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Dairy bioactive proteins and peptides: a narrative review

Nancy  Auestadand  Donald K. Layman

Milk proteins are known for their high nutritional quality, based on their essential
amino acid composition, and they exhibit a wide range of bioactivities, including sa-
tiety, antimicrobial, mineral-binding, and anti-lipidemic properties. Because of their
unique water solubility, milk proteins are readily separated into casein and whey
fractions, which can be further fractionated into many individual proteins, including
alpha-S1- and alpha-S2-caseins, beta-casein, and kappa-casein, and the whey pro-
teins alpha-lactalbumin, lactoferrin, beta-lactoglobulin, and glycomacropeptide.
Many of these proteins have unique bioactivities. Further, over the past 30 years,
peptides that are encrypted in the primary amino acid sequences of proteins and re-
leased along with amino acids during digestion are increasingly recognized as bio-
logically active protein metabolites that may have beneficial effects on human
health. This review examines the current state of the science on the contribution of

dairy proteins and their unique peptides and amino acids to human health.

INTRODUCTION

Milk and dairy products are widely recognized as sources
of dietary calcium, vitamin D, and protein and are recom-
mended as an essential part of a healthy diet." Milk is nat-
urally a whole food, and its nutrients are among its many
biologically important components in a complex struc-
tural matrix.”> Considerable progress has been made in
understanding of the biological functions of the individ-
ual components of milk and their health benefits. Milk
has long been recognized as important for growth and
development, and a growing body of evidence from sys-
tematic reviews and meta-analyses of well-controlled co-
hort studies indicates beneficial or neutral associations
between the consumption of milk and dairy products and
the risks of hypertension,” cardiovascular disease,”*’
and type 2 diabetes™'° for adults.

Milk proteins, which are known for their high nu-
tritional quality, based on their essential amino acid
composition, also exhibit a wide range of bioactivities,
including satiety, antimicrobial, mineral-binding, and
Further, the past
30years, peptides that are encrypted in the primary

anti-lipidemic properties. over
amino acid sequences of proteins and released along
with amino acids during digestion are increasingly rec-
ognized as biologically active protein metabolites that
may have beneficial effects on human health."!

Dairy products account for 16% of the average
daily protein intake by adults in the U.S. (~13 g/d).">"
If dairy consumption in the U.S. increased from the
current 1.7 servings to 3 servings per day as recom-
mended by the U.S. Dietary Guidelines for Americans,’
the daily contribution of dairy foods to total protein in-
take could be to as high as 22%-31%."* Food pattern
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modeling studies conducted by the U.S. Dietary
Guidelines Advisory Committee demonstrated that 3
daily servings of low-fat or fat-free dairy foods in
healthy dietary patterns are needed to achieve recom-
mended nutrient intakes, especially for calcium,
vitamin D, and potassium, which are considered at-risk
nutrients in the U.S. diet."*

The proteins in milk and dairy products are present
within a complex matrix that encompasses diverse
attributes of milk and dairy products. These attributes
include structural elements (eg, casein micelles, milkfat
globules), different forms (eg, solid, gel, liquid), textural
features, and how dairy’s nutrients and other biologi-
cally important components are compartmentalized."
The architecture of the dairy matrix, together with its
components, positively affects digestive processes, ab-
sorption of nutrients and other compounds, and physi-
ological functions.

This review examines the current state of the sci-
ence on the contribution of dairy proteins and their
unique peptides and amino acids to human health.

MILK AND DAIRY PRODUCTS

Milk is a unique food matrix that consists of 87% water,
4% lipids, and 9% water-soluble compounds (protein,
lactose, and various minerals and vitamins)'® and that
allows for fractionation and isolation. Early examples of
taking advantage of milk characteristics include separa-
tion of cream for making butter, and precipitation of
the casein curd for cheese. Fractionation and processing
methods have evolved considerably."®™'® For example,
concentrated forms of milk proteins are widely available
today for use as ingredients and dietary supplements.

Milk, cheese, and yogurt are the most widely con-
sumed dairy foods worldwide. Milk is available as whole
milk, lower-fat milks, and non-fat milk, in both liquid
and powder forms. The many varieties of cheese are
made from raw or pasteurized milk and broadly charac-
terized as natural or processed cheeses. In cheese pro-
duction, heat treatment, bacterial fermentation, culture
times, pH, the sequence of processing steps, use of salt-
ing or brining, and block formation processes vary
depending on the type of cheese. Bacterial starter cul-
tures (ie, lactic acid bacteria) produce lactic acid, which
lowers the pH and aids with coagulation. Lactic acid, to-
gether with the addition of the enzyme rennet, and heat
treatment cause casein to coagulate, forming the cheese
curd and the aqueous whey fraction.

Yogurt is a fermented milk product that is pro-
duced using bacterial cultures. Varieties of yogurt in-
clude plain, Greek-style, and sweetened flavored yogurt.
In yogurt production, the starter cultures, typically
Lactobacillus bulgaricus and Streptococcus thermophilus,

ferment lactose to produce lactic acid, which lowers the
pH and aids in formation of the soft protein gel that is
characteristic of yogurt. Fermented milks, such as cul-
tured milk and sour milk, also are produced using one
or more lactobacilli strains. Lactobacillus species not
only form lactic acid, but also hydrolyze milk proteins,
releasing free amino acids (which are needed for their
growth) and peptides.'” The pattern of amino acids and
peptides produced varies considerably depending on
the species and strain of Lactobacillus bacteria and the
culture conditions.

Homogenization and pasteurization of milk for
consumption or further processing employ well-
established standards.'® Homogenization reduces the
size of milkfat globules and evenly distributes the milk-
fat in the liquid dairy matrix. Pasteurization destroys
pathogens, reduces spoilage microorganisms, and inac-
tivates endogenous enzymes that may decrease the qual-
ity of the milk. The most common heat treatment is
high-temperature short-time (HTST, 72°C, minimum
of 15s)."%" Ultra-high-temperature pasteurization
(UHT; 135-150°C, minimum of 2s) is more common
in some countries’’ and has the benefits of allowing
longer shelf life and storage at room temperature when
packaged aseptically.”® Dairy processing standards and
country-specific regulations across the globe provide
for the safe consumption of dairy foods, consistency in
composition and labeling, and quality assurance for
global trade.

Physicochemical changes in dairy proteins can oc-
cur during the processing of milk and dairy products.”
Depending on the exact processing conditions, the
modifications to whey and/or casein may include dena-
turation, aggregation, glycation, oxidation, cross-
linking, racemization, and dephosphorylation. A sys-
tematic review of descriptive research, in vitro digest-
ibility models, animal studies, and a single human
clinical trial*! found no overall effect of heat treatments
used in processing liquid milk on dairy protein digest-
ibility or bioavailability.”"*’ In vitro and animal studies
similarly demonstrated no effects of dairy protein dena-
turation on overall protein digestibility, but glycation
was shown to decrease dairy protein digestibility and
amino acid availability.”” Research on other processing
effects is limited mainly to descriptive studies. Human
clinical research examining dairy processing effects on
health-related outcomes, however, is scarce.”"** 2
Although there is a lack of human trials evaluating the
human health implications of dairy processing effects
on casein and whey proteins, decades of research on the
nutritional quality and human health benefits of dairy
proteins have been conducted with milk and dairy
products produced using processes consistent with in-
dustry and regulatory standards.
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DAIRY PROTEINS

The major proteins in milk are casein and whey. The
minor proteins (which are mainly components of the
outer layer of milkfat globule membranes and include
membrane globular proteins, glycoproteins, and lipo-
proteins) account for less than 2% of total milk proteins.
Casein proteins form aggregates within the milk matrix
that give milk its white color. The biological activities of
caseins derive from their amino acid content and their
mineral-carrying activity, which helps in the passive ab-
sorption of minerals.

Whey is the water fraction resulting from cheese-
making and contains dozens of high-quality proteins
(with respect to essential amino acid content, bioavail-
ability, and bioactivities).”’

Of the 9 essential amino acids, whey proteins are no-
tably rich in lysine, methionine, leucine, and tryptophan,
which are generally the most limiting amino acids in other
foods, and 1 or more of these 4 amino acids are always
limiting in plant proteins.”® Protein quality scores (ie,
Digestible Indispensable Amino Acid Scores; DIAASs) for
each of these amino acids range from 2.3 to 3.3 for whey
proteins, while the DIAASs range from 0.9 to 1.0 for soy
protein isolate and are less than 0.8 for wheat proteins.”
The exceptional protein quality makes milk proteins, and
specifically whey proteins, ideal for use as complementary
proteins and for creating balanced meals.

Whey proteins

Whey protein gained attention for its protein quality in
the late 1990s with the confluence of multiple research
areas that recognized the importance of skeletal muscle
in maintaining both functional mobility and cardiome-
tabolic health. Aging, weight management, type 2 diabe-
tes, bed rest, acute injury, and chemotherapy are all
conditions in which body composition, muscle mass,
and metabolic health are determinates of long-term
outcomes.””**">* The key finding that linked whey pro-
tein to skeletal muscle health was the discovery of the
role of mechanistic target of rapamycin (mTOR) in reg-
ulating post-meal anabolic responses in skeletal muscle.
mTOR is an intracellular protein complex that integra-
tes multiple nutrients, energy, and hormonal signals to
determine whether the cell environment can support an
anabolic response of protein synthesis.” Regulation of
mTOR differs across tissues and with age. In skeletal
muscle, mTOR integrates 4 signals: (1) hormones (insu-
lin and IGF-1), (2) energy (ATP status via AMPK), (3)
physical activity (REDD1), and (4) amino acid concen-
trations (specifically, the branched-chain amino acid
leucine).”* When these components are correctly bal-
anced, mTOR triggers the initiation phase of protein
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synthesis in skeletal muscle. In children and young
adults, growth hormones and energy dominate the
mTOR signal response, while in adults the critical signal
is the intracellular leucine concentration.

The importance of the mTOR signal and the high
concentration of leucine in whey protein can only be
appreciated in the context of daily protein turnover.
Every day, adults need to make 250-to 300g of new
proteins to repair and replace existing proteins. This
process occurs with continuous cycling between the
synthesis and breakdown of proteins, and while skeletal
muscle accounts for approximately 50% of total body
protein, it receives only about 25% of the newly formed
proteins.’ The body prioritizes de novo protein synthe-
sis to essential organs, including the liver, heart, and GI
tract. This distribution of new proteins is important for
understanding age-related loss of skeletal muscle (ie,
sarcopenia), and it becomes critically important during
acute catabolic conditions such as weight loss for treat-
ment of obesity, during bed rest for illness or surgery,
and after intense exercise.’>’

During post-absorptive periods, such as during
overnight fasting, the mTOR signal in skeletal muscle is
turned off, reducing protein synthesis, and shifting
muscle to net protein breakdown. Amino acids released
from muscle proteins become available for protein syn-
thesis and energy use in essential organs such as the
liver, spleen, and GI tract. This cycling of protein turn-
over allows muscle to serve as a type of amino acid res-
ervoir for essential organs during periods of fasting,
starvation, or stress. This signal remains catabolic until
a meal provides adequate leucine to stimulate mTOR.
Extensive research has shown this triggering threshold
for mTOR to require a minimum of 2.5 g of leucine.

Leucine accounts for 11% to 12% of whey proteins,
approximately 8% to 9% of animal proteins (eggs,
meats, and fish) and approximately 6% to 8% of plant
proteins (soy, pea, wheat, oat, and quinoa).”® Hence, a
meal with 20-25 g of whey protein can provide the leu-
cine threshold of 2.5g, while meats require approxi-
mately 30g of protein and plants require 35-40g of
protein to provide adequate leucine to trigger the post-
meal anabolic response in skeletal muscle.”” Whey pro-
teins have gained extensive use for anabolic recovery,
generating maximum response with the least total pro-
tein and least total calories, which are important consid-
erations for weight management, conditions of limited
food intake such as illness or aging, or for post-exercise
recovery, including muscle-building use for athletes.*®

Alpha-lactalbumin

Whey protein has also become an important source of
individual proteins with unique bioactivities. The most



studied of the individual proteins in the whey fraction
are alpha-lactalbumin (a-Lac), lactoferrin, and glycoma-
cropeptide.”” Alpha-lactalbumin accounts for approxi-
mately 22% of the total protein and 36% of the whey
protein in human milk. It is a water-soluble protein
containing 129 amino acids and is notable for its com-
paratively high content of tryptophan, lysine, cysteine,
and the branched-chain amino acids. Beyond its high
protein quality supporting growth and development, o-
Lac exhibits diverse bioactivities involved in sleep,
mood, gastrointestinal function, mineral absorption,
and immunity. There is no consensus about the precise
mechanism(s) for these observed bioactivities, but most
research points to the unique amino acid composition
and specifically the tryptophan and cysteine concentra-
tions in o-Lac.”®

Alpha-lactalbumin contains nearly 4 times the level
of tryptophan compared with that of egg, beef, soy, or
wheat proteins.”® Tryptophan is the direct precursor of
serotonin, the neurotransmitter produced in the brain,
kidney, lung, and the gut epithelial cells. In the brain,
serotonin has been shown to enhance sleep, improve
mood, and regulate food intake. Tryptophan supple-
ments have been shown to increase serotonin produc-
tion, enhancing sleep, including sleep latency (time to
fall asleep), sleep depth, and sleep duration. Although
research using a-Lac as a source of tryptophan is less
consistent, a 20-g a-Lac supplement providing 4.8 g of
tryptophan has been shown to enhance sleep quality.”

Alpha-lactalbumin also has a unique ratio of cyste-
ine/methionine of nearly 5:1 (compared with ratios of
approximately 1:2 in egg, beef, soy, or wheat proteins),
plus the a-Lac structure contains 4 unique disulfide
bridges, contributing to its tertiary configuration.
Cysteine is the amino acid precursor of glutathione and
taurine, and the disulfide bridges appear to contribute
to prebiotic-like characteristics of a-Lac.”®

Alpha-lactalbumin, along with other whey proteins,
including lactoferrin and immunoglobulins, exert di-
verse physiological roles on gastrointestinal function,
including cell development, motility, and antimicrobial
activity.”® The activity of a-Lac may be associated with
tryptophan and serotonin production, cysteine as a di-
rect precursor for production of the antioxidant gluta-
thione, or with peptides such as pentapeptides linked by
a disulfide bridge or glycyl-leucyl-phenylalanine pro-
duced by trypsin digestion in the small intestine.*’
These peptides have been shown to have antibacterial
activity in animal and isolated cell systems***'; how-
ever, the physiological significance of these peptides in
the human gastrointestinal tract remains largely
unknown.

Because of its unique amino acid profile and its
high concentration in breast milk, «-Lac has been

extensively studied for use in infant formulas. Most
dairy-based infant formulas are supplemented with
whey proteins and often with a-Lac—enriched prepara-
tions. Alpha-lactalbumin has received relatively little at-
tention for use in adult nutrition.*®

Lactoferrin

Lactoferrin (Lf) is an iron-binding protein expressed in
virtually all secretory fluids, including tears, saliva, nasal
secretions, vaginal fluids, semen, bile, and gastrointesti-
nal fluids, and it is most highly concentrated in milk.
Lactoferrin is the second-most predominate protein in
human milk. Lactoferrin is a glycoprotein containing
approximately 690 amino acids, and it is highly con-
served across all mammalian species. It contains 2 min-
eral-binding sites that strongly bind iron but can also
bind copper, zinc, and manganese. Initial studies of
breast milk reported that Lf facilitates intestinal iron ab-
sorption in the newborn. Lactoferrin supplements have
been shown to improve the iron status of female dis-
tance runners and during pregnancy; however, compar-
isons of infant formulas with or without Lf demonstrate
similar iron absorption.**™**

Beyond being an important food for essential
amino acids and iron delivery, Lf exhibits a wide range
of bioactivities related to host defenses, including anti-
bacterial and antiviral functions, enhanced intestinal
cell development, and immunity.* The mechanisms for
these bioactivities have been extensively investigated;
however, conclusive modes of action
speculative.

Early research demonstrated Lf to have bacterio-
static activity against intestinal pathogens, including
Escherichia coli, Helicobacter pylori, and Vibrio cholerae.
Lactoferrin adheres to the bacterial cell wall, and its
strong iron-binding capacity allows it to compete with
the bacteria for iron, ultimately depriving the bacteria
of an essential nutrient. Iron-binding sites on Lf are
typically only approximately 30% saturated in milk,
allowing Lf to retain significant capacity to bind addi-
tional iron.*

Subsequent studies of Lf reveal that the bactericidal
function may also be associated with direct interaction
of Lf with the bacterial cell membrane. Lactoferrin
binds directly to the cell surface of bacteria, damaging
the external cell membrane through interaction with
lipopolysaccharides, causing increased permeability and
cell damage from lysozyme activity.*’

Lactoferrin also binds to enterocytes on the gut
mucosa, stimulating normal cell development and re-
ducing inflammation. In animal studies, Lf has been
shown to inhibit the production of inflammatory cyto-
kines TNF-o, IL-1b, and IL-6.*> In total, Lf has been

remain
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shown to enhance iron status in infants and at-risk
groups and to have potential therapeutic effects in rela-
tion to bacterial infection and inflammation.

Beta-lactoglobulin

Beta-lactoglobulin (f-Lg) is the predominate whey pro-
tein in milk from ruminant animals. It is absent, or pre-
sent possibly in minor quantities, in human milk.** In
bovine milk, -Lg accounts for approximately 10% of
total milk protein and approximately 58% of the whey
proteins. Beta-lactoglobulin is a relatively small peptide
chain containing 162 amino acids. It exists in bovine
milk as a 36 kDa molecular weight dimer. Beta-lacto-
globulin exhibits high solubility and clarity over a broad
pH range (ie, pH 3 to 7) and has excellent gelling and
foaming properties, making it useful for food applica-
tions.”” However, as a protein absent in human milk,
there are concerns about f-Lg allergies.*®

Research suggests a diverse array of potential roles
of f-Lg in milk, including enhancing transport and up-
take of hydrophobic ligands (ie, retinol and long-chain
fatty acids), enzyme regulation, and development of
passive immunity for the neonate.*” However, the most
obvious role is serving as a rich source of essential
amino acids.*” Because of its solubility, rapid digestibil-
ity, and high biological value, fi-Lg is a major contribu-
tor to the characteristics that make whey proteins
attractive for protein supplements, protein-fortified
beverages, and sports drinks.

Functional roles of -Lg in ruminant offspring and
applications in human nutrition have been investigated
but remain speculative.*””” Many of the bioactivities at-
tributed to f-Lg are derived from peptides produced by
enzyme hydrolysis and largely studied in isolated cell
systems.”’ These bioactivities include inhibition of
angiotensin-converting enzyme (ACE inhibitor), anti-
microbial activity, and inhibition of pathogen
adhesion.*’

Various peptides derived from proteolytic digestion
of ff-Lg have been shown to inhibit ACE. Intact -Lg
has minimal ACE inhibitory activity; however, peptides
derived from digestion with pepsin, trypsin, or chymo-
trypsin have high activity. Again, most of these studies
demonstrate ACE inhibition using in vivo or in vitro
systems. Perhaps the most promising ACE-inhibiting
peptide is the tetrapeptide termed “f-lactosin B” (ala-
nine-leucine-proline-methionine; derived from the
f142-145 sequence of the -Lg chain), which has been
shown to have antihypertensive activity when adminis-
tered orally to hypertensive rats.>

While no definitive role for f-Lg has been identi-
fied, the most compelling evidence supports its role in
molecular transport. Beta-lactoglobulin can bind a

40

variety of lipids, including retinol, long-chain fatty
acids, and vitamin D. It has been proposed that f-Lg
lipid binding may facilitate lipid transport in milk and
intestinal uptake of retinol and fatty acids in the
neonate.”

Glycomacropeptide

Glycomacropeptide (GMP) is a phosphorylated and gly-
cosylated bioactive peptide chain of 64 amino acids, de-
rived from casein in bovine milk. GMP is released from
kappa casein (x-casein) during cheese-making by the
enzymatic action of chymosin (rennet), and the water-
soluble peptide is removed with the whey.
Glycomacropeptide may occur naturally in the human
gastrointestinal tract via pepsin-mediated proteolysis of
milk.”> Glycomacropeptide accounts for approximately
20% of the total amino acid nitrogen in rennet whey
and is normally present in whey protein isolates and
concentrates. Glycomacropeptide is an unusual peptide,
being devoid of the aromatic amino acids (phenylala-
nine, tyrosine, and tryptophan), which made it virtually
invisible to early protein detection methods.
Glycomacropeptide is also devoid of cysteine and con-
tains only a single methionine.”*>>

In the early 1990s, methods were developed for iso-
lation and purification of GMP. In its purified form,
GMP is routinely used to create medical foods for treat-
ment of the inborn error of phenylketonuria for indi-
viduals lacking the enzyme phenylalanine hydroxylase
to metabolize phenylalanine to tyrosine.”® Without the
enzyme, phenylalanine accumulates, producing high
blood levels, resulting in brain damage and severe intel-
lectual disability. Glycomacropeptide is used as a pro-
tein source for the creation of food products low in
phenylalanine; however, GMP is also low in other
amino acids, including arginine, cysteine, histidine, ty-
rosine, and tryptophan, which must be supplemented
into the phenylketonuria diet.

In addition to the nutritional value of GMP for the
management of phenylketonuria, it exhibits several
other bioactive functions that may have therapeutic po-
tential, including antibacterial, prebiotic, and enhanced
immunity functions. The specific mechanisms promot-
ing these bioactive roles remain speculative, but in vitro
and in vivo evidence suggests the activity may at least in
part be associated with post-translation glycosylation of
the k-casein protein. Glycomacropeptide has been
found to contain the oligosaccharides N-acetylgalactos-
amine (GalNAc) and N-acetylneuraminyl (sialic acid)
attached to threonine units in the peptide chain.”**> In
early studies, researchers recognized that the cholera
toxin caused cell damage by binding to similar oligosac-
charide links on intestinal cells, causing the cholera



damage. Glycomacropeptide has been shown to inhibit
the binding of the cholera toxin to the oligosaccharide
chains on healthy enterocytes. Subsequent research has
shown GMP to be effective in preventing binding of
other pathogenic bacteria, including E. coli in the intes-
tine and the cariogenic bacteria S. mutans in the oral
cavity.”

In addition, GMP may have a role as a prebiotic in
promoting the growth of healthy intestinal microbiota,
in particular Bifidobacterium, which may prevent or
blunt the growth of pathogenic bacteria.”>*”®
Mechanisms for prebiotic effects of GMP remain specu-
lative, but GMP has been shown to increase the produc-
tion of short-chain fatty acids in the colon and to
modulate immune responses. However, most of the im-
mune response research has been done with direct ad-
ministration of GMP to isolated cell systems, and the
efficacy of oral administration remains unknown.
Taken together, the antibacterial and prebiotic findings
suggest bioactive potential for GMP that may be impor-
tant for normal gut development or in pathological con-
ditions like inflammatory bowel disease; however;
definitive human trials have not been done.”®

Casein

Casein (Latin word caseus for cheese) represents a
group of phosphoproteins and accounts for approxi-
mately 80% of the protein in bovine milk. The primary
proteins are og;- and og,-caseins, f-casein, and k-ca-
sein, representing approximately 38%, 10%, 36%, and
13% of the casein fraction, respectively. Together, the
casein proteins provide a complete balance of essential
amino acids, but they are also characterized by an un-
usually high content of proline (~16% of amino acids)
and are nearly devoid of cysteine. Because of the proline
and cysteine contents, casein lacks the disulfide bridges
and alpha-helix structures typical of most proteins.
Further, the phosphoproteins have a high affinity for
binding calcium and are hydrophobic, making them in-
soluble in water. In native milk, caseins exist in a micel-
lular structure to maintain water solubility; however, in
acidic environments (pH < 4.6), casein proteins curdle,
forming a curd, providing the characteristics that led to
its use in cheese-making.”

Likewise, the low solubility in acidic environments
causes casein to curdle in the low pH of the stomach,
slowing gastric emptying and prolonging digestion and
absorption. Because of the low pH qualities, casein is of-
ten characterized as a slow-digesting protein, which
tends to enhance satiety and prolong the post-prandial
period of amino acid absorption and appearance in the
blood circulation.®”®' The digestive properties of pro-
teins have been extensively studied for use in protein

powders to support protein synthesis in skeletal muscle,
and the optimal protein choices depend on the applica-
tion.”**>%® For example, whey proteins are routinely
used as protein supplements, because they have a high
leucine content (~12% w/w) and are rapidly digested,
producing the rapid rise in plasma and intracellular leu-
cine concentrations essential for the mTOR trigger for
muscle protein synthesis.’® Whey is ideal for providing
a maximum response with the least amount of protein
and calories, plus it is water-soluble and has a clean fla-
vor profile. Whey is widely used by athletes for post-
exercise recovery and with elderly or bed-rest patients
when food intake may be restricted. Casein has a more
moderate leucine content (~9%), is slow digesting, and
has low solubility, resulting in a lower and more pro-
longed leucine absorption profile. Hence, a meal con-
tain 25g of whey protein will trigger the mTOR
response, while 40 g of casein may be required to reach
the same intracellular leucine concentration to trigger
mTOR.** Casein can be used to enhance and prolong
post-meal anabolic responses in muscles when the total
amount of protein is not restricted. Likewise, casein has
been used for nighttime supplements for athletes, to
produce a prolonged anabolic period during sleep; the
natural combination of whey plus casein in milk has
been shown to be effective for post-exercise recovery in
athletes.®”

DAIRY-DERIVED BIOACTIVE PEPTIDES

A newer area of protein research is the study of the bio-
active peptides that are encrypted in the native structure
of food proteins, including casein and whey. Food-
derived peptides are released from food proteins by
proteolysis that occurs naturally during the digestive
process, through fermentation of foods, or by enzymatic
hydrolysis in laboratory settings.”® Dairy protein-de-
rived peptides and those from other food proteins, are
commonly referred to as bioactive peptides, ie, “protein
fragments that have a positive influence on physiologi-
cal and metabolic functions or condition of the body
and may have ultimate beneficial effects on human
health”.'" Bioactive peptides typically contain 2 to 20
amino acids. Present understanding of bioactive pepti-
des comes mainly from computer modeling and pre-
clinical research; therefore, the role of food-based
peptides in human physiology and health is uncertain.
The term “bioactive peptides” as used in the present re-
view is not intended to indicate that health benefits
have been convincingly demonstrated in humans, but
rather for consistency with its use in the scientific litera-
ture based on evidence derived largely from isolated cell
systems and animal studies.
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Over the past 30 years, research on bioactive pepti-
des has proliferated. Scientific interest in identifying
food-derived bioactive peptides that can help reduce or
prevent the risk of chronic diseases has been motivated
largely by potential functional food, dietary supplement,
and pharmaceutical applications. Peptides isolated from
animal tissues (eg, pituitary gland, placenta) or chemi-
cally synthesized have a long history of use in medicine,
dating back more than half a century.”” As of 2014,
more than 7000 naturally occurring peptides had been
identified, and the pharmaceutical industry had more
than 60 peptide drugs on the market.®® The recognition
that peptides naturally present in both plant and animal
foods are released during digestion and fermentation
processes stimulated the rapid evolution of research on
food-derived peptides.

Although many food proteins are sources of bioac-
tive peptides, dairy-derived bioactive peptides are
among the most extensively studied. Dairy peptides
have been shown to exhibit antihypertensive, antimicro-
bial, antithrombotic, immunomodulatory, opioid, anti-
oxidative, antidiabetic, and mineral-binding functions,
with some exhibiting bioactivity in more than a single
physiological system.'"*>”® Bioinformatics (ie, com-
puter modeling methodology), also known as in silico
analyses, is a tool used to identify food-derived peptides
with biological functionality.”"”> Large databases of
amino acid sequences for peptides that are encrypted in
food proteins are widely available and are open access
(eg, BIOPEP database).”"””> Computer software is used
extensively to detect amino acid sequences with known
biological activity and to simulate proteolytic release of
specific peptides with proteases.”"”> Structure-activity
relationships of bioactive peptides can be examined us-
ing quantitative structure-activity relationship model-
ing, which is based on existing knowledge of peptide
structures, amino acid sequences, hydrophobicity, and
bioactivity. Computer-based screening of large numbers
of peptide sequences utilizes molecular docking technol-
ogy to examine interactions between peptides and spe-
cific enzyme active sites and/or receptors and to
determine ICsy values (amount of peptide needed for
half of the maximum inhibitory activity). Confirmatory
studies using in vitro and animal studies often verify
predicted results from computer-based screening.

In order to be effective in humans, however, pepti-
des need to resist degradation in the digestive tract and,
if their bioactivity is not targeted solely in the gastroin-
testinal tract, they need to be absorbed into the blood-
stream and reach tissues in an active form. Although
much knowledge has been attained through bioinfor-
matics, research on the bioavailability and effectiveness
of bioactive peptides in humans is limited. In light of
the systematic reviews and meta-analyses that have
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continued to show that consumption of dairy foods is
linked to beneficial or neutral associations with risk of
hypertension,” cardiovascular disease,”®” and type 2
diabetes,™®” examination of the research on dairy pro-
tein-derived peptides in relation to these three condi-
tions of public health concern is of interest.

Blood pressure and antihypertensive peptides

A principal mechanism in the regulation of blood
pressure is the angiotensin-converting enzyme (ACE),
which catalyzes the conversion of angiotensin I to an-
giotensin II, a hormone that stimulates vasoconstriction
and increases blood pressure.”” ACE inhibitors block
this conversion and are commonly prescribed as a
treatment option for patients with hypertension.
Identification of dairy protein-derived peptides with
antihypertensive properties more than 30years ago
stimulated both scientific and commercial interest.
Antihypertensive effects of dairy protein-derived pepti-
des in sour (fermented) milk were first demonstrated in
the mid-1990s.”*7¢ Since then, many dairy-derived
peptides have been shown to have antihypertensive
properties'”””’%; however, the two tripeptides, isoleu-
cine-proline-proline (IPP) and valine-proline-proline
(VPP), are by far the most extensively studied. IPP
is encrypted in f-casein and k-casein, and VPP in
B-casein.”*

Beyond ACE inhibition, IPP and VPP also may
mediate their antihypertensive effects through other bi-
ological activities. For example, anti-inflammatory and
antioxidant properties of IPP and VPP may contribute
to vascular function benefits.”*®" In addition to
IPP and VPP, other bioactive peptides encrypted in
dairy proteins have been shown to have ACE inhibitory
properties.'”””** For example, two o -casein derived
peptides with opioid properties were shown in sponta-
neously hypertensive rats to have blood pressure-lower-
ing effects.®’

In addition to extensive in vitro and laboratory ani-
mal studies, human clinical trials in Japan and Europe
examined blood pressure responses to a variety of dairy
foods and hydrolysates shown to contain IPP and VPP.
Between 1996 and 2012, more than 30 human clinical
trials evaluated blood pressure responses after consum-
ing fermented milks, yogurt drinks, or casein hydroly-
sates containing known amounts of IPP and VPP. Most
were randomized controlled trials with hypertensive or
prehypertensive populations. Nine systematic reviews
and/or meta-analyses,”* *> a Cochrane review and
meta-analysis,”> and a European Food Safety Authority
(EFSA) review’* of these studies have been published.

All of the meta-analyses, with the exception of the
Cochrane review, demonstrated significant reductions



in both systolic and diastolic blood pressure. Mean
reductions in systolic blood pressure were 1.3 to
5.6mm Hg and in diastolic blood pressure were 0.6 to
2.4mm Hg. The magnitude of these reductions, while
moderate, is similar to that shown with diet-related
reductions such as increased calcium, magnesium, and
potassium intakes,” sodium restriction,”® and con-
sumption of the DASH (Dietary Approaches to Stop
Hypertension) diet.”” The Cochrane meta-analysis,
which included 15 trials, found a modest main effect
only for lower systolic blood pressure (-2.4 mm Hg).
While it appears plausible that the biopeptides, IPP and
VPP, may contribute, at least in part, to the benefits of
consuming dairy foods and the reduced risk of hyper-
tension as shown in the systematic reviews and meta-
analyses,”” significant research gaps exist. For example,
little is known about the bioavailability of IPP and VPP
in humans,”® and their physiological targets and biolog-
ical mechanisms of action in humans have not been
characterized. Heterogeneity in study designs, especially
the variability in the dairy products containing the IPP
and VPP peptides and the rigorous selection criteria in
the Cochrane review may explain the absence of dia-
stolic blood pressure reductions in the Cochrane meta-
analysis.”> The EFSA evaluation of the clinical trials, to-
gether with review of the animal and in vitro research
and other supporting materials, led the committee to
conclude that IPP and VPP were sufficiently character-
ized but that a cause-and-effect relationship between
the consumption of IPP and VPP and the claimed bene-
fit of maintaining blood pressure in the general popula-
tion was not supported.94

Cardiovascular disease and anti-atherogenic peptides

Cardiovascular disease is a group of disorders of the
heart and blood vessels that can lead to heart failure or
stroke, and it has often been linked to dietary choles-
terol and saturated fats associated with animal-derived
foods. However, systematic reviews and meta-analyses
published in just the past 5years add to a large body of
research indicating that consumption of dairy foods is
not linked to increased risk for cardiovascular dis-
ease,”®” coronary artery disease,™”*” or stroke.>*'*
Heart attacks and strokes commonly occur from a
blockage that is caused by the build-up of atherosclerotic
plaques and prevents blood flow to the heart and brain,
respectively. Many bioactive peptides that are released
from casein and whey proteins during digestion, by fer-
mentation processes, and by enzymatic methods have
been shown to mitigate cellular damage at different stages
of atherogenic plaque formation.*" These include dairy-
derived peptides with antioxidative, antihypertensive, im-
munomodulatory, anti-inflammatory, and antithrombotic

effects.!*1°19 The available research assessing the po-
tential benefits of these peptides, however, currently is
limited to bioinformatics, in vitro studies, and laboratory
animal research.

Vascular oxidative stress plays a central role in the
initiation and progression of cardiovascular disease.
Oxidative stress caused by excess production of reactive
oxygen species (free radicals, superoxide, hydroxyl radi-
cals, non-radical hydrogen peroxide) leads to oxidative
changes in lipoproteins, activation of macrophages, and
(over time) to the formation of atherogenic plaques.'®
Many casein- and whey-derived peptides have been
shown, mainly through bioinformatics and in vitro
studies, to exhibit antioxidant properties.*'*" The anti-
oxidant potential of individual peptides is affected by
their amino acid content and the positions of amino
acids in the peptide chain.'”’ For example, antioxidant
activities of dairy-derived peptides have been shown to
be influenced by the presence of histidine with its per-
oxyradical trapping and chelating ability, and of hydro-
phobic amino acids that increase access of the peptide
to hydrophobic targets.*">'*" Immunomodulatory activi-
ties involving complex immune system functions also
have been identified for many dairy-derived peptides;
however, specific mechanisms remain to be fully eluci-
dated.'"®" Inflammation when chronic and uncon-
trolled enhances the progression of atherosclerosis.
Anti-inflammatory activities of dairy-derived peptides
have been shown in vitro to be mediated, at least in
part, through inhibition of the NF-xB pathway and a
PPAR-y-dependent mechanism.*" Arterial thrombosis,
which is the main cause of myocardial infarction and
stroke, occurs from the rupture or erosion of athero-
genic plaques, coupled with increased platelet aggrega-
tion and clot formation.'®* Peptides encrypted on -
casein and Lf have been shown to inhibit platelet aggre-
gation and related antithrombotic properties.*"'**

Casein-derived peptides also have been linked to a
cholesterol-lowering effect that has been attributed to a
reduction in the solubility of cholesterol in bile salt
mixed micelles, resulting in impaired cholesterol
absorption.' 1%

In the absence of human clinical research, however,
the extent to which dairy peptides with antithrombotic,
antioxidative, anti-inflammatory, immunomodulatory,
and cholesterol-lowering properties may contribute to
the observed neutral associations between consuming
dairy foods and risk of cardiovascular disease and
stroke remains theoretical.

Type 2 diabetes and antidiabetic peptides

Type 2 diabetes is a chronic metabolic disorder charac-
terized by insulin resistance and elevated blood glucose.
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Common comorbidities include obesity, hypertension,
cardiovascular disease, and stroke. Systematic reviews
and meta-analyses in recent years continue to add to ev-
idence that consuming dairy foods has beneficial or
neutral associations with the incidence of type 2 diabe-
teg 3810

Chronic elevation of blood glucose produces diverse
cellular damage in many organs, including the pancreas,
eyes, kidneys, heart, and peripheral blood vessels.
Treatment strategies for type 2 diabetes include modifica-
tion of diet and exercise, plus insulin and other medica-
tions to reduce postprandial glucose excursions. One
category of medications in routine use is designed to
blunt carbohydrate absorption by inhibiting the brush
border digestive enzyme a-glucosidase.'* Bioinformatics
research has identified a large number of food protein
sources of bioactive peptides, including those encrypted
in casein and whey proteins, which exhibit «-glucosidase
inhibitory potential.'”

A second area of research relates to glucagon-like
peptide-1 (GLP-1), an incretin hormone secreted by in-
testinal endocrine cells that controls gastric motility,
slows gastric emptying, and stimulates the release of in-
sulin from the pancreas.'” Glucagon-like peptide-1 is
inactivated primarily by dipeptidyl peptidase 4 (DPP-4),
an enzyme that plays a key role in the regulation of
blood glucose. Individuals with type 2 diabetes have de-
creased incretin responses, and consequently reduced
insulin secretion and higher postprandial glucagon and
blood glucose levels. Synthetic DPP-4 inhibitors, a suc-
cessful class of drugs for treatment of patients with type
2 diabetes, improve glycemic control by impeding the
degradation of GLP-1.'""® It has been proposed that
DPP-4, which is expressed not only in the intestine but
also in the pancreas, kidney, liver and by lymphocytes
and monocytes, may function also as a local mediator
of inflammation and insulin resistance in adipose and
hepatic tissue.'”'* Its potential broader role in glucose
homeostasis, however, remains to be established.

Research on food-derived peptides that have DPP-
4 inhibitory properties is still early, and current knowl-
edge is mostly from bioinformatics and in vitro stud-
ies.”"'% Animal studies are scant, and there is a clear
absence of human studies. Dipeptidyl peptidase 4 inhib-
itory peptides are encrypted in many food proteins, in-
cluding both casein and whey, and vary widely in
amino acid sequences and chain lengths.'””'* Casein
and whey proteins, namely o,-casein, f-casein, x-ca-
sein, f-Lg, a-Lac, and Lf, collectively, have been shown
to contain more than 200 unique peptide fragments
with DPP-4 inhibitory potential.'® Dipeptidyl pepti-
dase 4 inhibitory peptides also have been identified in
cheese.''” Bioinformatics research has identified casein
as potentially the richest source of DPP-4 inhibitor
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peptides,'”” and the tripeptide isoleucine-proline-iso-
leucine appears to be one of the most potent DPP-4 in-
hibitory peptides (lowest ICsy of the peptides
examined).'””'*” Dairy-derived peptides, including sev-
eral with DPP-4 inhibitory potential, have been detected
in the human intestinal tract after consumption of dairy
products.”’ This body of research, collectively, gives an
indication of the potential role of peptides with DPP-4
inhibitory properties in regulation of glucose homeosta-
sis, but the effectiveness of dairy- and other food-
derived DPP-4 inhibitory peptides in humans has not
been examined. Their resistance to degradation by
intraluminal or brush border peptidases, their bioavail-
ability, and their specific cell targets and biological
functions are topics for future research in both labora-
tory animals and humans.

A related avenue of research has examined indicators
of glucose homeostasis after consumption of whey or ca-
sein hydrolysates; however, the peptide and amino acid
patterns of the hydrolyzed proteins were not determined.
These studies, which included patients with prediabe-
tes,'"! type 2 diabetes,''>'"* or gestational diabetes,'"* or
healthy adults'">"" randomized to the protein hydroly-
sate or native form of whey or casein, found limited and
inconsistent evidence of improved glucose control in the
hydrolysate groups (eg, plasma levels of glucose-depen-
dent insulinotropic polypeptide,''® glucose,''®'** and/or
insulin'"*''"*"?"). Future clinical research is needed to
validate these findings.

CONCLUSION

Milk is a complex food matrix serving as an essential
food and protein source for all mammalian species, in-
cluding humans. Milk proteins, which are known for
their high nutritional quality, based on their essential
amino acid composition, also exhibit a wide range of
bioactivities. Currently, milk and dairy foods provide
approximately 15% to 20% of daily protein intake in the
United States. Because of their unique water solubility,
milk proteins are readily separated into casein and
whey fractions, which can be further fractionated into
many individual proteins, including os;- and os;-
caseins, [3-casein, k-casein, and the whey proteins.
Many of these proteins have unique bioactivities that
have been extensively studied.

Whey proteins have become popular as protein
supplements for muscle health and development be-
cause of their exceptionally high concentration of the
essential amino acid leucine (~12% w/w). Individual
whey proteins such as a-Lac are available in high purity,
and o-Lac is now widely incorporated into infant for-
mulas to enhance protein quality. Likewise, GMP is the
foundation of most medically defined diets for the



management of the inborn error of metabolism,
phenylketonuria.

Further, over the past 30years, peptides that are
encrypted in the primary amino acid sequences of pro-
teins and released along with amino acids during diges-
tion or during food processing such as fermentation or
enzyme digestion are increasingly recognized as biolog-
ically active protein metabolites that may have benefi-
cial effects on human health. The most studied of the
peptides are the ACE inhibitors, which have been
shown to reduce blood pressure to a similar degree to
sodium restriction or the DASH (Dietary Approaches
to Stop Hypertension) diet. New areas of research have
focused on novel dairy peptides as aids in the manage-
ment of type 2 diabetes. Peptides derived from casein
have been shown in preclinical research to blunt post-
meal increases in blood glucose by inhibiting the diges-
tive enzyme a-glucosidase or by modulating the incretin
hormone GLP-1. Use of these peptides represents a
novel new approach to understanding the bioactivity of
dairy proteins. Future studies that expand on the lim-
ited research in humans will further advance under-
standing of the physiological benefits of milk
consumption. In total, milk remains a cornerstone of
the human diet, and advanced food processing allows
for isolation and unique applications of bioactive pro-
teins and peptides from the milk matrix.
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