‐binding groove
with the specific ds ODN1 [45].

Many data indicate that all enzymes acting on extended DNA molecules first bind to any
sequence of DNA and then slide to the site containing a specific sequence or a lesion (reviewed
in [42–44]). The increase in the affinity (estimated 5 to 790‐fold for different enzymes) for
specific sequence of DNA can change the DNA backbone conformation in multiple ways. The
promotion of the proper fit of specific bases into recognition pockets of the enzymes may be a
result of these bonds formation. Similar mechanism was proposed for specific sequence
searching and DNA recognition by LF. Moreover it was shown that the interaction of LF with
nucleic acids demonstrates some specific features of DNA and RNA recognition compared to
other enzymes studied [45].

5. Five catalytic activities of human milk LF

It was previously shown that human LF possesses protease [47] and RNase [15, 16] activities.
Later the evidence that homogeneous human milk LF possesses five different enzymatic
activities was presented: DNase, RNase, ATPase, phosphatase, and amylase [34]. Several rigid
criteria were applied to show that all hydrolyzing activities are intrinsic properties of LF, rather
than a result of contamination with canonical enzymes. The most important of these criteria
are given below: (a) electrophoretic homogeneity of LF after SDS‐PAGE with silver staining,
(b) adsorption of LF hydrolyzing activities to the anti‐LF Sepharose leading to the disappear‐
ance of catalytic activities from solution and the elution by acidic pH of peak possessing five
catalytic activities, and (c) FPLC gel filtration of LF under conditions of “acidic shock” (pH 2.6)
that does not lead to the disappearance of the activity and to the elution of five in one peak
corresponding to ∼80 kDa LF.

To exclude possible artifacts of contaminating enzymes, modified with affinity reagents, LF
preparations were separated by SDS‐PAGE (Figure 3). It was shown that only LF contains 32P‐
label after its affinity modification with [α‐32P]oxATP (2′,3′‐dialdehyde derivative of ATP), 2′,
3′‐dialdehyde derivatives of [5′‐32P]‐d(pT)9r(pU), and [5′‐32P](pU)10 (Figure 3, lanes 3–5). Two
LF catalytic activities were detected after extraction of proteins from the gel slices (Fig‐
ure 3A, lanes 9 and 10) or were detected in situ using gels containing DNA and RNA (lanes 6
and 7; ethidium bromide staining after 16 h at 37°C revealed dark bands corresponding to LF
molecular mass on a fluorescing background of copolymerized DNA or RNA).

The same results were obtained using in gel ATPase assay in which enzyme‐generated Pi was
precipitated by Pb2+ resulting in Pb2(PO4)3 formation in gel regions containing ATP‐hydrolyz‐
ing molecules (Figure 3, lane 8). Since SDS dissociates any protein complexes, the detection of
five activities in the gel regions corresponding to intact LF molecular mass and the absence of
any other bands of the activity (Figure 3) provide direct evidence that LF possesses five
catalytic activities. It was shown that trypsin at pH 8.2 cleaves the LF molecule between Lys283
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and Ser284 residues resulting in N‐lobe (30 kDa) and C‐lobe (50 kDa) formation [48]. There
were compared DNase and ATPase activities of LF before and after trypsinolysis (Figure 3B).
Interestingly, the high‐affinity DNA (lane 4)‐ and RNA (lane 5)‐binding sites are located on
the N‐fragment (Figure 3B), while ATP‐binding site is located on the C‐fragment (Figure 3B,
lane 6). Overall, our results demonstrate that all five catalytic activities are intrinsic properties
of LF [34].

The above data were obtained using total preparations of LF from different donors. At the
same time, it was shown that LF can be separated by chromatography on Cibacron Blue
Sepharose into many fractions with different affinities for the sorbent [16]. It was analyzed
whether LF fractions exhibiting different affinities for Cibacron Blue Sepharose possess
different catalytic activities [34]. The main subfraction of LF (peak 4, LF‐5, Figure 4) had the
highest affinity for this sorbent, as for three additional subfractions (peaks 1–3, Figure 4) they
represented ∼10–20% of the total LF depending on the milk donor. The first protein peak had
not demonstrated enzymatic activity; at the same time LF fractions corresponding to three

Figure 3. In‐gel detection of enzymatic activities of intact LF and tryptic fragments in 12% SDS‐PAGE gels. (A) Lane 1,
silver stained; lane 2, immunoblotting (alkaline phosphatase‐conjugated anti‐LF antibodies); lanes 3–5, affinity labeling
of LF with periodate‐oxidized [α‐32P]ATP (3), 5′‐[32P](pU)10 (4), or 5′‐[32P]d(pT)9r(pU) (5) (autoradiographs); lanes 6–7
(negatives), DNase and RNase in gels containing calf thymus DNA (6) or yeast RNA (7); lane 8, ATPase activity; lane 9,
phosphatase activity, lane 10, amylolytic activity (RA, relative activity): extracts from 2 to 3 mm gel slices were incubat‐
ed with 5′‐[32P](pT)8 (line 9) or with or with oligosaccharide. (B) Lanes 1 and 2, Coomassie R250‐stained LF (1) and LF
tryptic fragments (2); lanes 3–5, the negatives of the films corresponding to DNase (3, 4), RNase (5), and ATPase (6;
[32P]Pb3(PO4)2 activity of LF (3) and its tryptic fragments (4–6).
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other peaks possessed ODN 5′‐phosphatase, DNase, RNase, ATPase, and maltooligosacchar‐
ide‐hydrolyzing activities, and each activity was eluted in several peaks (Figure 4A–C). LF
subfraction corresponding to the peak 2 possessed four different activities: phosphatase,
DNase, RNase, and ATPase. Eluate corresponding to the protein peak 3 demonstrated three
prominent peaks of ODN 5′‐phosphatase activity (Figure 4B) and two peaks of RNase activity
(Figure 4C). Thus, LF subfractions LF‐1‐LF‐5 (Figure 4) possess different combinations of
various catalytic activities.

The nature of the structural variations that gives rise to these profound functional differences
is not defined. The LF molecule contains two potential glycosylation sites [2], and the degree
of different molecules’ glycosylation varies. LF can contain hexose, mannose, hexoseamines,
or other saccharides [49] and may also differ in level of phosphorylation. Therefore, one cannot
exclude that different affinities of LF fractions to Cibacron Blue Sepharose and specific
distribution of various catalytic activities among these fractions may be due to different types
of LF glycosylation and/or phosphorylation.

DNase activity of human LF differs significantly from other known canonical DNases [34]. The
pH optimum of LF is 7.0–7.5—significantly higher than that (5.0–5.5) of human blood DNase
II. The LF activates significantly (100–150%) by 100 mM NaCl, whereas DNase I is 70%
inhibited by 50 mM NaCl [50, 51]. LF‐mediated cleavage of [32P]‐ODNs and DNA is stimulated
three‐ to fivefold by Ca2+, Cu2+, and Zn2+ and eight to ninefold by Mn2+ or Mg2+ ions. In contrast
to known human DNases, LF DNase activity is activated by ATP, dATP, and NAD (150 mM)
by 1.5–2.5‐fold [34]. Human LF hydrolyzes supercoiled plasmid DNA ∼30–200 times faster
(kcat = 2–9 min-1) than ODNs; the rate is comparable to some DNA restriction endonucleases. It
was shown that in case of RNA hydrolysis LF substrate specificity stands out from RNase A
and other human milk RNases [34]. LF preparations from different donors hydrolyze ATP
with Km ∼3.5 × 10-5 M, and the kcat value ∼2 × 10-3 min-1. As it was shown, maltooligosaccharide
is the best substrate for different LF preparations demonstrating Km ∼ 10-6 M [34].

Taking into account the relative kcat values for LF in the hydrolysis of DNA, RNA, and ATP
and the relative content of LF in human milk comparing to canonical DNases, RNases, and
ATPases, it was shown that the LF is the major DNase, RNase, and ATPase of human milk [34,
41, 52]. Unlike the main LF fraction with the highest affinity for Blue Sepharose, all LF fractions
with DNase activity are cytotoxic and suppress growth of mouse and human tumor cells [52].
The discovery of LF catalytic activities may contribute to understanding of multiple physio‐
logical functions of this extremely polyfunctional protein and explain its protective role against
microbial and viral infections.

6. Catalytic antibodies of human milk

Abs are produced by the plasmatic cells. In traditional view they have a unique function
binding antigens and elicit the immune response. However, it was shown that Abs raised
against chemically stable analogs of the transition states of chemical reaction can possess
different enzymatic activities. These artificial catalytic Abs were termed abzymes (antibody
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enzymes). Abzymes catalyzing more than 100 distinct chemical reactions are reviewed in Refs.
[53–60].

During past two decades, it was shown that the sera of patients with autoimmune diseases
contain auto‐Abs that possess catalytic activities. Now it is obvious that the occurrence of
catalytic Abs is a distinctive feature of AIDs (reviewed in [61, 62]). Naturally occurring
abzymes may be Abs raised directly against enzymes acting as haptens, and mimicking
transition states of catalytic reactions, this process is similar to artificial catalytic Abs raised
against stable analogs of chemical reactions transition states [53–60]. Moreover, the induction

Figure 4. Chromatography of LF on Blue Sepharose and enzymatic activities in five fractions of LF (LF‐1‐LF‐5): (A)
solid line (‐), A280; DNase (•) and ATPase (▲); (B) 5′‐ (∆); (C) RNase (*) and amylase (■). Aliquots (1–3 μl) of chroma‐
tography fractions were used for the determination of DNase (supercoiled DNA), RNase (5′‐[32P](pU)10), phosphatase
(5′‐[32P](pT)8), ATPase (γ‐[32P]ATP), and amylase (4‐nitrophenyl‐4,6‐O‐ethylidene‐α‐D‐maltoheptaose) activities.
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of anti‐idiotypic Abs in AIDs with a primary antigen may result in some antibody catalytic
activities. IgGs and/or IgAs, IgM abzymes hydrolyzing different oligopeptides, proteins, DNA,
RNA, nucleotides, and polysaccharides were detected in the sera of patients with several AIDs.
Healthy humans usually do not develop catalytic Abs or their activities are very low. The
detection of abzymes has been recognized as the earliest indicator of autoimmune process [61,
62].

During pregnancy and immediately after delivery, women are often undergoing immune
system changes similar to that of AIDs (autoimmune diseases) [61–63]. The published data
suggest that pregnant women may be directly immunized through certain compounds of viral,
bacterial, or food origin, which can efficiently stimulate production of different Abs. Immu‐
nization of animals by direct injection of antigens (mainly proteins) into the bloodstream or
by oral administration 1–3 months before delivery leads to the production of Abs against
corresponding proteins which later may be detected in the milk [64]. The generation of human
milk Abs several months after the immunization indicates on the existence of a specific
“immune memory” in lactating and in pregnant women. During the pregnancy, the autoim‐
munization of mothers may be similar to the processes occurring in blood of autoimmune
patients. It has been reported that the level of DNA in the serum of normal women increases
during the first 3 months of pregnancy and this resembles the situation in autoimmune diseases
[65]. In addition, an increased level of apoptosis during the last 3 months of pregnancy has
been demonstrated [66] together with the presence of low numbers of embryonic cells in the
blood of pregnant women [67, 68]. This means that, in contrast to healthy humans, pregnant
women may be efficiently immunized by compounds of various viruses and bacteria.

It was shown that IgGs from the sera of normal 2–7‐month‐old (CBAxC57BL)F1 and BALB/c
mice and from the sera of 2–3‐month‐old autoimmune‐prone MRL‐lpr/lpr mice (conditionally
healthy mice) are catalytically inactive [69–71]. During spontaneous development of deep
system lupus erythematosus like pathology, the specific reorganization of immune system in
these mice leads to the production of IgGs hydrolyzing DNA, ATP, and polysaccharides with
low level of catalytic activity (conditionally prediseased mice). A significant increase in DNase,
ATPase, and amylase activity of IgG is associated with the transition from predisease to deep
disease condition and correlates with additional changes in differentiation and proliferation
of bone marrow hematopoietic stem cells (HSC) and lymphocyte proliferation in different
organs. Abzyme activities in the serum of pregnant females were comparable with those of
predisease mice, but the profile of HSC differentiation and cell apoptosis levels in pregnant
and predisease mice were quite different. Right after the beginning of lactation (4 days after
delivery) and in a late time of lactation (14 days after delivery), the increase in cell apoptosis
and significant changes in two different stages of the HSC differentiation profiles were
observed; the first stage was accompanied with a significant increase and the second with a
remarkable decrease in abzyme activity [69–71]. These data indicate that women blood and
milk can contain various Abs against foreign and self‐antigens (including abzymes) in high
concentrations.

sIgAs and IgGs possessing DNase, RNase, amylase, and ATPase activities were found in blood
serum and milk of pregnant and lactating females [63, 72–77]. It was shown that milk of

189

Milk Proteins: Chemistry and Biology

________________________ WORLD TECHNOLOGIES ________________________



WT

clinically healthy human mothers contains quite unusual sIgA and IgGs possessing protein
[78–80], lipid [81–83], and polysaccharide kinase activities [84–86]. The most impressive
catalytic activities of human milk Abs are synthesizing ones (kinase activities), which are not
detected for any serum antibody under any autoimmune disease. It was shown that IgGs and
sIgAs phosphorylate not only casein but also approximately 15 other milk proteins [78–80]. It
was shown that milk sIgA and IgG contain tightly bound lipids and oligosaccharides of
unusual structure and these Abs effectively phosphorylate these ligands [81–85]. In contrast
to canonical kinases, milk abzymes can transfer phosphate group to proteins, lipids, and
oligosaccharides not only from ATP but also from all NTPs and dNTPs; the most surprising
is that inorganic orthophosphate is also very good substrate [78–85]. Canonical enzymes using
orthophosphate as a donor of phosphate groups are not yet found.

Many autoimmune pathologies can be “activated” or “triggered” in clinically healthy women
during pregnancy and soon after childbirth [87, 88]. Independent of detectable autoimmune
reactions during pregnancy woman may sometimes develop postnatal autoimmune patholo‐
gies such as system lupus erythematosus, Hashimoto's thyroiditis, phospholipid syndrome,
polymyositis, and autoimmune myocarditis. One of the most frequently found postnatal
autoimmune pathologies is Hashimoto's thyroiditis (1.9–16.7%) [88–90]. Various manifesta‐
tions of these AIDs can be detected during the first 3–6 postnatal months. Interestingly, the
relative activity of human blood Abs significantly increases after delivery and in the beginning
of lactation. Moreover, catalytic activity of human milk Abs is 5–600‐fold higher comparing
the sera of the same women [63, 77]. Interestingly, the antibody DNase activity in blood of
healthy pregnant women was four‐ to fivefold lower than that of pregnant women with
pronounced autoimmune thyroiditis [63]. Thus, one cannot exclude that molecular mecha‐
nisms of immune system activation which leads to production of autoreactive or autoanti‐
bodies with and without catalytic activity are, to some extent, similar or overlapping in both
autoimmune patients and human mothers.

Overall, pregnancy and especially the beginning of lactation may be considered as important
periods associated with the production not only of different Abs against foreign antigens, auto‐
Abs, but also of Abs hydrolyzing foreign and self‐antigens. Many abzymes from sera of
autoimmune patients and sera and milk of human mothers possess the same activities
including hydrolysis of DNA, RNA, nucleotides, and proteins. At the same time, they can have
different biological functions. For example, DNase abzymes from sera of system lupus
erythematosus [91], multiple sclerosis [92], and DNA‐hydrolyzing Bence‐Jones proteins from
multiple myeloma patients [93] are cytotoxic, cause nuclear DNA fragmentation, and induce
cell death by apoptosis, at the same time, DNase abzymes from human milk are not cytotoxic.
Antiviral and antibacterial defenses of gut mucosal membranes are among the most important
functions of human milk Abs. Immune exclusion may be achieved by entrapping viruses in
immune complexes and its transcytosis and excretion into the lumen by inhibiting pathogens
adherence to mucosal surface and by agglutination of microorganisms or interference with
bacterial flagella [94]. According to our data, in contract to destructive abzymes of autoimmune
patients, abzymes of human milk have a clear protective role against different harmful antigens
and different infections [95, 96].
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7. Fab arm exchange of human milk antibodies

Abs usually considered as the products of clonal B cell populations each producing Abs which
recognize a single antigen. There is a common belief that mammalian biological fluids contain
monovalent IgG molecules with two identical antigen‐binding sites and stable structures. The
Fab arm exchange of Abs was first described for isotype 4 of immunoglobulin G (IgG4) [97–
100]. As the result of posttranslational modification, IgG4 molecule exchange with half
molecules (HL fragments) becomes bispecific and provides anti‐inflammatory activity.
Mutagenesis studies revealed that for this activity CH3‐domain is critical, and the in vitro
experiments have shown that adding 0.1–10 mM of reduced glutathione (GSH) is sufficient to
induce Fab arm exchange of IgG4 [98]. Later it was shown that natalizumab and other
monoclonal Abs also exchange by Fab arms in vivo with endogenous human IgG4 in treated
individuals that makes IgG4 unsuitable for human immunotherapy [101].

Polyspecificity may be defined as binding of Ab molecule to a large panel of diverse antigens.
It was shown that the large number of monoclonal Abs can bind to the variety of totally
unrelated foreign and self‐antigens. Therefore, it was proposed that the best explanation of
Abs polyreactivity is the flexibility of the antigen‐binding “pocket” which can change confor‐
mation and accommodate different unrelated antigens [102]. There is no doubt that due to
change of the conformation, some monoclonal Abs can bind not only specific antigen with
high affinity but also some cognate and even foreign compounds with lower affinity. It is
known that canonical enzymes can sometimes interact nonspecifically with foreign ligands
demonstrating lower affinity comparing to specific substrates, but they usually cannot catalyze
conversion of molecules of noncognate compounds. For example, it was shown that affinity
of many sequence‐specific enzymes for specific and nonspecific DNAs differs more often
∼tenfold and rarely up to 100‐fold. However, these enzymes catalyze the conversion of only
specific DNAs [43].

Human milk IgGs and sIgAs were separated by affinity chromatography on DNA cellulose
[103, 104]. The fractions of Abs with different affinity for DNA were analyzed in the hydrolysis
of DNA, ATP, and oligosaccharides as well as in phosphorylation of proteins, lipids, and
oligosaccharides. It was surprising that all IgG and sIgA fractions including those eluted under
the conditions destroying strong complexes of antigen‐binding sites with specific antigens (3 
M NaCl, 2 M MgCl2) have not only efficiently hydrolyzed DNA but also ATP and oligosac‐
charides as well as phosphorylated casein, oligosaccharides, and lipids. The same preparations
of IgGs and sIgAs were separated on ATP‐Sepharose, casein‐Sepharose, and lipid‐saturated
silica gel; in all cases all antibody catalytic activities were distributed all over the profiles of all
chromatograms (Figure 5).

These results cannot be explained with the current concept of one type of two (IgGs) or more
(sIgAs) identical antigen‐binding site of Abs. Using this concept, it was impossible even to
explain the high affinity of several fractions of Abs for several different affinity sorbents and
moreover the catalytic polyreactivity of different fractions. But the presence of two different
antigen‐binding sites in one IgG or up to four sites in one sIgA molecule can easily explain the
nature of binding polyspecificity and catalytic polyreactivity. Our data indicated that human
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milk contains not only monofunctional catalytic Abs but also hybrid bifunctional IgGs and
polyfunctional sIgAs with different combinations of HL fragments possessing distinct
affinities and catalytic activities [103, 104].

To establish in vivo Abs Fab arm exchange in human milk, IgGs and sIgAs were separated by
affinity chromatography on anti‐κ‐L‐Sepharose and anti‐λ‐L‐Sepharose bearing immobilized
monoclonal Abs to human κ‐ and λ‐light chains. The IgG fraction having affinity for anti‐κ‐L‐
Sepharose was re‐chromatographed on anti‐λ‐L‐Sepharose and vice versa. The relative
percentage of Abs having affinity only for anti‐κ‐L‐Sepharose, only to anti‐λ‐L‐Sepharose, and
to both of these sorbents was evaluated. In addition, using ELISA it was confirmed that IgGs
having affinity only for anti‐λ‐L‐Sepharose do not contain κ‐IgGs, while IgGs with affinity for
anti‐κ‐L‐Sepharose are free of λ‐IgGs. But IgGs interacting with both affinity sorbents demon‐
strated positive response to mouse Abs against human λ‐ and κ‐Abs [103]. Similar results were
obtained in the case of milk sIgAs [104]. It was shown that milk IgG preparations contain ∼33%

Figure 5. Affinity chromatography of human milk polyclonal IgGs on DNA cellulose (A), ATP‐Sepharose (B), casein‐
Sepharose (C), and lipid‐resin (D): (—), absorbance at 280 nm; symbols correspond to the relative catalytic activities
(RA) in the hydrolysis of DNA (∆), ATP (), and oligosaccharides (×); phosphorylation of lipids (■) and polysacchar‐
ides () tightly bound to IgGs (A and B), hydrolysis of DNA (∆), ATP (), and phosphorylation of casein () and lipids
tightly bound with Abs (■) (C and D). Depending on the RA and reaction analyzed, the reaction mixtures were incu‐
bated for 0.5–2 h and then the RAs were normalized to the standard conditions and the RA of the fraction with the
highest activity was taken for 100%. The average error in the initial rate determination from two experiments in each
case did not exceed 7–10%.
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of Abs only with κ‐light chains, ∼13% only with λ‐chains, and ∼54% of IgGs with both κ‐
and λ‐light chains simultaneously proving the bispecific nature of milk IgG molecules. Nearly
the same results were obtained in case of sIgA: ∼48% of Abs contained only κ‐light chains,
∼35% contained only λ‐chains, and ∼17% were presented by chimeric molecules simultane‐
ously containing both types of the light chains [104]. Significantly lower quantity of bispecif‐
ic sIgAs comparing to IgGs can appear due to secretory component and/or J‐chain which may
hinder the exchange of sIgA by HL fragments. It is well known that B‐lymphocytes or plasmatic
cells producing Abs express only one gene coding light chain—of κ‐ or λ‐type—as the other
copies of light chain genes are removed during cell maturation. The exceptions to this rule are
described in transformed hybridoma, leukemia, and myeloma cells and appear as the result
of abnormalities; they are not observed in human milk donors [105, 106].

It was shown that chimeric bispecific human milk IgGs are presented mostly by IgG1 (74%)
and lower amounts of IgG2–IgG4 (5–16%). Our data provided the evidence that in milk not
only IgG4 but all IgG subclasses and also sIgA molecules can exchange with HL fragments,
but not with individual light or heavy chains [103, 104].

The experiments on monoclonal IgG4 have shown that exchange with Fab arms in vitro occurs
in the presence of reduced glutathione [99, 101]. The exchange of HL fragments between IgG
and between sIgA molecules in vitro was studied using FITC and 32P‐labeled Abs. Nonla‐
beled and labeled IgG and sIgA fractions with different affinities for DNA were eluted from
DNA cellulose with gradient of NaCl (0–3 M) and 8 M urea (initial chromatography). First, in
control experiments the fractions of 32P/FITC‐labeled and 32P/FITC‐unlabeled Abs exhibiting
lower and higher affinities for DNA were mixed in the presence of only reduced glutathione
(GSH) or only milk plasma, incubated for 24 h, and subjected to re‐chromatography on DNA
cellulose (e.g., Figure 6). The radioactive (fluorescent) label was eluted with the same
concentrations of salt (or urea) as in the case of the initial chromatography indicating the
impossibility of the HL fragment exchange in these conditions (Figure 6B and C).

But in experiments when mixtures of 0.6 M [32P]IgGs and 0.15 M IgGs were incubated in the
presence of both GSH and milk plasma after re‐chromatography on DNA cellulose, the
radioactive label was mainly distributed between three peaks. The main part of the total 32P‐
label moved to two IgG peaks with low affinity, and one corresponded to the initially
nonradioactive IgGs 0.15 M IgGs (e.g., Figure 6A). Reverse situation was observed in the case
of 0.15 M [32P]IgGs and 0.6 M IgGs: as the result of Fab arm exchange, the most of 32P label was
detected in the IgG peaks and eluted with high NaCl concentration (≥0.6 M). Similar results
were obtained in the case of IgGs labeled with FITC. Overall, after the exchange, 25–60% of
labeled IgGs changed the affinity for DNA cellulose [103]. In the case of sIgA HL fragments,
exchange led to the transition of only 11–20% of Ab from one fraction to another [104]. This is
consistent with a lower content of chimeric κλ‐sIgAs in human milk, and it may be due to
hampering of the exchange with HL fragments by secretory and J‐components of sIgA.

Thus, it has been shown that human milk contains unknown factor(s) stimulating the IgG and
sIgA Fab arms exchange in the presence of reduced glutathione. Since the intact human milk
contains GSH and other reducing compounds in significant concentrations, HL‐fragment
exchange can occur in vivo directly in human milk [103, 104]. In addition, it cannot be excluded
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that during the penetration of IgAs through the specific milk barrier, the secretory compo‐
nent (S) and the joint chain (J) can combine molecules of dimeric H2L2 λλ‐IgAs, κκ‐IgAs, and
chimeric κλ‐IgAs against different antigens forming many different variants of (HL)4SJ sIgA
molecules. Therefore, some chimeric molecules of sIgAs can in principle contain from two up
to four HL fragments to various antigens interacting with high affinity for different sorbents
and catalyzing various chemical reactions.

It was shown recently that similarly to human milk Abs placenta, Abs undergo to extensive
half‐molecule exchange and IgG pools in average consist of ∼43.5% κκ‐IgGs and 41.6% of λλ‐
IgGs, while 15.0% of the IgGs contained both κ‐ and λ‐light chains [107]. κκ‐IgGs and λλ‐IgGs
contained, respectively, IgG1 (47.7% and 34.4%), IgG2 (36.3% and 44.5%), IgG3 (7.4% and
11.8%), and IgG4 (7.5% and 9.1%), while chimeric κλ‐IgGs consisted of 43.5% IgG1, 41.0% IgG2,
5.6% IgG3, and 7.9% IgG4. The relative content of chimeric IgGs (∼15.0%) in placenta is
significantly lower than that of the milk (up to 54%). It can be supposed that the observed

Figure 6. Affinity chromatography of nonmodified and 32P‐labeled polyclonal IgGs on DNA cellulose: (‐‐‐) and (—),
absorbance of IgGs at 280 nm before and after phosphorylation using γ‐[32P]ATP, respectively; the bars correspond to
the relative radioactivity (RR) of [32P]IgG fractions (A–C). Analysis of a relative efficiency of half‐molecule exchange
under different conditions between nonmodified IgGs and [32P]IgGs having different affinity for DNA cellulose (A–C).
Before chromatography the IgG preparations eluted from DNA cellulose by 0.15 M NaCl (0.15 M IgGs) were incubated
with [32P]IgGs eluted by 0.6 M NaCl (0.6 M [32P]IgG) in the presence of GSH and milk plasma containing no Abs (A) or
in the presence of only GSH (B) or only milk plasma containing no Abs (C).
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phenomenon may appear due to a lower content of factor(s) stimulating the exchange in
placenta comparing with milk.

8. Complexes of human milk, containing antibodies and lactoferrin:
structure, stability, and potential functions

Since the most biological processes are performed by protein complexes and many compo‐
nents of human milk are multifunctional and cooperate with other factors to produce specific
effects modulating growth and development of neonates [108], identification and characteri‐
zation of human milk protein complexes are important for understanding sophisticated
functions of human milk. The complexes of LF with other proteins may be the most widely
represented in human milk due to LF polyfunctionality and ability to form oligomers, as it was
described above.

It was shown that LF interacts with calmodulin, a ubiquitous 17‐kDa regulatory calcium‐
binding protein localized in the cytoplasm and nucleus of activated cells [109], with casein
micelles [110], with β‐lactoglobulin and albumin [111], and with ceruloplasmin [112]. All these
complexes are relatively unstable.

Different methods to analyze whether in human milk LF can form any very stable protein
complexes with other milk proteins were used [113]. Using gel filtration of milk proteins on
Sepharose 4B column, there was a purified stable high molecular mass (∼1000 kDa) multipro‐
tein complex (SPC) from 15 preparations of human milk (Figure 7A and 7B). By the LS and
gel filtration, the stability of SPC was shown in the presence of high concentrations of NaCl
and MgCl2; however, the SPC efficiently dissociated in 2 M MgCl2, 0.5 M NaCl, and 10 mM
dithiothreitol—the conditions of immune complex dissociation (Figure 7C).

Obviously, it is unlikely that such stable complex is an occasional protein association. The
amount of SPCs in total milk protein content varied from 6 to 25%. With electrophoretic
analysis and MALDI TOF MS data, it was shown that all 15 SPCs contained LF and α‐
lactalbumin as major proteins, while human milk albumin and β‐casein were present in
moderate or minor amounts; a different content of IgGs and sIgAs depending on milk samples
was observed. In addition, this complex contains several proteins/peptides with relatively low
molecular masses (3–9 kDa) which have not yet been identified. All SPCs efficiently hydro‐
lyzed DNA and maltoheptaose. Some fresh SPC preparations contained not only intact LF but
also small amounts of its fragments which appeared in all SPCs during their prolonged storage.
The fragments similarly to intact LF possessed DNase and amylase activities. It may be a
consequence of a presence in SPCs of any canonical proteases in very low amounts or
manifestations of the proteolytic activity directly by LF.

As it was mentioned above, oligomers of electrophoretic homogeneous LF completely
dissociate during the gel filtration in the presence of NaCl [35]. However, human milk SPCs
contain several other proteins and are very stable, requiring high concentrations of MgCl2,
NaCl, and DTT for effective dissociation [113]. These data suggest that large and small proteins
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in the SPCs are mainly interacting by electrostatic forces. At the same time, SPCs can be
partially destroyed in the presence of 8 M urea which basically breaks the hydrogen bonds.
Since DTTs increase the SPC dissociation, the binding of some proteins with disulfide bonds
should be considered important for high stability of the SPCs. The presence of stable supra‐
molecular complex in human milk exhibiting DNA and oligosaccharide hydrolyzing activity
can be another reason for the extreme diversity of the human milk biological functions. Taking
into consideration the LF functions listed above, complexes of LF with other milk proteins may
be important for LF in vivo activity.

9. Conclusion

Obviously, human milk proteome is not a simple mixture of proteins and peptides. Milk
proteins interact with each other, form supramolecular complexes, and catalyze various

Figure 7. Isolation and analysis of milk protein complex stability. Gel filtration of untreated human milk (1 ml) of first
donor (profile 1) and its plasma after removal of fat‐lipid fraction (profile 2) on a Sepharose 4B column: (__) and (‐‐‐),
absorbance at 280 nm (A280) corresponding to milk and plasma, respectively (A). Concentrated milk plasma (1 ml) of
two donors was gel filtrated: (‐‐‐) and (__); absorbance at 280 nm (A280) corresponds to different donors (B). Changes of
the relative LS intensity were measured in the equimolar mixture of SPCs from 15 milk samples (0.5 mg/ml) under dif‐
ferent conditions (C); all conditions are shown in panel C. The highest relative LS at zero time of the incubation was
taken for 100% (C).
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processes—hydrolytic, synthetic, and exchange reactions. The biological roles of milk proteins
and protein complexes are very diverse: milk proteins may hydrolyze foreign (viral, bacteri‐
al) DNA and oligosaccharides of antigenic epitopes, and dietary milk proteins (casein) may
increase the diversity of antigen‐binding sites combinations in one molecule and regulate and
enhance infant immune response. Some new binding sites for different ligands and catalytic
centers with new enzymatic functions may be formed at interfaces of the LF molecules with
other proteins, as well as in contact zones of different proteins incorporated to the possible
supramolecular protein structures. We believe that the whole set of different biological
functions of the individual milk proteins and their various complexes, extremely unusual
abzymes with hydrolytic and synthetic function, as well as complexes of proteins, Abs, and
abzymes with nucleic acids, lipids, and oligosaccharides, are still very poorly studied.
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Abstract

It has been acknowledged since ancient times that milk and dairy products have a vital
role in nutrition and contribute considerably to human health. Because of its content,
Because of its content, it has many important effects on the life that include immuno‐
globulins,  enzymes,  hormones,  growth factors,  antibacterial  agents,  fat  acids,  vita‐
mins,  and minerals.  Approximately 70 indigenous enzymes have been reported in
normal  bovine  milk,  including  lactoperoxidase.  Lactoperoxidase  LPO  is  a  natural
constituent of milk, saliva, and tears. It also exists in all mammary milk. LPO is an iron
heme group basic glycoprotein, with a molecular weight of approximately 78 kDa. The
LPO enzyme catalyzes the H2O2 +SCN- → OSCN- + H2O reaction. Hydrogen peroxide
and  hypothiocyanate  are  indispensable  for  antimicrobial  activity.  The  biological
significance of LPO is involved in the natural host defense system against pathogenic
microorganisms.

Keywords: milk, protein, lactoperoxidase, enzyme, LPO system, LPO inhibition

1. Introduction

1.1. Peroxidases

Peroxidases (POD: H2O2-Oxydoreductase E.C.1.11.1.7) are oxidoreductase enzymes, which
catalyze the reactive oxygen species generated during metabolism, and are converted into
harmless molecules [1]. These exhibit antioxidant characteristics and catalyze the oxidation of
organic and inorganic substrates with hydrogen peroxide being the electron acceptor [2]. Those
enzymes are present in eukaryotes, prokaryotes, and photosynthetic cells [3, 4].

Chapter 10

206
________________________ WORLD TECHNOLOGIES ________________________



WT

LPO is generally found in mammalians such as human [5, 6], bovine [7], buffalo [8], goat [9],
sheep [10], llama, cow, camel, and mice milk [6, 11], saliva [12], tears [13], and mammary,
salivary, and lachrymal glands [6, 14].

Peroxidases are frequently used in the studies of metabolic reactions, enzymatic functions,
protein structures [15] and in clinical diagnoses, microanalytic applications, and the food and
drug industry [16, 17]. Mammalian POD enzymes are localized in milk, saliva, and tears as
lactoperoxidases (LPO) [18] and in leukocytes and platelets as myeloperoxidases [6].

Prosthetic groups of peroxidase are protoheme and are connected to the apoprotein loosely in
contrast to many hemoprote [14]. Firstly, protein portion is synthesized in the organisms
bearing peroxidases. However, enzymes are not functionally active. The enzyme gets activated
by both apoprotein and hem groups [3, 19]. The general formula of the reaction catalyzed by
peroxidases is shown below [3].

2 2ROOH + AH ROH + H O + A®

The H2O2 formed during the metabolism having oxidizing property must be quickly re‐
moved. The catalase and peroxidase enzymes exhibiting antioxidant properties play this role
in cells [20]. The amount of hydrogen peroxide in the cells is removed by catalase in peroxi‐
somes. In other parts of the cells, the peroxidase enzymes utilize various aromatic compo‐
nents as the substrate to [21] neutralize H2O2 [22].

The characteristics of peroxidase enzyme that is isolated from milk are similar to animal and
human peroxidases [23]. It displays 55, 54, and 45% similarity with myeloperoxidase (MPO),
eosinophilperoxidase (EPO), and thyroidperoxidase (TPO), respectively. Following xanthine
oxidase, lactoperoxidase is the most common enzyme in milk and it is also commonly present
in whey which is the liquid remaining after milk has been curdled and strained. Each
lactoperoxidase enzyme contains an iron molecule. The conformation of the protein is
stabilized by a chelated calcium ion [24–26].

The main function of the LPO enzyme is to catalyze the oxidation of thiocyanate with H2O2 to
hypothiocyanite having antimicrobial activity [27, 28].

LPO
- -

2 2 2SCN + H O OSCN + H O®

The combined action of these three components, which constitute the ‘lactoperoxidase system’,
was defined by Reiter and coworkers [29–31]. The biological significance of the system is
protection of the lactating mammary gland and the intestinal tract of newborn infants, thereby
providing a natural host defence system against invading microorganisms [23]. The LPO
catalyzes the oxidation of some halides (I2 and Br2 but not Cl2) to yield the most oxidizable
form of I-, that is, I2 [26].
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LPO
.+ +

2 2 2H O + 2ABTS 2ABTS + 2H O®

The LPO-H2O2-SCN- system shows bacteriostatic effect and thus prevents bacterial growth and
development, whereas the LPO-H2O2-I2 system shows bactericidal potency thus killing
bacteria. Both SCN- and I2 have shown strong bactericidal effect when present within the
system [32, 33].

1.2. Lactoperoxidase enzyme

Lactoperoxidase (LPO, E.C. 1.11.1.7) is one of the crucial enzymes in milk with oxidoreduc‐
tase activity. The peroxidase isolated from milk was given the name lactoperoxidase [23] and
was the first enzyme reported to be found in milk [34]. The main function of the enzyme is to
catalyze the oxidation of molecules in the presence of hydrogen peroxide and to help produc‐
tion of products with a wide antimicrobial activity. Pseudohalogens, thiocyanates, or halo‐
gens should function as second substrates for the enzyme to exhibit such antimicrobial
effects [23, 29].

The LPO system shows a significant protective effect in bovine milk. The activation of the
system depends on the concentration of the two reactants, thiocyanate and hydrogen perox‐
ide. In the presence of hydrogen peroxide, the system catalyzes the transformation of
thiocyanate into hypothiocyanate, which has an antibacterial nature [35–37]. The end prod‐
ucts of these compounds are oxidized and hence are safe for human health.

Many studies show that this system destroys several bacterial and fungal strains [38–42].
Lactoperoxidase has a broad antifungal activity [43, 44]. Mastitis is a bacterial inflammation
in mammals. The effects of different concentrations of thiocyanate-H2O2 medium on several
antibacterial and antifungal strains were studied to solve this dairy industry issue [45, 46].
They are capable of reducing bacterial growth by damaging the cell membranes and inhibit‐
ing activities of several cytoplasmic enzymes.

The LPO enzyme, a glycoprotein consisting of 8–10% carbohydrate, comprises a chain
containing 612 amino acids. It consists of a single polypeptide chain of molecular weight
approximately 78 kDa [47]. It is a basic protein containing heme as its prosthetic group with
an isoelectric pH value of 9.2 [24–26]. Furthermore, it is very active in acidic pH [48]. It is fairly
voluminous as a LPO molecule [49]. The Ca2+ ion stabilizes the enzyme. The Ca2+ ion disap‐
pears under pH 5.0 and thus reduces the stability of the enzyme [26].

The biocidal activity of the LPO results from the products of the chemical reactions that it
catalyzes. Hypothiocyanate, which is the main product of the reaction, interacts with the thiol
groups of various proteins, which is critical for the survival of pathogens. The impact of LPO
on bacteria results from the oxidation of sulfhydryl. The oxidation of the -SH groups makes
the bacterial cytoplasmic membrane lose its ability to transport glucose, potassium ions, amino
acids, and peptides [45].

The biological significance of this enzyme results from the fact that it has a natural protec‐
tion system against the invasion of microorganisms. Besides this antiviral effect, it is report‐
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ed that it protects animal cells against various damages and peroxidative effects [23, 29–31].
Lactoperoxidase is a significant agent of the defense system against pathogen microorgan‐
isms from the digestive system of neonatal babiess. The LPO enzyme functions as a natural
compound of the non-immune biological defense system of mammals and it catalyzes the
oxidation of the thiocyanate ion into the antibacterial hypothiocyanate [52].

Although peroxidases have similar catalytic mechanisms, they are distinguished for their
ability to oxidize halides and pseudohalides. For example, only myeloperoxidase is able to
oxidize bromine, iodine, and chlorine at neutral pH. Lactoperoxidase, on the contrary, can only
oxidize iodine and thiocyanate but it either cannot or can hardly oxidize brome under the same
conditions (Figure 1) [53].

Figure 1. The activation mechanism of the peroxidase enzyme.

In the first step of this mechanism, the peroxidase enzyme reacts with one equivalent of the
peroxide to form an Fe (IV)-containing compound I that is the porphyrin cation radical. In the
second step, the cation radical takes a proton of the substrate and reduced (substrate)-Fe (IV)
form, the substrate becomes radical to lost a proton. The compound II takes a proton from the
substrate and return the first reducing form. Also radicalic substrate which are formed with
interacting each other are polymerization [54].

The LPO enzyme is covalently bound to the heme group proteins, with the bond occurring
between the hydroxyl group of the heme group and the carboxyl group of the protein [14].
Approximately 10% of the molecule is composed of carbohydrates and the molecule con‐
tains five main potential glycosylation regions and 15 semi-cysteine residues [11, 23, 45]. The
heme group at the catalytic center is protoporphyrin IX, which is covalently bound to the
polypeptide chain along with the disulfide bridge. The iron compound, which is a part of the
heme group, constitutes 0.07% of LPO. The calcium ion is tightly bound to the enzyme, which
ensures the molecular conformation and structural integrity of the enzyme [55].

1.3. Lactoperoxidase system in milk

The activation of the natural antibacterial system has been adopted for protecting raw milk.
This system is defined as the lactoperoxidase/thiocyanate/hydrogen peroxide (LPO) system.
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The antibacterial effect of the system on milk is based on the oxidation of SCN− ions cata‐
lyzed by the lactoperoxidase enzyme in the presence of H2O2. The short-lived components,
OSCN- ions, generated in this oxidation reaction have bacteriostatic effect [56, 57]. The system
is recommended in developing countries where there are no sufficient cooling facilities for
collection of raw milk and their transportation to processing centers [57].

1.4. Antibacterial effect of LPO

LPO oxidized the -SH groups of the enzymes in bacteria such as hexokinase and glyceralde‐
hyde-3-phosphate dehydrogenase and tends to lose biological functions of these enzymes. As
a result, the bacterial cytoplasmic membranes are damaged structurally, and glucose, purine,
pyrimidine, and amino acid uptake as well as protein, DNA, and RNA synthesis are blocked.
Thus, bacteria growth and proliferation is prevented (Figure 2) [58].

Figure 2. Antibacterial effect of the lactoperoxidase enzyme.

1.5. Lactoperoxidase system and health

Milk and milk products area rich sources of mineral, protein, vitamin, nutritional elements [56,
57]. Lactoperoxidase showed antifungal activity in apple juice and salt solution. In vitro
findings also show that the LPO/H2O2/halide system has a strong virucidal activity against
HIV-1 [59].

In conditions of iodine deficiency, the level of SCN ions in milk plays a vital role in thyroid
function. The studies showed that when milk containing 19 ml/L thiocyanate ion and iodine
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at 0.1 mg/l concentration is consumed, the thyroid functions of patients with iodine deficien‐
cy did not have any negative symptoms [60].

1.6. Determination of the lactoperoxidase activity with spectrophotometer

The measurement of the activity is based on the oxidation of 2, 2'-azino-bis(3-ethylbenzthia‐
zoline-6-sulfonic acid) (ABTS) chromogenic substrate by H2O2 and observation of the in‐
crease in the absorbance caused by the resultant colored compound at 412 nm and pH: 6.0 [61].
For determination of LPO activity with spectrophotometric assay, 2.8 mL of ABTS (1 mM)
and 0.1 mL of H2O2 (3.2 mM) were pipetted in the spectrophotometer tube of 3 mL. Enzyme
solution of 0.1 mL was added and the tube was turned upside down before it was placed in
the spectrophotometer. The increase in the absorbance was observed against blank at 412 nm
for 3 min and recorded every 60 sec. Phosphate tampon (0.1 M) at pH: 6.0 was used as blank,
instead of the enzyme, while all other solutions were used at the same rates. The following
formula was used to determine the activity:

A : Absorbance (absorbance read at the end of 1 minute)

b : Path length (1 cm)

c : Concentration (μmol/mL)

ε : Extinction coefficient (32400 M−1 × cm−1)

Df : Dilution coefficient

V : Velocity of the reaction (μmol/mL.min.)

1.7. Unit of enzyme activity

One LPO unit (EU) is defined as the amount of LPO that catalyzes the oxidation of l μmol of
substrate (ABTS) per min at 20°C [52].

1.8. Substrates

2,2’-azino-bis(3-etilbenztiazolin-6-sülfonik asit (ABTS) [62], p-phenylenediamine [63],
pyrogallol, guaiacol, catechol, phenols, aromatic amines, ascorbates, epinephrine, and
tetramethylbenzidine [6, 14, 47, 52, 61].

1.9. Purification procedures

To date, several chromatographic methods have been reported about purification and
characterization of the LPO enzyme from bovine milk [14]. For example, CM-Cellulose [64],
CM-Sephadex ion-exchange chromatography [46, 64], Sephadex G-100 gel filtration chroma‐
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tography [6, 64], hydrophobic affinity chromatography on Phenyl-Sepharose CL-4B [5], and
Toyopearl-SP cation exchange chromatography [64] are among the methods used in the
purification of LPO enzyme from bovine milk. LPO was purified in one stage using the affinity
technique and sulfanilamide was used as the ligand [65].

1.10. Kinetic studies

The Km and Vmax values are suitable parameters for kinetic studies. Km is a substrate concen‐
tration at which half of the enzyme active sites are filled. Vmax is an expression of the catalyt‐
ic activity of the enzyme.

To find Km and Vmax values for LPO, activity was measured at 20°C, 412 nm, at pH 6.0, for five
different substrate concentrations. For this purpose, generally 0.2–1.5 mL volume from the
stock solution of the substrates was used. The total volume was made up to 2.8 mL with a
buffer solution and then 0.1 mL enzyme and 0.1 mL H2O2were added. The Km and Vmax values
were calculated from the Lineweaver-Burk graph [65, 66].

1.11. Procedure of enzyme inhibition

The Ki and IC50 values show the inhibitory effect on enzyme. The Ki and IC50 values depend
on the inhibitory mechanism. IC50 is the inhibitor concentration required for 50% inhibition
and Ki value is the constant.

To investigate the inhibitory effects of some inhibitors on LPO and to determine the IC50 values,
the LPO activity was measured in the presence of five different concentrations of inhibitor. For
example, the experimental procedure for inhibitor: A control sample without inhibitor was
taken as 100% and an activity-[Inhibitor] plot was drawn. To determine the Ki, three differ‐
ent concentrations were used for x inhibitor. ABTS was also used as a substrate at five different
concentrations. Lineweaver-Burk plots (1/V-1/[S]) were obtained for inhibitor; the Ki and the
inhibition type were calculated from these plots [65].

1.12. Selection of the LPO inhibitors and the ligand

The inhibitors of the LPO enzyme were identified in studies on the enzyme [52, 67]. Non-
selective monoamine reuptake inhibitors consist of opipramol, lofepramime, dibenzepin,
protriptyline, melitracen, butriptyline, dimetacrine, dosulepin, and quinipramine; selective
serotonin reuptake inhibitors include alaproclate and etoperidone; non-selective monoa‐
mine oxidase inhibitors comprise moclobemide, toloxatone, and isocarboxazid; and other
antidepressants are viloxazine, minaprine, bifemelane, oxaflozane, and medifoxamine
(Table 1).

Many inhibitors such as sulfanilamides [65], propofol and derivatives [68, 69], some anesthet‐
ic drugs [70], some bacteria [46], some phenolic acid compounds and phenolics [71, 77], aver‐
mectins [73], adrenaline, melatonin, serotonin and norepinephrine [45, 73, 74], fungi and
bacteria [58], antibiotics [75], hydrazines [52], and some thiocarbamide compounds [67] are
assayed and reported as a LPO inhibitor in the literature.
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Inhibitor IC50 Ki Inhibition type Publication

L-Adrenaline 34.5 mM 2.26 mM Noncompetitive Sisecioğlu et al. [74]

Ceftazidime pentahydrate 0.048 mM 0.018 ±0.0035 mM Competitive Sisecioğlu et al. [76]

Prednisolone 0.053 mM 0.019 ±0.0005 mM Competitive

Amikacin sulfate 0.26 mM 0.04 ±0.015 mM Competitive

Ceftriaxone sodium 0.29 mM 0.10 ±0.055 mM Competitive

Teicoplanin 1.016 mM 0.13 ±0.022 mM Competitive

Melatonin 1.46 mM 0.82 ±0.28 Competitive Sisecioğlu et al. [75]

Serotonin 1.29 mM 0.26 ±0.04 Competitive

Norepinephrine 67.2 mM 62 mM Noncompetitive Sisecioğlu et al. 2010b

L-Ascorbic acid (Vitamin Q) 2.03 mM 0.508 ±0.257 mM Competitive Sisecioğlu et al. [43]

Menadione sodium Bisulfate
(Vitamin K3),

0.025 mM, 0.0107 ±0.0044 mM, Competitive

Folic acid 0.0925 mM 0.0218 ±0.0019 mM Competitive

2,6-Dimethylphenol 836.67 nM 4442 nM Koksal et al. 2014

2,6-Di-Tbutylphenol 10 nM 9 nM Competitive

Di(2,6-Dimethylphenol) 6.86 nM 0.53 nM. Competitive

Di(2,6-Di-Tbutylphenol) 185 nM 48.33 nM Competitive

Di(2,6-Diisopropylphenol) 154 nM 19.33 nM Competitive

Sulphanilamide 0.84 nM 3.57 nM Competitive Atasever et al. [65]

Emamectin benzoate 4.33 μM 6.82±2.60 μM Competitive Koksal et al. [73]

Eprinomectin 16.90 μM 4.80±1.95 μM Competitive

Moxidectin-Vetranal 99.00 μM 61.31±9.89 μM Competitive

Abamectin 138.60 μM 103.73±34.03 μM Competitive

Doramectin 173.20 μM 80.14±29.38 μM Competitive

Ivermectin 231.00 μM 519.97±47.62 μM Noncompetitive

Caffeic acid 393.61 nM 430.033±79.04 nM Competitive Gulcin et al. [72]

Ketamine 0.29 mM 0.019 ± 0.031 Noncompetitive Ozdemir et al. [70]

Bupivacaine 0.155 mM 0.015 ±0.021 mM Noncompetitive

Table 1. Inhibitors of lactoperoxidase enzyme.

1.13. Concentration

LPO is the second most abundant whey enzyme in bovine milk, [31, 77] and its concentra‐
tion is approximately 30 mg/L [23]. The peroxidase activity in cow milk is 20 times richer than
in human milk and contains 1.2–19.4 units/mL LPO [78]. The mean LPO enzyme activity varies
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in different species, for example, 1.4 units/mL in cow, 0.34–2.38 units/mL in lamp, 1.5–4.45
units/mL in goat, 0.794 units/mL in buffalo, 22.0 units/mL in pig, and 0.06–0.97 units/mL in
human [78].

1.14. Application fields

There is a growing interest in the purification of LPO with increasing applications. The LPO
system’s natural biological functions are preferred against antimicrobial chemicals. Lactoper‐
oxidase has many fields of application. It is widely used especially in milk-processing facilities
in the milk industry [79]. LPO is used in milk and cheese to reduce the microflora [23]. The
LPO enzyme derived from various animal sources has a significant role in the suppression of
bacterial growth and helps bacterial inhibition. Inhibition of bacterial growth by the bovine
LPO is attributed to the peroxidase system, which contains H2O2 and thiocyanate [9]. The
antimicrobial effect of the LPO system occurs naturally in milk. LPO has a bacteriostatic effect
on gram-positive and gram-negative bacteria. The antibacterial studies on the LPO enzyme
purified from camel milk show that the LPO-thiocyanate and peroxide system leads to
significant inhibition of pathogenic bacteria.

Most popular applications of the system include food production for preservation of raw milk,
pasteurized milk, and cheese milk during storage and/or transportation to the processing
plants. The system can be used to avoid the suppression of acidity in yoghurt. In the absence
of refrigeration, LPO system is preferable [80] and the system can be used to extend the shelf-
life of pasteurized, raw, and cheese milk [79, 81]. This is used for the preservation of emul‐
sions and cosmetics.

The LPO system can ensure an extensive spectrum of antimicrobial properties against bacteria
and yeasts when it is composed of LPO, H2O2, SCN-, and I2. Hence, it is preferred in oral care
products and cosmetic preservation [82, 83]. The system is used against fish pathogenic
bacteria in aquaculture with strong bacterial effects.
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Insights into the Interaction of Milk and Dairy Proteins
with Aflatoxin M1

Fabio Granados-Chinchilla

Additional information is available at the end of the chapter

Abstract

In this  chapter,  up-to-date data regarding the nature of  protein interaction with a
contaminant  such as  aflatoxin  M1  (AFM1)  is  detailed.  Considering that  AFM1  is  a
relevant toxin present in milk and dairy products, it is important to understand such
interaction.  With  this  in  mind,  some  specific  features  of  protein  chemistry  and
structure  are  discussed.  AFM1  presence  and  origin  in  milk  and  the  latest  ap‐
proaches  in  AFM1  chemical  analysis  with  special  attention  to  sample  preparation
techniques  to  eliminate  milk  protein–AFM1  interaction  will  also  be  addressed.
Emphasis will be given to the interaction of AFM1 with whey proteins of which little
has  been  described.  In  order  to  represent  such  interactions,  recent  scientific  evi‐
dence is briefly discussed which describes the outcome, stability, and distribution of
the toxin among the fractions,  especially during the cheese-making process.  An in
silico model is presented in which some details of the AFM1-protein interactions are
described.  Finally,  two technological  applications  of  proteins  in  the  food industry
which are affected negatively by AFM1 contamination, are provided as an example
of how the contaminant has a deep relationship in protein behaviour.

Keywords: aflatoxin M1, whey, milk, dairy, products, protein interaction

1. Introduction

1.1. Milk structure

Milk is a rather complex biological fluid that includes components such as fats, proteins, and
many other constituents; this means that multiple chemical equilibriums are at work within the
liquid. Proteins throw additional complexities to the mix as they can exhibit amphoteric and
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zwitterion behaviour. Each interaction established by or among proteins may be mediated by
hydrophobic pockets, multiple ionic bridging, aromatic ring staking, and henceforth.

Casein, a major phosphoprotein found in milk is composed of several casein fractions that are
distinguished by electrophoresis and are designated as α-, β-, and k-caseins (in order of
decreasing mobility at pH 7.0). In bovine milk, casein composition, in mg mL−1, consists
approximately as follows: αs1 (12–15); αs2 (3–4); β (9–11); and k (2–4) [1, 2]. These fractions vary
in molecular weight, isoelectric point, and level of phosphorylation. It is important to keep in
mind these structural features since during milk clotting, k-casein is the fraction involved
directly in enzymatic cleavage by chymosin during the cheese making process [3].

For the following discussion, the composition of major milk proteins will be fundamental. In
cow milk, for example, the protein composition during seasons vary between 33.8–34.8, 31.2–
32.6, 15.5–16.2, 2.0–2.1, 9.6–9.9, and 5.6–6.5 g protein/100 g total protein for α-, β-, and k-
casein, α-lactalbumin, β-lactoglobuin, and other proteins (e.g. bovine serum albumin and
lactoferrin) [4].

Casein micelles are spherical in shape, with a diameter ranging from 50 to 500 nm (average
ca. 120 nm). The more recent model for casein micelle structure is the ‘dual-bonding’ model
suggested by Horne [5–9]. This model proposes that micelle structure is governed by a balance
of hydrophobic interactions and colloidal calcium phosphate-mediated cross-linking of
hydrophilic regions. This micelle is stabilized by k-casein providing both steric and electro‐
static repulsion.

The hydrofilic fraction of milk includes several components, mostly sugars (i. e. lactose, unique
to milk/dairy products) and water-soluble proteins (whey proteins). Lactose is a disacchar‐
ide composed of a molecule of galactose and glucose connected through a β(1→4) glycosidic
bond. Lactose is the primary osmotic component of the milk whose principal biological
function is regulating milk secretion. Hence, lactose is the steadiest component in milk,
averaging 4.6%, and is unique to this biological fluid [10]. Whey proteins include α-lactalbu‐
min, β-lactoglobulin, blood serum albumin, and immunoglobulins and account for 17% of
proteins. Milk proteins also contain fat globule membrane proteins and a large variety of
enzymes and hormones [11]. An extensive analysis of the chemistry and biochemistry involved
in dairy foods is in Fox and co-workers’ book [12]. Additional structural information regard‐
ing milk protein is to be discussed later in the chapter.

1.2. Aflatoxin M1 in dairy products

Aflatoxins are bis-furanocoumarin secondary metabolites produced by some species of
filamentous fungi under specific conditions. Fungi that are capable of producing these
contaminants are ubiquitous in the environment and have been identified in a wide array of
foods (especially cereals and grains) including animal feeds (commodities in which aflatox‐
ins are heavily regulated). Aflatoxins such as B1 and G1 are produced mainly by the Aspergil‐
lus species A. parasiticus, A. flavus, and A. nomius [13, 14] using a biosynthetic route shared with
norsolorinic acid [15]. Production of these toxins is favoured in tropical and subtropical
climates [16, 17] both before harvest and during storage. These toxins exert negative effects in
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humans and animals including reproductive, immunological, and weight gain issues, among
several others. It has already been established that these compounds are carcinogens and
teratogenic [16, 18].

In dairy products, the most relevant toxins are AFM1 and M2 which are hydroxylated
metabolites of aflatoxin AFB1 and B2, respectively. For example, dairy cows upon ingestion of
contaminated feed discard these metabolites (generated during cytochrome P450-mediated
detoxification) through urine, faeces, and milk [16, 19]. The toxin is secreted into milk, with an
elapsed time of about 12 hours and a peak time of approximately 24 hours. Moreover, Veldman
and co-workers [20] have demonstrated that B1 to M1 toxin carryover is proportional to the
milk yield and high throughput cows (i.e. > 25 kg day−1) and was estimated to be 2.66 ± 1.24%.
However, a more recent analysis has estimated carryover as high as 6.2% [21].

AFM1 is a relatively small molecule (328.3 g mol−1) which exhibits slight affinity towards
water (10–30 μg mL−1); hence in milk, it is partitioned into the water and cream parts of milk.
It also can be bound to milk proteins [22]. In the case of AFM1 in milk, one may expect that no
homogeneous distribution will be encountered. Considering the semipolar characteristics of
AFM1, a strong relationship between casein and the toxin may be expected. In fact, apprais‐
als have estimated that 30% of AFM1 is associated with milk non-fat solids. Milk processing
usually has a dramatic effect on AFM1 concentration. Enrichment of the non-fat solid por‐
tion with AFM1 usually results from fat separation. For example, buttermilk usually retains
higher concentrations of toxin when prepared from naturally contaminated cream, a similar
situation occurs during skim-milk manufacturing. Though some reports may contradict one
another, in general, no AFM1 reduction has been found when preparing other dairy prod‐
ucts like cheese and yogurt.

Cheese processing usually results in the accumulation of AFM1 in the curd; this is especially
the case for matured cheeses. It has been suggested that this phenomenon is due to AFM1-
protein interactions (e.g., with casein the major protein present in cheese [96 g casein/100 g
cheese]). However, contrasting data has been offered towards the contamination of the whey
fraction. This is relevant since whey products (previously considered just a by-product of
cheese manufacturing) have found important applications in the food industry.

All these data hints toward a profound processing and technological effect on the structure
and composition of dairy products (e.g. temperature may influence immunoglobulins, which
are related to the behaviour of fat globules and casein micelles) and intricate the interactions
between AFM1 and other dairy components, including whey proteins, further still [23].
Structural modifications also occur to milk when industrial processing takes place here; milk
fat globules are reduced in size (< 1 μm diameter; [24]) and are dispersed uniformly through
the rest of the fluid, preventing creaming of the milk. Other relevant factors responsible for
differential distribution are the degree of milk contamination, milk quality, and cheese-
processing techniques, extraction technique, methodology, and expression of the results. These
interactions are discussed below in more detail.

Toxin elimination from food and feed is problematic as these compounds have shown to be
thermally stable [25, 26] and may prevail in foods for long periods of time [27, 28]. For example,
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AFM1 is not deactivated during unit operations common to milk processing such as pasteuri‐
zation or UHT treatment [29] and it is found in dairy products and have been reported to
concentrate in cheese [30].

2. Recent advances in aflatoxin M1 determination in milk and dairy
products

Due to its carcinogenic potential, contamination of milk and dairy products with AFM1 may
generate risk to humans and animals. Hence, it is considered as a public health concern.
Considerable efforts have been made towards evaluating concentrations of AFM1 in dairy
products. Complex matrices (especially those with high protein and lipid concentrations) make
mycotoxin screening methods difficult, and this matrix effect must be overcome. Method for
AFM1 quantification must be able to eliminate matrix interferences and determine AFM1

accurately. Some standardized methods as ISO 14501:207 (IDF 171:2007) [31] and AOAC
2000.08 [32] have been issued using modern quantification techniques and considering several
paramount aspects of matrix interference. To eliminate proteins and lipids during the usual
chromatographic method developing process, analysts must resort to sample pre-treatment
procedures [33]. Conventional methods to achieve adequate sample treatment include, among
the most popular, high-speed centrifugation, liquid-liquid extraction, solid phase extraction,
and immunoaffinity separation [34].

However, methods for other more complex milk products are still lacking. This void has been
filled in recent years by research involving chemical approaches and improvements in sample
pre-treatment techniques. Methods for the determination of AFM1 in matrices other than milk
such as butter, yogurt, cheese, and sour cream have also been developed (Figure 1) [30, 35, 36].

Figure 1. A 2D and B 3D rendering of the aflatoxin M1 structure. 3D structure minimized energy using MM2 calcula‐
tions (total energy of 46.7868 kcal mol−1); pink-coloured beads represent non-bonding electron pairs.
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2.1. Magnetic nanoparticles

Recently, modified magnetic nanoparticles coated with 3-(trimethoxysilyl)-1-propanthiol and
modified with ethylene glycol bis(mercaptoacetate) were used as sorbent [37]. In this meth‐
od very good results were reported which resulted in a novel, very specific, sensitive meth‐
od for the determination of AFM1 in liquid milk. Since authors Hashemi and Taherimaslaka
reported that magnetic particles may be reused, and considering that is a relative inexpen‐
sive sample preparation treatment, a modified version of this approach may very well, in the
future, be suited as a food technology to remove AFM1 from milk in bulk. However, practi‐
cal costs may hinder a future application.

In this case, the sorbent includes two thiol and carbonyl groups [37]. Thus, it can be conclud‐
ed that electrostatic interactions through S and O atoms (respectively) are responsible for the
interaction with the lactone ring and –OH group in furan ring of AFM1. This type of interac‐
tion has also been reported to be responsible for the adsorption of AFB1 by clays. Said
interactions seem to be sufficiently strong to disrupt AFM1-matrix interactions. Evidence from
the interactions that result from AFM1 and the sorbent ligands may be used as clues to help
elucidate possible interactions of amino acid residues and AFM1 within proteins. For exam‐
ple, one may hypothesize that residues such as Trp/Phe, Cys/CY2, Met, and Asp/Asn or Glu/
Gln, through an aromatic ring, sulfur groups, and carboxylic acids, respectively, are respon‐
sible for interacting with AFM1.

2.2. Chemically-based sorbents

A recent report has described an automated analysis of aflatoxin M1 in milk and other dairy
products using tandem mass detection. In this case, two liquid-liquid sequential extractions
followed by a solid phase extraction were applied before HPLC analysis. Acetonitrile and salt
were used both as a solvent system and protein denaturing/precipitation agents. In this case,
Campone and coworkers [38] use an additional cleaning step using 10 mL/100 mL aqueous
methanol before introducing the sample in C18 cartridges. Organic phase dilution is accom‐
plished by adding water to the extract containing the analyte; this is a very common practice
especially when using SPE/IAC columns. This practice usually results in particle agglutina‐
tion in the solution when the water is added; this hinders the extraction process as the SPE/IAC
pores are obstructed. The extraction steps carried out, achieve signals with no significant
matrix interference and limits of detection that are below those required by the EU in milk and
dairy products (EU Regulation 1881/2006) [38].

Another recent assay used Oasis® HLB hydrophilic balance, to extract AFM1 with excellent
recoveries (92.8%; [39]). Previously, similar results were obtained for powdered milk but using
fluorescent analysis instead of mass detection [40]. These specific types of sorbents are based
on a copolymer which exploits both in the π-π interaction of divinylbenzene and hydrophil‐
ic characteristics of N-vinylpyrrolidone, is a water-wettable polymeric sorbent stable at pH
from 1 to 14 (http://www.waters.com. Accessed 09 Jan 2016). This sorbent has found a
widespread application for biological sample pre-treatment because it prevents access to
matrix components, such as proteins. However, in order to obtain good results, pH and
extraction solution composition must be carefully adjusted. Unequivocally, pH plays a pivotal
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role here as protein tridimensional structure is dramatically affected by the hydronium ion
activity in specific media. In this particular research, the results indicated that the best signal
was obtained at pH 5.0 of crude extraction solution with 100% methanol as the eluting
solution [39]. Structural differences and principles between several sorbents based technolo‐
gies may be found in the paper by Boonjob and co-workers [41].

2.3. Molecular imprinted polymers

Lately, another methodological novelty in using molecularly imprinted polymers has
emerged; some toxins (e.g. EASIMIP™ Patulin, R-Biopharm, Darmstadt, Germany) are already
commercially extracted through molecularly imprinted polymers as column sorbents. These
sorbents are tailor-made structures with an encoded selectivity toward a given analyte [42].
Using AFB1 as a template and a methacrylate moiety as an electron acceptor, Wei and
coworkers suggested that the extraction mechanism involved all the oxygen atoms in the AFM1

molecule [43]. This evidence is another possible mechanism of interaction. Despite AFM1 being
a relatively simple molecule, it exhibits multiple interaction sites; this is further aided by the
fact that a slight torsion is expected in the furan ring when considering a spatial 3D/MM2
minimized structure model. Moreover, Wei and coworkers also indicated that matrix
compound removal was more efficient using the sorbent that has immunoaffinity-based
counterpart. Despite the advantages in terms of analyte specificity of immunoaffinity clean-
up based approach for quantification of AFM1 in dairy products, this technology is not without
some drawbacks. Toxin adsorption may be limited due to antibody interferences of other
matrix compounds, or extraction may be hindered by the interaction of the toxin with matrix
components [44]. In fact, chemical based solid phase extraction sorbents may have an
advantage over immunoaffinity column in terms of interacting with matrix components due
to steric hindrance due to the space occupied by the antibodies used to prepare the latter.

Hence, the interaction of AFM1 with proteins and other matrix components has demonstrat‐
ed to have analytical consequences. More recently, other methods have used a more direct
approach to circumvent poor analytical performance parameters (e.g. improve unsuitable
limits of detection, screen interfering matrix co-eluents, reduce or eliminate undesirable
interactions with matrix components, and mend methods with low recoveries) to unequivo‐
cally identify and determine the exact concentrations of this contaminant which is found in
every level in milk products.

2.4. Enzymatic-based approaches

When using a commercial immunoaffinity column during a diagnosis for the determination
of AFM1 in three dairy products, relatively low recoveries have been observed when analyz‐
ing fresh cheese samples and sour cream [45]. Interestingly, no such effect was seen in ready-
to-consume fluidized milk, and this may respond to a technological advancement in
immunological sorbents (toxin-specific antibodies coupled to gel particles). Considering that
recoveries in cheese and sour cream were lower than expected using a direct extraction with
methanol approach and in an effort to reduce the amounts of organic solvents (specially
chlorinated solvents) used during the toxin extraction process, our research group hypothe‐
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sized that dairy proteins and fats played a relevant role in sequestering AFM1, hence limit‐
ing its contact with the extraction solvent. This is supported by the fact that analytical
recoveries increase dramatically when proteolytic and lipolytic enzymes are added as part of
sample treatment previous to the extraction mixture [45]. Later on, Pietri and coworkers [46]
used pepsin digestion in a similar fashion, corroborating Chavarría and coworkers recent
findings. In some degree these results also support, at least indirectly, that proteins derived
from dairy products, such as α-lactalbumin/β-lactoglobulin and casein, indeed interact with
AFM1.

2.5. Outlooks

Methodological approaches when determining AFM1 are of relevance since matrix compo‐
nents interfere with the extraction and recovery of the toxin, in particular for fluid milk (and
foods derived thereof) since it is a rather complex biological fluid. Considering the nature of
the samples tested using the methods stated before, is not surprising that analytical extrac‐
tion must require stronger conditions when treating other dairy products other than milk. In
this regard, for example, Holstein and Jersey's milk (Bos taurus) contain, in average, 3.5 to 5.5
and 3.1 to 3.9 fat and protein, respectively. However, when considering the cheese product,
even a tenfold increase in concentration may be expected both in fat and protein, in the case
of sour cream, up to a fivefold increase in fat may be expected, retaining similar concentra‐
tions in protein. Methods which rely on techniques that involve direct surface interaction with
the toxin during sample preparation steps (or during measurement) interaction with the toxin,
may find hindrance in matrix components of milk and other dairy products during analysis.
For example, caseins are known as surface blocking agents. This may be especially impor‐
tant in methods using biosensors (e.g. the recently applied immuno-chip technology [47] or
electrochemical immunosensor [48], direct spore adsorption [49] or lateral flow immunoas‐
say [50]). An excellent review by Adami and co-workers [51] considers sample preparation
techniques prior to in depth analysis.

3. Evidence of AFM1 association with milk proteins

3.1. Experimental indications

Though the results of several investigations have showed a close relationship of AFM1 to
casein [28, 52], a lot of research reinforce the fact that a significant part of toxin concentration
lose out through whey, a fact which is especially interesting considering the poor solubility of
AFM1 in water [22]. Hence, its retention or transport along the cheese/whey fraction may be
assisted by other molecules, such as proteins, using non-covalent interactions.

The earlier report revolves around the interaction of AFM1 with dairy proteins such as casein
was performed by Brackett and Marth [53]. Therein, a simulated milk ultrafiltrate with casein
micelles or containing AFM1, was dialyzed against each other, and more AFM1 was found in
the casein-containing solution. Furthermore, AFM1 contaminated milk treated with proteo‐
lytic enzymes demonstrated that higher concentrations of the toxin were found after the
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enzymatic treatment when compared with the control, which in turn suggested AFM1 binding
by milk proteins. The affinity of AFM1 towards dairy protein fractions was firstly investigat‐
ed in depth by Govaris and co-workers [54] which described the distribution of AFM1 between
whey and curd during cheese manufacturing [54]. Their results showed that 40–60% of the
total AFM1 amount was retained in the whey fraction. In this particular case, Govaris and co-
workers studied Teleme cheese which is a soft cheese with 50.3–57.2 moisture, 15.2–17.7
protein, and 42–43 fat-in-dry matter, in g/100 g. To be able to compare such results with data
obtained for other types of cheese, manufacturing and processing of Teleme cheese must be
accounted for, a detailed report can be found in a chapter written by Pappa and Zerfiridis [55].
Other researchers since then have corroborated these results obtaining similar data [54, 56, 57–
60].

Other results demonstrated that the highest concentration of the toxin is found in the curd [57–
59, 61, 62]. According to some authors [57, 62], ca. 60% of the AFM1 is found in the curd. Kamkar
et al. found an increase of threefold of the content of AFM1 in curd versus that found in whey.
Since usually higher concentration of AFM1 are found in cheese [56, 61], concentrations of the
contaminant can be considered as cheese is produced from several litres of milk.

Recently obtained data, gathered during the manufacture of fresh Turrialba cheese (a very
distinct and recognizable Costa Rican cheese with < 55 moisture, ≥ 14,5 protein, ≥ 18,5 fat-in-
dry matter, acidity 0.1-0.3 and 1.5-2 salt, in g/100 g), indicate that whey proteins have a much
more affinity towards AFM1 than casein. An in vitro assay using exact quantities of both AFM1

and proteins showed that solutions of α-lactalbumin and casein require concentrations of 2.5
g/100 mL and 7.5 g/100 mL, respectively, to obtain trivial concentrations of AFM1 on the
supernatant [63]. Added evidence demonstrated that not only do some whey proteins exhibit
an association capacity towards AFM1 similar to that of casein but also that each protein is
bound to AFM1 at different ratio. Furthermore, we have also demonstrated a similar behav‐
iour among casein fractions. In decreasing order of association or affinity towards AFM1: alphas

(100%), beta (54.5%), and kappa casein (21.4%) [63]. This last result is interesting since the major
biochemical modification suffered by casein during cheese clotting during its processing is an
enzymatic hydrolysis of the kappa fraction. On the other hand, highly unspecific proteolytic
enzymes (e.g., pepsin) can reduce AFM1-protein interactions. A protease such as the one used
during our survey [45] can hydrolyse ≥ 70% of casein to amino acids and has demonstrated a
more efficient cleavage of casein than other proteases such as trypsin or chymotrypsin. Such
data may explain Barbiroli and co-workers [64] results which indicated that no changes in
AFM1 concentration were observed during the enzymatic hydrolysis that occurred during the
cheese-making process.

Evidence of AFM1 binding suggests another application of purified whey proteins as modu‐
lator of toxicity toward animals and may hold potential for protecting animals against
AFM1toxigenic potential and to minimize the possibility of this or other toxic metabolites to
reach the human food supply. When naturally contaminated milk is treated to obtain processed
foods, a significant fraction of the whey may be contaminated with AFM1. Later, it is impor‐
tant to keep in mind that whey and related components (due to known nutritional value and
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health benefits related to consumption) already have several commercial uses as a dietary in-
feed supplement, nutritional supplement, and whey-based beverages.

In the same regard, Cattaneo and coworkers recently demonstrated that during ricotta
cheese (a whey based product) production, AFM1 retained ca. 6% of its initial concentration
and the remainder is lost in the liquid portion [65]. The same authors showed some insights
toward interaction of AFM1 and whey proteins, supporting our findings [63]. For example, the
authors demonstrate that during a simple ultrafiltration step, at least 60–80% of the toxin is
lost in permeate and that technological processes such as spray-drying do reduce AFM1

contamination levels in pulverized milk solids despite substantial loss of water.

3.2. An in silico analysis to estimate AFM1-protein interaction

In addition to the direct evidence of the AFM1 molecular interactions that occur during its
association with proteins, an in silico analysis shows several interesting features regarding this
phenomenon. When a MM2 energy optimized molecule of AFM1 is docked (cluster typed as
small molecule-protein, with a clustering RMSD of 4.0) with β-lactoglobulin (1BEB) and α-
lactalbumin (1CJ5), both from Bos taurus, the result is several simulations with high scores.
Such models demonstrate that a considerable number of protein sites are capable — at least
theoretically— to bind ound AFM1. Hence, a single protein molecule could bind a large number
of AFM1 molecules; this seems to be in agreement with the macroscopic behavior of AFM1

when associated with dairy proteins. For example, the highest score prediction for α-lactal‐
bumin (a calcium-binding lysozyme-like protein, [66]) occurs in the pocket amongst two β
turns and a β sheet, that are, 161 His and 155 Gln/158 Glu coil and the 61 Trp and 151 Phe β
strands (Figure 2).

Figure 2. Depiction of possible interactions between AFM1 and A,B α-lactalbumin or C,D β-lactoglobulin, only the with
the highest score is shown. Panels A and C show the spatial interaction of the molecule with the protein (ribbon car‐
toon representation). Panels B and D demonstrate amino acid residues, represented in red. In all panels, AFM1 is illus‐
trated in dark blue/cyan using ball and stick models. In panels C and D water molecules are represented using green
wireframes [67].
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The case of β-lactoglobulin — composed of two subunits under physiological conditions — is
more complicated. β-Lactoglobulin is a major whey protein of ruminant species and has been
found in milk from other species. Its amino acid sequence and three-dimensional structure
show that it is a lipocalin. The more energy stable prediction situates the AFM1 molecule
between the 5 Gln, 6 Thr, 177 Leu β strands and the 144 Pro coil of the A chain. But other
interactions sites are possible. For example, another prediction may occur in the hydropho‐
bic crevasse between the two α-loops. A detailed look on the tridimensional structure of β-
lactoglobulin may be found in a work written by Sawyer [68].

Needless to say, this is a rough prediction considering the complexity of the interactions that
may occur during AFM1-protein interaction within a complex matrix such as milk. For
example, casein is found in a micellar structure behaviour which, besides considering calcium
ions and hydrophobic interactions that held together, such micelles must bear in mind ligand
competition (dominated by Kf) and other substrates (e.g. citric acid). Protein-protein and
protein-water interactions also play a distinct role in the association with AFM1. Interesting‐
ly, the binding capabilities of β-lactoglobulin have been described previously with other
ligands (i.e. SDS and lipophilic molecules such as retinol, cholesterol, palmitate, and vitamin
D2) through a central binding cavity [69]. One relevant feature that distinguishes β-lactoglo‐
bulin from α-lactalbumin is that, in pure form, the latter will not form gels upon denatura‐
tion because no free thiol groups are available as starting-point for a covalent aggregation
reaction. Noteworthy, α-Lactalbumin surpass β-lactoglobulin in affinity towards AFM1 [63],
such structural differences may explain the dissimilarities described here-in.

The interaction abilities of proteins with small molecules, such as AFM1, must be influenced
by several factors such as water absorption, protein concentration, pH, ionic strength,
temperature, and the presence of other components of feed or food (e.g. saccharides, lipids
and salts, rate and length of heat treatment, and conditions of storage). For example, whey
proteins are usually more stable towards pH changes but sensitive to heat.

4. Aflatoxin distribution dependence in dairy processing

4.1. Evidence through cheese manufacturing

The interaction between AFM1 and casein has been described more in detail above. Howev‐
er, evidence indicates that, during cheese production, part of the AFM1 concentration is exuded
with whey. Nevertheless, up to this date, little information is available regarding the possi‐
ble interaction of AFM1 with the proteins that remain in this aqueous fraction. Results of
several investigations on the stability of AFM1 throughout cheese making and cheese ripen‐
ing reported increase in AFM1 concentration in cheese, as a function of cheese type, technolo‐
gies applied, and the amount of water eliminated during processing [30].

Some authors showed high AFM1 concentration in curd regardless of the cheese-making
procedures employed [59, 62]. However, other evidence suggests that the retained AFM1

fraction by casein or other dairy proteins is highly dependent on the manufacturing process
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of the cheese, for example, Cavallarin and coworkers demonstrated a direct correlation
between AFM1 found in milk and the levels later found in cheese [70]. A particular relation‐
ship was attained for each cheese which reinforced that manufacturing process and chemi‐
cal composition of each cheese impacts the retention of AFM1. In their report, Cavallarin and
co-workers discussed three different type of cheese (i.e. Robiola and Primosale, two kinds of
fresh cheese, and Maccagno, a matured cheese); the distribution and fate of AFM1 was
investigated preparing these cheese type using naturally and artificially contaminated milk at
three different concentration levels. The authors reported that concentration factors for fresh
and matured cheese were of 1.42/2.20 and 6.71, respectively. Our data regarding a survey [45]
in milk and fresh cheese indicate that contrary to other cases, Turrialba cheese exhibited
consistently lower average concentrations of AFM1 when compared with those found in milk.
Such data suggest that fresh or whey-based cheese (which sustains much less treatment than
matured ones) is less prone in concentrating AFM1.

In protein chemistry, physicochemical factors such as pH, temperature, and ion concentra‐
tion play a significant role in protein behavior. The collective action of thermal processing and
pH can denature dairy proteins to such extent that they may be able to lose AFM1 binding
capacity [64], agreeing with our current results [63]. Hence, lower pH in the water portion or
the final product may explain why in certain cheese types a differential partitioning is
observed. For example, lower AFM1 concentrations may be found in whey fraction when
comparing different processing treatments [70].

In a similar fashion, Piera Cattaneo and coworkers [65] demonstrated that AFM1 retention and
distribution in Ricotta cheese is also dependent on processing and manufacturing. For
example, ultrafiltration and spray-drying can contribute to reducing, in a significant manner,
AFM1 concentrations from contaminated whey. The latter fact contributes to our understand‐
ing of AFM1 regarding technological processes and unit operations especially since the toxin
is thermally stable.

In 2013, Motawee contended several points concerning Domiati cheese manufacturing. First,
confirming other data, pasteurization reduced < 10% of the AFM1; second, salting seems to
affect the retention of AFM1 in curd; third after a 90-day preservation of cheese, the initial
concentration of AFM1was reduced significantly [71]. Concordantly, findings in fresh Costa
Rican cheese evidenced as high as 88.3% of AFM1 reduction during storage in a 28-day period.
However, even at 4°C, Turrialba cheese exhibited signs of spoilage after one month storage
[63]. In contrast, Deveci [57] already demonstrated using White Pickled cheese that AFM1

remains for up to three months of storage in brine, and that approximately 31% of the AFM1

passed to whey, while only about 3% distributes to the brine during ripening. Comparing this
last result to other similar data seems to suggest that salting may prevent the subsequent loss
during cheese storage possibly due to an increase in ionic strength and disruption of the
interaction between toxin and protein.

In the same regard, Fernandes and co-workers [72] found that during Minas Frescal cheese
manufacturing, there was no effect of storage time on AFM1. They also stated that starter
culture in cheese did not influence the concentration or stability of AFM1.
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On the other hand, other dairy products have been researched, for example, Iha and cowork‐
ers [73] found that yogurt processing and storage had a marginal effect on AFM1 concentra‐
tion and that the total AFM1 content in cheese and whey decreased approximately 25%. The
authors found an increase of AFM1 in cheese of 1.9-fold, but a decrement of 0.4-fold in whey,
based on the initial aflatoxin present in the milk used for cheese manufacturing. This is an
interesting result, since other research groups had established that lactic acid bacteria in dairy
products has the capability of AFM1 decontamination [74]. A very thorough review of other
methods of milk detoxification has been performed recently by Giovatti and coworkers [75].

4.2. AFM1 interaction with probiotic structures

As organic solvents have the ability to release aflatoxin from binding to bacterial cell walls and
peptidoglycan structural components, Haskard and coworkers have suggested that hydro‐
phobic interactions play a significant role in the binding mechanism [76]. Reversible and
irreversible binding are phenomena governing aflatoxin union to bacterial and yeast bind‐
ing. Reversible unions seem to suggest non-covalent interactions between aflatoxin and
hydrophobic pockets on the bacterial surface [77]. Further studies demonstrated that other
different lactic acid strains can bind and remove AFB1 in liquid media. Furthermore, said
interaction behaves in a concentration-dependent manner [78, 79]. The mechanism for
probiotic structure-AFM1 interaction may also help understand the process in which such
toxins interact with macro/biomolecules.

Though the exact mechanism is still unclear, our data seems to reinforce other publications
which have found decontamination capabilities specifically in cheese [80] as well in other
matrices [73, 80, 81]. Previous reports [79] have already documented the interaction between
teichoic acids and other bacterial cell wall components by probiotic bacteria and yeasts [82].
Interestingly, an empirical observation also seems to indicate that as the lactic acid bacteria
counts increases with time, more difficulties in cheese extract/digest are going past through
the immunoaffinity columns, are common, probably due to higher cellular debris. Detoxifi‐
cation of probiotics has been demonstrated in other milk products as well [83].

In this regard, Bovo and coworkers [80] have already established that non-viable cell counts
affect toxin sequestration. Hence, one might argue that despite pasteurization of milk, bacterial
structures may remain and, as such, milk non-viable microorganisms may still play a role in
the results observed. One additional aspect to consider as well is that during cheese ripening,
biochemical phenomena such as lipolysis and proteolysis occur which in turn may affect toxin
binding capabilities [84]. As time progresses, pH changes as a function of time due to
biochemical processes that cheese suffers, and in this scenario, protein-toxin interactions may
transform as the electrostatic and hydrophobic forces mutate, as hydronium ion activity/
concentration changes. Microbial sorption has been explored recently as a viable way to reduce
AFM1 levels in milk.

Finally, the binding of AFM1 by microbial cells has been reported as a rapid process [85, 86],
based on our current data in which just an incubation periods of minutes are sufficient to bind
completely AFM1 to casein and whey proteins, these seems to be the issue for AFM1-protein
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interaction as well. However, as with proteins, evidence suggests that various strains of
probiotics and different membrane components bind AFM1 differentially [79].

5. Other implications of AFM1 association with proteins

Despite being considered a by-product of cheese manufacturing, whey still preserves a rather
complex composition that include proteins such as α-lactalbumin, β-lactoglobulin, serum
albumin, lactoferrin and lactoperoxidase, glycomacropeptides (produced by rennets from k-
casein), protease-peptones (generated by plasmin, mainly from β-casein) phosphopeptides,
and other enzymes and oligopeptides as the result of hydrolysis [12], as such it retains
nutritional value. Also, they are known to form gels capable of keeping different substrates
(e.g. water and lipids) and providing texture properties desired for several foods [87], as such,
a substantial number of commercially viable options (e.g., whey-based beverages or even whey
based fitness supplements) have been developed [88]. Hence, the evidence up to date supports
that there is in fact an implied risk of contaminated products to reach the customer. Another
example lies in β-lactoglobulin fibrils. These structures are aggregates formed by incubation
of β-lactoglobulin in various solvents with protein-denaturing capabilities, (usually worm‐
like ca. 7 nm in width and < 500 nm in length), with a “bead string” form [89], and are nowadays
very prevalent in the food industry to increase viscosity and encapsulation and transport other
compounds of interest [90]. Recently, Mazaheri and co-workers have demonstrated that β-
lactoglobulin fibrils exhibit neurotoxicity in cell culture and are capable of causing free radical
formation, and that the presence of AFM1 increases this potential by favoring reactive oxygen
species and causes non-trivial modifications in the protein structure [91].

6. Perspectives and conclusions

AFM1 has the capability to interact with macromolecules, including proteins. These interac‐
tions are dependent on many factors which also affect the already complex protein chemis‐
try. Milk and dairy products which are complex biological fluids usually bear considerable
concentrations of proteins. Recent evidence points toward a broad binding capability of milk
proteins including casein and whey proteins. These interactions are affected by unit opera‐
tions and technological processing. Based on the latest advances in molecule discrimination
such as X-ray crystallography, NMR or atomic force microscopy could eventually help us
collect more direct evidence on the occurring interactions between AFM1 and proteins at a
molecular level.

Finally, AFM1 distribution, outcome, and interaction with different dairy ingredients are not
to be ignored, particularly considering the recent findings regarding the behaviour of AFM1

in milk products and by-products. This is especially important for products which once were
considered process wastes (such as whey and related products) since now they are known to
be used in animal feeding, as nutritional supplements destined for human consumption and

234

Milk Proteins: Chemistry and Biology

________________________ WORLD TECHNOLOGIES ________________________



WT

even in the snack food industry. Therefore, whey AFM1 contaminated products may serve a
way to incorporate toxins within the food chain. Evidence supports the fact that dairy
processing does influence AFM1 concentrations.
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Additional information is available at the end of the chapter

Abstract

β-Lactoglobulin (βLg), as the most abundant whey protein in ruminant milk and as a
useful model protein, is the subject of countless biophysical studies in the literature, yet
its physiological role is hitherto unknown. This chapter deals with studies that focus on
the structure of βLg, its oligomeric behaviour and the interactions that this protein
participates in. These and further studies are necessary to understand how the protein’s
physicochemical properties may influence the processing, digestion and immunogenic‐
ity of ruminant milks and their products. However, there is also a need for research into
the interactions that occur naturally between βLg and other components in milk, as this
may give us insight into the physiological role of the protein.

Keywords: β-lactoglobulin, milk protein, lipocalin, oligomeric state, structure, Tan‐
ford transition

1. Introduction

β-Lactoglobulin (βLg) is found in the milk of many mammals and, although it is the most
abundant protein present in the whey fraction of ruminant milk [1], it is completely absent in
human milk. Due to its abundance and relative ease of purification, bovine βLg has served as a
model  protein  for  countless  biophysical  studies  of  folding,  stability  and self-association.
Although this has created an extensive literature on the nature of βLg, its physiological function
is yet to be determined.
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βLg belongs to the lipocalin family of proteins, most of which have roles that involve ligand-
binding [2]. Its ability to bind hydrophobic molecules in vitro has prompted speculation that
βLg is involved in the transport of insoluble and/or chemically sensitive molecules between
mother and offspring. However, it is necessary to draw the distinction between demonstrating
binding in vitro and identifying an endogenous ligand that translates to a physiological role
of βLg in vivo.

Understanding the behaviour of this protein is of particular interest to the dairy industry, given
the potential of βLg to affect the processing and manufacture of milk products; for example,
βLg aggregation upon heat treatment is known to contribute to the fouling of heat exchangers
during the processing of milk [3]. βLg has also been identified as one of the main immunogenic
proteins in cow milk and thus contributes to cow milk allergies [4]. It is, therefore, of value to
understand this protein’s physicochemical properties and how they may influence the
processing, digestion and immunogenicity of ruminant milk and their products.

The purpose of this chapter is to review the knowledge that has been gathered for a range of
βLg orthologues from various species with regard to structure, oligomerisation and interaction
behaviour under predominantly physiological conditions and to consider the current gaps in
our knowledge. The thermal denaturation behaviour of βLg, including heat-induced interac‐
tions and fibril formation, has been dealt with in detail elsewhere [5].

2. Structure of βLg

The first reported atomic level resolution structure of βLg, solved by X-ray crystallography for
bovine βLg [6], showed remarkable similarity to retinol-binding protein and led to the
classification of βLg as a lipocalin. Lipocalins are a family of proteins that share a similar
structure despite great diversity at the sequence level. The conserved lipocalin fold comprises
an eight-stranded anti-parallel β-sheet (strands A–H) that is folded back upon itself to enclose
an internal cavity, often termed a calyx, together with a three-turn α-helix calyx (cup) handle
that lies approximately above strand H (Figure 1) [7]. This fold allows lipocalins to bind a wide
range of hydrophobic ligands, with the cavity size and loop scaffold at the cavity entrance
determining selectivity. While they were once simply classified as transport proteins, lipoca‐
lins are now known to exhibit vast functional diversity, yet most involve some form of ligand
binding [2].

Numerous high-resolution atomic structures now exist for bovine βLg, along with structures
of orthologues from sheep, goat and reindeer and the more distantly related pig. Like other
lipocalins, bovine βLg is a small protein, in this case of 162 amino acids with a monomeric
mass of ~18,300 Da. As shown in a three-dimensional cartoon form in Figure 2, each subunit
consists predominantly of an antiparallel β-sheet formed by eight β-strands, A–H, wrapped
around to form a flattened calyx [9]. The calyx is flanked on its outer surface by a three-turn
alpha helix. The dimer interface, at least for βLg from ruminants, is formed by the ninth β-
strand (I) along with the loop connecting strands A and B. The loops at the closed end of the
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calyx (BC, DE and FG) are quite short, whereas those at the open end (AB, CD, EF and GH)
are longer and more flexible [10].

Figure 1. Topology diagram showing characteristic features of lipocalin proteins. The eight β-strands A–H form the
antiparallel β-barrel. Strand A is kinked (giving rise to strands A1 and A2) and connects the β-sheet comprising
strands A1, B, C and D to the β-sheet comprising strands E, F, G, H and A2. The commonly occurring N-terminal 310

helix and the ubiquitous 3-turn α-helix following strand H are shown. Generally, a ninth β-strand follows the 3-turn α-
helix and is packed against strand A2. Figure generated by PDBsum [8] using the structure of bovine βLg, PDB ID:
1BSO.

Figure 2. Crystal structure of one monomer of bovine βLg (PDB ID: 1BSO). Eight β-strands (A–H) form the central
antiparallel β-sheet calyx. The calyx is flanked on its outer surface by a three-turn α-helix. The ninth β-strand, I, and
the AB loop are involved in dimer formation. The polypeptide chain is shown in rainbow colours, beginning in blue at
the N-terminus and ending in red at the C-terminus.

Each monomer of βLg contains five cysteine residues. One exists as a free thiol on strand G
and is buried beneath the α-helix that lies alongside the β-barrel, whereas the other four form
two disulfide bridges. The first (Cys66-Cys160) links the C-terminus to the CD loop, while the
second (Cys106-Cys119) links β-strands G and H [11]. The presence and correct arrangement
of these disulfide bonds are crucial for the correct folding of βLg. Recombinant expression of

246

Milk Proteins: Chemistry and Biology

________________________ WORLD TECHNOLOGIES ________________________



WT

this protein in a soluble form in bacteria requires the simultaneous coexpression of a disulfide
bond isomerase along with the use of modified Escherichia coli Origami (DE3) cells [12]. These
cells, which carry mutations in the thioredoxin reductase and glutathione reductase genes,
provide an oxidising environment and, together with the disulfide bond isomerase, allow the
proper formation of disulfide bonds in the cytoplasm [13].

At least eleven protein sequence variants of bovine βLg have been described, with A and B the
most common variants [14]. Variant B differs from A by two amino acid substitutions:
Asp64Gly in the mobile surface loop (CD) and Val118Ala in the hydrophobic core [15]. Crystal
structures of both variants A and B at pH 7.1 have allowed observation of the structural
consequences of these sequence differences [11]. Only minor differences can be seen in the
calyx, while small changes occur in the main chain conformations in the vicinity of the
Asp64Gly mutation. The substitution of Val118 for Ala causes changes in the local structure
creating a void volume that weakens several hydrophobic interactions. This may be respon‐
sible for the slight decrease in thermal stability of variant B relative to variant A [11]. The
conformation of the EF loop is slightly different, but this may be due to differences in crystal‐
lisation or imprecision in definition due to the high mobility of this loop.

Crystal structures of ovine (sheep) [16, 17], caprine (goat) [18, 19] and reindeer βLg [20] indicate
that these orthologues share a high degree of structural similarity with bovine βLg, at both the
tertiary and quaternary level (Figure 3), with minimal root-mean-square deviations when
aligning the C-α atoms of these structures (Table 1). However, there are significant differences
between the structures of these orthologues and that of porcine βLg, which in the crystal
structure features a completely different quaternary association [21]. This is not unreasonable
considering the lower level of sequence identity (63–65%) between porcine βLg and bovine,
ovine, caprine and reindeer βLg, where the latter four share sequence identity in pairwise
comparisons of 93–99% (Table 1).

Figure 3. Crystal structure of caprine βLg (PDB: 4TLJ, pink) overlaid with bovine βLg structures (PDB: 1BSY, 1BSQ,
blue), ovine βLg (PDB: 4CK4, green), reindeer βLg (PDB: 1YUP, purple) and porcine βLg (PDB: 1EXS, grey). Monomer
A of each structure is superposed to highlight the variation in orientation of the second monomer.
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Bovine A Bovine B Ovine Caprine Reindeer Porcine

Bovine A

% sequence identity
rmsd monomer
rmsd dimer

100
-
-

98.77
0.208
0.221

95.06
0.463
1.023

95.06
0.397
1.400

93.21
0.429
0.569

65.00
1.849
19.36

Bovine B

% sequence identity
rmsd monomer
rmsd dimer

98.77
0.208
0.221

100
-
-

96.30
0.409
0.964

96.30
0.386
1.318

94.44
0.394
0.496

63.75
1.792
19.13

Ovine

% sequence identity
rmsd monomer
rmsd dimer

95.06
0.463
1.023

96.30
0.409
0.964

100
-
-

99.38
0.324
1.076

93.21
0.310
0.739

62.50
1.920
19.49

Caprine

% sequence identity
rmsd monomer
rmsd dimer

95.06
0.397
1.400

96.30
0.386
1.318

99.38
0.324
1.076

100
-
-

93.21
0.404
1.242

62.50
1.398
19.69

Reindeer

% sequence identity
rmsd monomer
rmsd dimer

93.21
0.429
0.569

94.44
0.394
0.496

93.21
0.310
0.739

93.21
0.404
1.242

100
-
-

65.00
1.723
19.06

Porcine

% sequence identity
rmsd monomer
rmsd dimer

65.00
1.849
19.36

63.75
1.792
19.13

62.50
1.920
19.49

62.50
1.398
19.69

65.00
1.723
19.06

100
-
-

Source: PDB IDs for structures used for alignment, performed in PyMol: Bovine A: 1BSY, Bovine B: 1BSQ, Ovine: 4CK4,
Caprine: 4TLJ, Reindeer: 1YUP and Porcine: 1EXS.

Table 1. The percentage sequence identity of βLg orthologue protein sequences, the rmsd when aligning the Cα atoms
of monomers and the rmsd when aligning the Cα atoms of dimers.

Although there is a high level of structural similarity among the bovine, caprine, ovine and
reindeer orthologues, there are subtle differences between them. When dimers are selected for
alignment the root-mean-square deviations for the superposition of these structures are higher
than when a single monomer is used for the alignment (Table 1). This indicates that while the
tertiary fold of these orthologues is similar, there is flexibility in the orientation of the mono‐
mers relative to each other (Figure 3), with different crystal forms, including those of bovine
βLg, sampling different conformations.

The ultrahigh resolution crystal structures of caprine and ovine βLg [17, 18] make it possible
to clearly define features that in lower resolution bovine and reindeer βLg structures are
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obscured by disorder and conformational promiscuity. These features include the long flexible
CD and GH loops, the C-terminal region, and the AB loops at the dimer interface. However,
the more mobile regions of bovine and reindeer βLg structure loops are also the more mobile
regions of the caprine and ovine βLg structures. The dimer interface in these ruminant βLg
structures is formed by the antiparallel association of the I β-strands and electrostatic interac‐
tions between Asp33 and Arg40 residues located within the AB loop of each monomer
(Figure 4). Hydrogen bonding between the main chain of Ala34 and the side chains of the Asp/
Arg pair holds this residue (Ala34) in an unfavourable conformation. The only other residue
found in a less favourable region of the Ramachandran plot is the highly conserved Tyr99,
which forms part of a γ-turn [22].

Bovine βLg undergoes several conformational changes with pH. Several studies have used
nuclear magnetic resonance (NMR) spectroscopy to determine the three-dimensional structure
of bovine βLg at pH 2.6 [23–25], where at very low ionic strength the protein becomes
monomeric (see the next section for more details on the oligomeric behaviour of βLg). While
monomer–dimer exchange makes it difficult to obtain NMR structures at neutral pH [26], this

Figure 4. Dimer interface of bovine βLg [PDB ID: 1BEB]. Close-up views of AB-loops and I-strands are shown where
inter subunit hydrogen bonds and electrostatic interactions between side chains and main chains can be seen.
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low pH NMR structure can be compared to crystal structures of bovine βLg solved at higher
pH values. The structure of this low pH form is very similar to a subunit of the dimer at pH
6.2 [23]. There are slight deviations in the orientation of the loops and of the three-turn helix
flanking the calyx, but overall the tertiary fold and, in particular, the hydrophobic cavity are
well maintained at low pH.

Bovine βLg undergoes another reversible pH-induced conformational change, termed the
Tanford transition [26, 27], at close to physiological pH that may be of functional significance.
This transition involves movement of the EF loop, which is located at the mouth of the calyx.
The EF loop is in a closed conformation at pH ~7.1 and below [11] , burying Glu89 as glutamic
acid, whereas it adopts an open conformation at pH values above 7, exposing Glu89 as a
glutamate. The structures of ovine, caprine and reindeer βLg solved at pH 6.5–7, 6.8 and 6.9,
respectively, all show the EF loop in the closed position, in agreement with bovine structures
below pH 7. A recent structure of caprine βLg [19] shows an asymmetric dimer with the EF
loop of one subunit in the closed position and the other in the open position, suggesting that
goat βLg also undergoes the Tanford transition. It is possible that the Tanford transition plays
a role in regulating the ligand-binding properties of βLg.

3. Oligomerisation

The oligomerisation of βLg has been studied intensively using various techniques including
analytical ultracentrifugation, isothermal titration calorimetry and small angle X-ray scattering
[18, 28–31]. Utilising both sedimentation velocity and sedimentation equilibrium analytical
ultracentrifugation, Mercadante et al. [31] investigated the oligomerisation of bovine βLg over
a pH range of 2.5–7.5. Interestingly, at pH 2.5, 3.5, 6.5 and 7.5, the weight-averaged sedimen‐
tation coefficient increased with increasing protein concentration, suggesting a monomer–
dimer equilibrium. However, at pH 4.5 and 5.5, the weight-averaged sedimentation coefficient
stayed the same, consistent with a single species (a dimer) predominating across the concen‐
trations used in the experiment. This suggests that the dimer is more strongly associated at pH
4.5 and 5.5, values which lie near the isoelectric point of the protein, than at pH 2.5, 3.5, 6.5 and
7.5.

Mercadante et al. [31] went on to characterise the binding energy of dimer formation as a
function of ionic strength. They demonstrated that an increase in ionic strength strongly
favours formation of the dimer. At low pH, dissociation of the dimer is extremely sensitive to
ionic strength. This is due to the fact that at low pH, ionic strength stabilises the dimer by the
association of anions near the dimer interface which mitigate charge repulsion of the positively
charged subunits. On the other hand, at neutral pH, a relatively low density of cations in the
region of the AB and GH loops can also help to stabilise the dimer, but the effect of ionic
strength is less pronounced due to the smaller magnitude of the nominal charge on the protein
(−9 at pH ~7.5 and +20 at pH ~2.5).

A recent paper [32], featuring the use of synchrotron FT-IR techniques to study the dimer–
monomer equilibrium at pH ~7 of bovine βLg at high salt and high protein concentrations,
reported dimer dissociation constants orders of magnitude greater that the micro molar values
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reported by a host of others (see Supplementary Table in reference (31). However, inspection
of the FT-IR data would support an interpretation that at the higher concentrations aggregation
and denaturation of originally dimeric βLg were occurring.

Importantly, the study by Mercadante et al. [31] indicates that under physiological conditions
bovine βLg self-associates into a dimer with a dissociation constant within the range of the
concentrations studied (5–45 μM). Bovine βLg is, therefore, likely to be dimeric at the concen‐
tration and pH typically associated with milk (~3 mg mL−1 or ~165 μM and pH 6.5 [33]). A
study of caprine βLg suggests a comparable dissociation constant as for bovine βLg under
similar conditions [18]. Given the high level of sequence identity between caprine and ovine
βLg [17], it is likely that ovine βLg exhibits similar oligomerisation behaviour. The nonrumi‐
nant equine and porcine βLg orthologues, however, are monomeric at physiological pH [21,
34]. In contrast to bovine βLg, through a domain-swapping mechanism, porcine βLg forms a
dimer at low pH [21].

The dimer interface of bovine, caprine, ovine and reindeer βLg orthologues is composed of an
intermolecular β-sheet formed between the I-strands of each monomer along with electrostatic
interactions and hydrogen bonds between residues located on the AB loops (see Figure 4).
Sakurai and Goto [28] investigated the impact of these elements on the monomer–dimer
equilibrium of bovine βLg at neutral pH using analytical ultracentrifugation. They engineered
mutants that either disrupted the intermolecular β-sheet or the electrostatic interactions
between the AB loops. All of the mutants that introduced a proline residue within the I-strand
led to dissociation of the dimer, due to disruption of the intermolecular β-sheet. Substitution
of the Asp33 or Arg40 residues of the AB loop with oppositely charged residues was also
unfavourable for dimer formation, due to the electrostatic repulsion introduced. When these
charge mutants were mixed they were able to form heterodimers, suggesting that the electro‐
static interactions between these aspartate and arginine residues contribute to stabilisation of
the dimer.

Some orthologues, however, such as equine βLg, exist as monomers at neutral pH despite the
presence of the I-strands and AB loop residues [35]. Sakurai and Goto [28] created another set
of bovine βLg mutants in which they substituted the remaining residues at the dimer interface
with those found in the monomeric equine and porcine βLg sequences. These sequence-based
mutations did not largely affect the association constant, indicating that dimer stabilisation
cannot be ascribed simply to the interface residues of bovine βLg that differ in the monomeric
βLg variants.

In a similar, but opposite, experiment Kobayashi et al. [36] aimed to convert the monomeric
equine βLg to a dimeric form by substituting I-strand and AB loop residues with those found
in bovine βLg. That is, Ser34 and Glu35 in the AB loop of equine βLg were replaced with Ala
and Gln, and the sequence comprising the I-strand was replaced with the corresponding
bovine βLg sequence. Interestingly these mutants did not form a dimer, further suggesting
that the difference in oligomerisation behaviour between the bovine and equine orthologues
cannot be explained simply by the sequence differences at the dimer interface. They hypoth‐
esised that structural differences must exist between equine and bovine βLg that prevent the
same interactions occurring at the dimer interface.
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To assess this, Ohtomo et al. [35] constructed a chimera named Gyuba, which means cow and
horse in Japanese. Gyuba was made by joining the secondary structural elements of bovine
βLg with the loops of equine βLg. The chimera was able to form dimers, and its crystal structure
showed that it had a very similar dimer interface as seen for bovine βLg (PDB ID: 3KZA). Taken
together, these studies suggest that the entire arrangement of the secondary structural
elements and loops of βLg, including hydrophobic interactions, hydrogen bonds between I-
strands, and electrostatic interactions and hydrogen bonds at the AB loops, is necessary for
dimerisation. Further, it is tempting to speculate that protein dynamics may also play a role
in dimer formation.

4. Interactions

Due to its similarity to retinol-binding protein, the ability of βLg to bind retinol was examined
by fluorescence spectroscopy [34]. The fact that retinol was able to bind to βLg, and that it
could be modelled into the crystal structure of βLg in a similar position as seen bound in retinol-
binding protein, led to speculation that the biological function of βLg is to transport vitamin
A in milk [6]. However, since then bovine βLg has been shown to be capable of binding a range
of small hydrophobic molecules, as demonstrated in various ligand-bound crystal structures.
These bound ligands include vitamin D [33, 37], vitamin A [38], cholesterol [33], a range of
fatty acids [39–43] and the fatty-acid derivative 12-bromododecanoic acid [9], as well as more
diverse molecules including SDS [44] and various anaesthetic drugs [45]. Ligand binding has
also been investigated by a variety of other methods, including equilibrium dialysis, affinity
chromatography, electron spin resonance spectroscopy, spectrophotometry and perturbation
of intrinsic tryptophan fluorescence [33, 46]. Provided that there is a chromophore on the
ligand, induced circular dichroism provides, along with X-ray crystallography, the most
definitive method for characterising the binding of ligands. These studies have revealed a
broad range of ligands that βLg is capable of binding to.

Ligand-bound crystal structures serve as definitive proof that small hydrophobic ligands are
accommodated within the hydrophobic calyx of βLg. Ligand binding, therefore, is dependent
on the opening of the EF loop at the mouth of the calyx which, for bovine βLg, occurs near pH
7 as Glu89 becomes deprotonated and is exposed as a glutamate. The pKa of Glu89 in porcine
βLg is higher than in bovine βLg (calculated 9.7 compared to observed 7.3 (see reference [11]
and references therein to Tanford's original work)), and thus porcine βLg is only able to bind
fatty acids above pH 8.6 [47]. In ligand-bound structures the density is often quite poor for the
extremity of the ligand and can be ambiguous as to which orientation the molecule faces.
However, most can be interpreted by taking into account their chemistry, for instance
cholesterol and vitamin D were built into their electron density placing their hydroxyl groups
facing out of the calyx as opposed to being buried in the centre of the protein [33]. Qin et al.
[9] used a fatty acid derivative, 12-bromododecanoic acid, to unequivocally determine the
orientation of the ligand in the binding site, with the carboxylate head group lying at the surface
of the molecule.
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The lining of the hydrophobic cavity is exclusively hydrophobic, except for two lysine residues
(Lys60 and Lys69) at the entrance to the calyx. It is generally agreed that there are two main
interactions between βLg and fatty acid ligands; one is the hydrophobic interaction between
the hydrocarbon tail of the fatty acid and the interior of the hydrophobic calyx, and the other
is the electrostatic attraction between the carboxyl group of the fatty acid and the amines of
Lys60 and Lys69. The strength of the interaction between βLg and fatty acids generally
increases as the length of the hydrocarbon chain increases, due to an increase in van der Waals’
forces. There is, however, an exception to this rule; the eight-carbon caprylic acid has a greater
binding affinity than the ten-carbon capric acid [43]. Until recently, there was no satisfactory
explanation for this result. Yi and Wambo [48] have used molecular dynamics simulations to
accurately compute the binding free energies between βLg and five saturated fatty acids of 8
to 16 carbon atoms. Their results agree well with experimental results; the binding free energy
increases with the number of carbon atoms of the fatty acid, with the exception of caprylic acid,
which has a higher binding free energy than the 2 carbon longer capric acid. The van der Waals’
forces between the fatty acid tails and the interior of the βLg calyx increase as the chain length
increases; however, for caprylic acid the electrostatic interaction between the carboxyl group
and the amines of Lys60 and Lys69 is stronger than these van der Waals’ forces which pulls
the caprylic acid closer to the top of the barrel. This allows the hydrophobic tail of caprylic acid
to fluctuate more easily, increasing the entropy of this complex, resulting in a greater overall
binding free energy.

A small number of studies suggests there may be a second, lower affinity, external binding
site for hydrophobic molecules [37, 49, 50]. The lower affinity of this binding site may explain
the difficulty in obtaining crystallographic evidence of this interaction. However, a crystal
structure was recently solved of bovine βLg that identifies two molecules of vitamin D3 bound,
one bound within the calyx and the second possibly bound at an exosite between the β-barrel
and the α-helix that lies alongside the barrel (Figure 5) [37]. The free thiol of βLg (Cys121) is
buried beneath this α-helix and methylation of this thiol appears to reduce the affinity for
palmitic acid compared to native βLg, whereas the binding of retinol is not affected [49]. A
second binding site may explain how βLg is capable of binding such a wide diversity of shapes
of ligands, yet more evidence, such as more convincing electron density, is required before the
existence of this site can be conclusively proven.

A definitive role for βLg is yet to be ascribed, although several predictions have been made.
Most suggestions are for a role in molecular transport between mother and offspring, due to
its demonstrated ability to bind a range of ligands. However, the specific identity of the ligand
being transported is not clear. Fatty acids have been seen bound to βLg isolated from milk
under nondenaturing conditions, but are present in quantities reflecting the fatty acid
composition of milk [51]. The apparent lack of selectivity makes it less likely that βLg is a
specific fatty acid or vitamin transporter. βLg may still be involved in fat metabolism; there is
evidence that βLg can stimulate a pregastric lipase, potentially by binding the fatty acid
products and thereby reducing their inhibitory effect on the enzyme [52].
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Figure 5. Front view (A) and top view (B) of the crystal structure of bovine βLg showing two molecules of vitamin D3

(magenta) bound, indicating the locations of the putative primary ligand-binding site within the central hydrophobic
calyx and the second proposed exosite between the β-barrel and the α-helix that lies alongside the barrel. (PDB ID:
2GJ5 [37]).

The closest homologue to βLg in humans is glycodelin (pregnancy protein 14). Inter alia,
glycodelin has an immunosuppressive activity in the uterus and is involved in protecting
products of the reproductive organs from the immune system [53]. Unlike βLg, glycodelin is
a glycoprotein, a property essential for its function. It has been hypothesised that βLg may
have diverged from glycodelin following a gene duplication event and has since lost all
glycodelin-related function [33]. βLg may now exist primarily as an important source of amino
acids for the offspring of the animals that produce it. However, the resistance of this protein
to proteolysis by pepsin [54] along with the high level of sequence conservation seen among
βLg orthologues, including the highly conserved Glu89 within the EF loop, argue against a
simple nutritive function.

Another enticing proposal is the notion that βLg may possess antimicrobial activity [55–57].
The intact protein appears to be capable of inhibiting the growth of Staphylococcus aureus,
Streptococcus uberis and E. coli bacteria largely responsible for the prevalent and costly disease,
bovine mastitis [55]. βLg also appears to augment the antimicrobial activity of lactoferrin, a
protein with a known role in the defence against mammary gland infections [56]. Pan et al. [58],
however, reported a lack of antimicrobial activity of native βLg, yet this may be due to the use
of a commercial preparation of βLg, as compared to the mild, nondenaturing isolation from
milk employed in the aforementioned studies. Pellegrini et al. [57] have also described the
antimicrobial activity of four peptides derived from βLg following trypsin digestion. This may
point to a protective physiological role in new born calves, perhaps in addition to a protective
role in the secretory tissue of the mother. Further studies are needed to provide a comprehen‐
sive understanding of the relevance of these findings and to address the mechanisms under‐
lying these antimicrobial observations.
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Upon heating, βLg (both bovine and caprine) associates with casein micelles through forma‐
tion of a βLg/casein complex [59], with covalent intermolecular disulfide bonds forming above
75 °C [60]. The pH at which the milk is heated is important in determining how much complex
is formed as well as the extent of dissociation of casein from the micelles, which is implicated
in the heat stability of the milk [59, 60]. Further studies such as these are necessary for
understanding how the processing of both bovine and nonbovine milk may affect the prop‐
erties of milk constituents and how these may then influence the digestion and immunoge‐
nicity of ruminant milk and their products.

Much research has been devoted to understanding the functionality of βLg in milk. There
remain large gaps in our knowledge of the interactions of proteins in milk under physiological
conditions. There is, therefore, a critical need for research into the interactions that occur
between βLg and protein components (other than caseins) in milk under physiological/
untreated conditions, as this may finally give us insight into the actual physiological role of
this protein and to identify factors that distinguish human neonate responses to milk products
sourced from different ruminants. In this regard, the structure of bovine βLg with human
immunoglobulin fragments is highly significant [61].

5. Conclusion

βLg has served as the focus of an extensive range of studies for well over half a century, creating
a wealth of knowledge about this enigmatic protein. We now have a clear view of the native
structure of βLg. This small globular protein is characterised by a central β-barrel composed
of eight antiparallel β-strands, creating a calyx that is well suited to binding hydrophobic
ligands. An α-helix lies alongside the barrel potentially creating a second, lower-affinity,
binding site for ligands. A ninth β-strand, along with the loop connecting the A and B strands,
forms the dimer interface of ruminant βLg.

Understanding the structure of βLg has given considerable insight into its behaviour in
solution. Under physiological conditions, ruminant βLg orthologues are predominantly
dimeric. The dimer interface involves 12 intermolecular hydrogen bonds and 2 ion pairs,
interactions that have been shown to be critical for dimer stability. At low pH the protein is
positively charged and thus under low-salt conditions it is monomeric. Increasing the ionic
strength screens these electrostatic repulsions and stabilises dimer formation.

Many questions regarding βLg remain and, in particular, the physiological function of the
protein is still a mystery. The proven ability of βLg to bind hydrophobic molecules along with
its stability at low pH, and resistance to proteolytic enzymes are strongly suggestive of a role
in fatty acid transport between mother and child. Alternatively, these qualities may enable
βLg to enhance milk fat metabolism through the promotion of pregastric lipase activity.
However, the absence of βLg in other species, most notably human, needs to be remembered
when considering the role of βLg.

The physicochemical properties of bovine βLg will, undoubtedly, continue to be investigated.
What is required now is a detailed understanding of these properties in closely related
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orthologues, in order to understand the underlying processes occurring during the processing
and digestion of different ruminant milks. There is also a significant need for exploration into
the interactions with βLg that are occurring naturally in milk. This may provide the necessary
insight into the function of this protein that is of physiological significance to the mother and/
or her offspring, and into the functionality of this protein in milk products from different
ruminants destined for human consumption.
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Abstract

The particle size of milk influences its microstructure and defines the qualities of dairy
products, such as colloidal stability and texture. Moreover, differences in casein micelle
size may affect milk processing, especially cheese making. Hence, the size of casein
micelle is an important characteristic of raw milk and determines the yield of dairy
products. The aim of the present research is to estimate the casein micelle size in the
raw milk of dairy cattle by dynamic light scattering. The obtained results may be used
for genetic elaboration of the breed, as well as to increase the competitiveness of the
milk industry by selection of animals with higher casein micelle size.

Keywords: dairy cattle, casein micelle size, dynamic light scattering, DLS, cow milk

1. Introduction

It is well known that the casein fraction of bovine milk exists as polydisperse, large, roughly
spherical colloidal particles, 50–600 nm in diameter (average ~150 nm), called “casein micelles”
[1]. The size, form, and structure of the casein micelle are of great importance for the milk industry
especially for cheese making, yellow cheese, etc. [2]. Casein micelle contains an average of 3.4
g H2O per gram dry matter, which consists approximately of 93% protein and about 7% of
inorganic component (Ca2+), formed phosphoprotein complexes. The casein micelle in milk
consists of four caseins: αs1- (CSN1S1), αs2- (CSNS2), β- (CSN2), and k-casein (CSN3). The latter
is important for the stability and properties of the casein micelle. Although k-casein is in a
relatively low amount of the casein system (12–15% of whole casein), it is soluble in the presence
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of Ca2+, whereas the remaining 85% of casein are precipitated by Ca2+. CSN3 stabilizes up to 10
times its weight of the Ca2+-sensitive caseins via the formation of micelles [3] (Figure 1).

Figure 1. Electron micrograph of an individual casein micell [4].

One of the most important issues concerning the casein micelle is how the casein particles
(micelles) in milk are stabilized and destabilized by the action of various agents and conditions.
Thus, various hypotheses of casein micelle structure are proposed.

2. Casein micelle structure

2.1. Coat-core models

The first model of casein micelle structure was proposed by Waugh and Nobel in 1965 [5]. This
model is based on the casein solubility in Ca2+ solutions. The model describes the formation of
low-weight-ratio complexes of αs1- and k-caseins in the absence of calcium. The monomers of
αs1- or β-caseins interact with a charged phosphate loop (Figure 2), then begin to aggregate

Figure 2. Structure of casein micelle proposed by Waugh [6]. (A) Monomer model for αs1- or β-caseins with charged
loop. (B) A tetramer of αs1-casein monomers. (C) Planar model for a core polymer of αs1- and β-caseins [7].
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to a limiting size (the caseinate core) while the calcium ions are added. Precipitation of the
caseinate is stopped after a monolayer of the low-weight αs1-k-casein complexes is formed.
This coat complex has the k-casein monomers spread out completely on the surface [8].

2.2. Sub-micelle (subunit) models

The first sub-micelle model was proposed by Morr in 1967 [9]. Morr considered that αs1-, β-,
and k-casein monomers form small uniform submicelles. The submicelles, estimated by
sedimentation velocity studies, are stabilized by hydrophobic bonding and calcium caseinate
bridges, and the submicelles are aggregated and held together by colloidal calcium phosphate
linkages with a micelle structure covered by αs1- and k-casein [7, 10].

The model, described by Slattery and Evard [11] and Slattery [12], falls in the last category. In
this model, the caseins first aggregate via hydrophobic interaction into subunits of 15–20
molecules each. The pattern of interaction is such that it brings about a variation in the k-casein
content of these submicelles. The k-casein congregate on the micelle surface, those submicelles
poor (like αs and β-casein) or totally deficient in k-casein are located in the interior of the
micelle (Figure 2). This model does not explain what provokes the segregation of the k-casein
or why k-casein molecules, having preferred to associate with their own kind to form aggregate
patches in the k-rich submicelles, should then associate with the other caseins to complete the
building of the submicelle. Another criticism of this model is the late entry of calcium phos‐
phate into the assembly process by Slattery and Evard [11]. Separating the caseins from calcium
and phosphate until this point in the assembly process is not really possible, since both calcium
and phosphate are involved in the phosphorylation of the protein chain which occurs post-
translation [13] immediately and presumably before the association of the chains into submi‐
celles.

Figure 3. Representation of the casein micelle dual binding model proposed by Horne [16].
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2.3. Internal structure models

The last category of models is based on the properties of the isolated casein constituents,
causing or directing the formation of the internal structure of the casein micelle [7].

The first internal structure model was suggested by Rose in 1969 [14]. He assumed that β-casein
monomers begin to self-associate into chain-like polymers. Subsequently, αs1-caseins mole‐
cules are attached to the β-casein polymers, while k-caseins interact with αs1-caseins, forming
aggregates of limited size. Upon forming the micelle structure, colloidal calcium phosphate
acts as a stabilizing agent and cross-links the network. In addition, these micelle networks are
oriented in such a way that β-casein is directed internal, while the k-casein is directed external
[8].

An alternative internal structural model is proposed by Holt [15] with the help of transmission
electron micrographs. This model emphasized the role of hydrophobic interactions in giving
rise to submicelles, the Holt model relies solely on the interactions between the caseins and
calcium phosphate to hold the micelle together. In this model, the calcium phosphate is in the
form of nanoclusters and the interaction sites on the caseins are the phosphoseryl clusters of
the calcium-sensitive caseins (Figure 3). Because aS1- and aS2-caseins have more than two such
clusters, arguably in the case of aS1-casein, they are able to cross-link the nanoclusters into
extended 3-dimensional network structures. The dual-binding in Holt models is in the size of
the nanocluster and in the number of phosphate clusters (or casein molecules) that the surface
of the nanocluster can accommodate (Figure 4).

Figure 4. Schematic representation of Holt’s model. The calcium phosphate formed nanocluster as interact with phos‐
phoseryl residue of caseins [16].
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3. Dynamic light scattering

Dynamic light scattering (DLS), sometimes referred to as quasi-elastic light scattering (QELS)
or as photon correlation spectroscopy (PCS), is a non-invasive, well-established technique for
measuring the size and size distribution of molecules and particles typically in the submicron
region, and with the latest technology lower than 1 nm.

A laser or any other monochromaric light source is shot through a polarizer and into a sample.
The scattered light is then sent through a second polarizer where it is collected by a photo‐
multiplier. The resulting image is then projected onto a screen and this phenomenon is known
as speckle pattern (Figure 5) [17].

Figure 5. Principle of dynamic light scattering. www.brookhaveninstruments.com.

All of the molecules in the solution are being hit with the light and all of the molecules diffract
the light in all directions [18]. The diffracted light from all of the molecules can either interfere
constructively (shown as light regions) or destructively (shown as dark regions). The process
is repeated at short time intervals. The resulting set of speckle patterns is then analyzed by an
autocorrelator in order to compare the intensity of light at each spot over time. The polarizers
that are being used can be set up in two geometrical configurations. One of the polarizers is
set in a vertical/vertical (VV) geometry, while the second polarizer allows light through which
is in the same direction as the primary polarizer. On the contrary, in vertical/horizontal (VH)
geometry, the second polarizer allows light which is not in same direction as the incident light.

3.1. Practical realization

DLS is used for characterization of the various particle sizes (PSs), including proteins, carbo‐
hydrates, micelles, polymers, and nanoparticles. If the system is not dispersing in size, the
average effective diameter of the particles can be determined [19]. This measurement depends
on many factors as size of the particle core, size of surface structures, particle concentration,
and the type of ions present in the medium. The diffusion coefficient of the particles can be
determined since DLS typically measures fluctuations in scattered light intensity due to
diffusing particles. DLS software of commercial instruments displays the distribution of
particle population at different diameters [20]. In a monodisperse system, there should be only
one population, while a polydisperse system would exhibit multiple particle populations. If a
sample contains more than one size population, then either the CONTIN analysis should be
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applied for PCS instruments or the power spectrum method should be applied for Doppler
shift instruments [21]. DLS can be used for convenient stability studies. Conducting periodical
DLS measurements of a sample can demonstrate whether the particles aggregate over time.
This can be achieved by checking for an increase in the particle hydrodynamic radius. If
particles actually aggregate, a larger population of particles with a larger radius should be
observed. In addition, some DLS machines can analyze stability depending on temperature
by controlling the temperature in situ.

4. Measurement of casein micelle size by dynamic light scattering (DLS)

The average casein micelle size varies widely between milk samples of individual cows. Casein
micelle size is also variable and can range between 154 and 230 nm in milks from individual
cows [22]. Moreover, micelles as small as 125 nm and as large as 487 nm have been reported
in fractionated bulk milk [23]. Casein micelle size may be influenced by cow genetics, e.g.,
casein protein variants [24–26], protein post-translational modification involving phosphory‐
lation and glycosylation of casein molecules, and the levels of mineral compounds, such as
calcium, in the milk [27]. Micelle size may also be influenced by farming and environmental
factors such as feed [28] and season [29]. On the other hand, casein micelle size is of an
important significance concerning influence the renneting behavior and the texture of
manufactured dairy products [30]. The main used techniques for the analysis of PS and particle
size distribution (PSD) are DLS, nanoparticle tracking analysis (NTA), scanning electron
microscopy (SEM), size exclusion chromatography (SEC), cell electrophoresis, analytical
ultracentrifugation (AUC), etc. Various analytical techniques may give different results [31–
34]. DLS is the most user-friendly and it gives relatively accurate and consistent results of
protein samples which can be obtained in a short period of time [35]. The size of casein micelle
is estimated in raw milk samples, pasteurized milk, bulk milk, milk powder, etc. Here we will
highlight determining of casein micelle size in raw milk by the DLS method.

Research of Bijl et al. [25] have revealed the casein micelle size in raw milk in 50 Holstein-
Friesian cows and 54 Montbéliarde cows. Initially, all animals were genotyped for the k-casein
gene. On the basis of average casein micelle size, the authors defined two types of micelles:
small (170.6 ± 9.1 nm) and large (206.7 ± 5.0 nm). The results showed no significant differences
between the two types of micelles and caseins concentration in milk. On the other hand, there
was a positive influence between k-casein and casein micelle size. The mean casein micelle size
in CSN3 AA cows was 203.5 ± 14.6 nm), while in cow with AB genotype, it was 173.1 ± 5.4 nm.
This study was the first to report a correlation between casein micelle size and glycosylation
of k-CN. The authors concluded that changes in the structure of k-casein clusters caused by
glycosylation can influence micellar stabilization during or after casein micelle formation in
the mammary gland, and thereby influence casein micelle size.

Another study by de Kruif and Huppertz [22] has revealed the casein micelle size in individual
milk samples in 18 Holstein-Friesian cows by DLS measurement. Data from Figure 4 showed
clear differences between hydrodynamic radius (Rh) between cows but do not vary as a
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function of stage of lactation. To study the effect of different lactations on casein micelle size,
the authors have collected the individual milk samples from 68 cows.

The results revealed that Rh did not change during milking, lactation, or even over a period
of 3 years. This suggests that casein micelle size is strongly genetically determined and is
extremely constant in the milks of individual cows. In this study, casein composition of each
individual milk samples was determined by RP-HPLC. The results showed that first there
were no significant differences between casein composition, as a function of stage of lactation,
and second, casein composition did not influence on the casein micelle size (Figure 6).

Figure 6. Hydrodynamic radius at a scattering angle of 93° in the milk of 15 individual cows taken at 4 different time
points during a single lactation [22].

The study of Hristov et al. [26] aimed to compare the size of casein micelle in individual milk
samples in dependence of kappa casein (CSN3) genetic polymorphism in 16 cows of Bulgarian
Rhodopean cattle breed. The three defined kappa casein genotypes AA, AB, and BB were used
for determining the casein micelle size by DLS. On the other hand, individual milk samples of
each cow were assessed for protein and fat content. The results showed differences in the size
and polydispersity of the casein micelles in milk from cows with different genotypes. The
hydrodynamic radii of micelles at a scattering angle of 90°C varied from 80 to 120 nm and
polydispersity varied from 0.15 to 0.37. The authors concluded that the casein micelle size of
CSN3 AA cows (~120 nm) exceeds in about 60% of cows with AB (~80 nm) and BB genotype
(~70 nm). In contrast, protein and fat content in milk cannot be correlated to casein micelle size.
The obtained results could be useful for improving technological properties of milk and the
yield of milk products (Figure 7).

Beliciu and Moraru [36] have analyzed the effect of the solvent on the accuracy of casein micelle
PS determination by DLS at different temperatures and how to establish a clear protocol for
these measurements. DLS analyses were performed at 6, 20, and 50°C in raw and pasteurized
skimmed milk as sources of casein micelles. The pH, ionic concentration, refractive index, and
viscosity of all solvents were determined. The solvents were evaluated by DLS to ensure that
they did not have a significant influence on the results of the PS measurements. The authors
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concluded that when an ultrafiltered permeate was used as a solvent, the PS and polydispersity
of casein micelles decreased as temperature increased. The effective diameter of casein micelles
from raw skimmed milk diluted with ultrafiltered permeate was 176.4 ± 5.3 nm at 6°C, 177.4
± 1.9 nm at 20°C, and 137.3 ± 2.7 nm at 50°C. Overall, the results of this study suggest that the
most suitable solvent for the DLS analyses of casein micelles was casein-depleted ultrafiltered
permeate. Dilution with water led to micelle dissociation, which significantly affected the DLS
measurements, especially at 6 and 20°C.

A similar investigation was carried out by Mootse et al. [37]. The authors aimed to study casein
micelle size in individual Estonian Holstein dairy cows during 1-year period by DLS. The main
results of this study can be summarized as follows: 1) The average mean intensity (mode) of
casein micelle particle size distribution (CM PSD) in raw milk of Estonian Holstein dairy cows
was 171.13 nm and its variation (range 135–210 nm) resembled statistically normal distribution.
2) There was a weak correlation between average mode and its variation in milk samples of
individual cows which may refer to the possible influence of cows' physiological status, disease
incidences, and stages of lactation, etc., which will be studied in a further research.

Devold et al. [28] have screened the influence of genetic milk protein variants on mean size of
native and heated casein micelles in 58 cows of Norwegian red cattle breed. The results showed
that the mean size of native and heated casein micelles was significantly influenced by the
following parameters: group of cows (different feeding regime), genotype of αS1-casein (native
mean size only) and k-casein, pH and the content of casein, whey protein, and casein number
(Table 1).

Figure 7. Representative DLS distributions in raw milk sample from heterozygous AB (CSN3) cow: a) correlation func‐
tion, b) intensity particle size distribution, and c) multimodal number particle size distribution [26].
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Variable Mean size of casein micelles

Native Heated Change

αs1-CN (BB > BC)a c c

β-CN c c c

α-CN (AA, AE > AB)b (AA, AE > AB)a c

β-lg c c c

Fed. reg. (Gr.3E > Gr.1)a (Gr.3E > Gr.1)a c

W.O.Lact. c c c

Casein (%) b b c

WP (%) b b c

Casein no. b a c

pH a a c

Ca2+ c c a

Ca c c c

Mg c c c

Citrate c c c

a p < 0.05.
b p < 0.01.
c N.S. = non-signifcant [28].

Table 1. Variation for mean size of native and heated casein micelles and for heat-induced change in size.

Figure 8. Scanning electron microscopy (SEM) imaging of the casein gel network produced from left, small casein mi‐
celle, and right, b large casein micelle milks. Images are at 10,000× magnification, scale bar = 1 μm [30].

Logan et al. [30] investigated the combined effects of milk fat globule size (MFG) and casein
micelle size in bulk milk on the onset of gelation and the maximum rate of gelation. The results
showed that casein micelle size is the major determinant of rennet gel strength. Milk fat
globules could conceivably enhance the rheological properties of the rennet gel depending on
their size in relation to the pore size of the casein micelle network. When the gels were formed
with milks of large casein micelle, the size of MFG did not affect the gel properties, probably
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because both large and small MFG were smaller than the pore size of the large casein micelle
network. On the other hand, when the gels were formed with milks of small casein, the large
MFG enhanced the gel firmness more than the small MFG. It is possible that when the size of
large MFG fits well with the pore size of the casein micelle network, a synergistic effect on
rennet elastic gel network is provided (Figure 8).

Finally, the effect of gross composition, protein composition, total and ionic calcium content,
phosphorous content, and casein micelle size on chymosin-induced gelation was determined
in milk from 98 Swedish Red cows by Gustavsson et al. [36]. The obtained results showed that
protein content, ionic calcium concentration, total calcium content, and casein micelle size were
the most important factors explaining the variation of gelation properties in this sample set of
Swedish red cows. Furthermore, it was shown that composite effect of beta and kappa casein
genetic variants have an effect on casein micelle size and it was suggested that this could be
the reason for previously published differences in gelation properties between the composite
genotypes in the present data set. Non-coagulating milk is a problem in Swedish red cows and
the present study showed that non-coagulating milk is more common in cows in their first
parity than in cows in their second parity.

5. Conclusion

Many products in the food industry, including milk, ice cream, mayonnaise, jam, etc., are
colloids or have been produced via colloids. Dispersed particles determine, through their
concentration, distribution, size, and structure, the physicochemical and organoleptic quality
properties of a product. Additionally, the complex interactions between colloidal particles and
with other ingredients will contribute to the rheology, texture, stability, appearance, and many
other food characteristics. Techniques to measure the particle properties of the colloid systems
allow for better understanding of these complex relations and further improvement food
processing techniques and recipes. Furthermore, the implementation of such sensing-technol‐
ogies in a food plant could enable online monitoring of the colloids or the derived products
during the production process and promote early detection of an altering product quality.
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