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Abstract

Milk is an important protein source in human diets, providing around 32 g protein/l (for
bovine milk, which constitutes some 85% of global consumption). The most abundant milk
proteins are α-lactalbumin, β-lactoglobulin, αs-casein, β-casein, and κ-casein. Besides their
nutritional value, milk proteins play a crucial role in the processing properties of milk,
such as solubility, water bonding, heat stability, renneting and foaming, among others. In add-
ition, and most importantly for this review, these proteins are the main source of bioactive
components in milk. Due to the wide range of proposed beneficial effects on human health,
milk proteins are considered as potential ingredients for the production of health-promoting
functional foods. However, most of the evidence for bioactive effects comes from in vitro stud-
ies, and there is a need for further research to fully evaluate the true potential of milk-derived
bioactive factors. Animal genetics and animal nutrition play an important role in the relative
proportions of milk proteins and could be used to manipulate the concentration of specific
bioactive peptides in milk from ruminants. Unfortunately, only a few studies in the literature
have focused on changes in milk bioactive peptides associated to animal genetics and animal
nutrition. The knowledge described in the present review may set the basis for further research
and for the development of new dairy products with healthy and beneficial properties for
humans.

According to FAO (2013), more than 6 billion people worldwide consume milk and dairy pro-
ducts. Milk from dairy cows represent about 85% of the total milk produced worldwide fol-
lowed by buffalo (11%), goat (2.3%), sheep (1.4%) and camel milk (0.2%) (Gerosa and
Skoet, 2012). Milk is recognized as an important source of energy and contains essential nutri-
ents including carbohydrate (lactose), lipids, minerals and vitamins. In particular though, milk
is an important source of proteins in human diets, providing about 32 g protein/l (Pereira,
2014). In recent years, consumer demands for healthier foods has grown considerably
(Bonanno, 2012), and milk has attracted interest across a spectrum of consumer groups,
from those who focus on its undoubted nutritional benefits to those who claim adverse car-
diovascular health effects of dairy fats (such claims are now largely discredited: Givens,
2018). Here we consider a third aspect, namely, the potential for peptides derived from
milk proteins to have bioactive activities when consumed.

Milk proteins are classified in three different groups: caseins, whey proteins and proteins
from the milk fat globule membrane (MFGM) (Hernández-Castellano et al., 2014). Caseins,
mainly αs-casein (αs1 and αs2), β-casein, and κ-casein, represent about 78% of the proteins
in bovine milk (Heck et al., 2009). Whey proteins such as β-lactoglobulin, α-lactalbumin,
lactoferrin, immunoglobulins, serum albumin, glycomacropeptides, enzymes and growth fac-
tors represent another 18% or so (McGregor and Poppitt, 2013) whilst proteins from the
MFGM represent less than 4% (Murgiano et al., 2009). The most abundant of this latter
group are mucin-1 and xanthine dehydrogenase/oxidase (Mather, 2000). In addition to
their nutritional value, milk proteins contribute to define the physicochemical properties of
the milk such as solubility, water bonding, viscosity and heat stability (Augustin and
Udebage, 2007). Milk protein composition varies among the major dairy species. For instance,
sheep milk generally contains higher concentrations of caseins, β-lactoglobulin, α-lactalbumin,
serum albumin, and lactoferrin compared to cows, buffaloes or goats (Table 1).

Milk proteins and their fractions are the main sources of bioactive peptides, which are con-
sidered potential ingredients for health-promoting functional foods (Giacometti and
Buretić-Tomljanović, 2017). For example, specific milk peptides have been proposed to have
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antihypertensive activity (peptides derived from αs1-casein,
β-casein, α-lactalbumin, β-lactoglobulin), antilipemic activity
(peptides derived from whey protein β-lactoglobulin as well as
peptide IIAEK from lactostatin), antioxidant activity (peptides
derived from α-lactalbumin) and antithrombotic activity (pep-
tides derived from κ-casein, sheep κ-casein, sheep lactoferrin,
α-lactalbumin) in humans. Some of these peptides are also said
to enhance the immune response (peptides derived from
α-β-κ-casein, whey protein and lactoferrin), reduce several
inflammatory processes (peptides derived from corolase-digested
casein and lactoferrin) and reduce oxidative stress (peptides
derived from caseins such as YFYPEL) (Marcone et al., 2017).
Additional effects of milk peptides are presented in Fig. 1.

Milk protein components are well-described in the literature,
however, information about ways in which animal genetics and
animal nutrition can influence the concentrations of these consti-
tuents is rarely found. This review provides novel information
about the use of animal genetics and animal nutrition to modu-
late the milk protein profile with special focus on human health
and nutrition. Additionally, we compile information across differ-
ent disciplines to address which milk proteins and peptides could
be of interest for the development of new functional foods due to
their potential beneficial effects on human health.

Milk bioactive peptides in human health

Inmilk, bioactive peptides are inactivewithin the native protein and
are activated by (1) proteases present in milk, (2) digestive enzymes
and enzymes produced by the gut microbiota and (3) enzymes
secreted by microorganisms (i.e. starter cultures) and/or purified

enzymes added to the milk during milk processing
(Espejo-Carpio et al., 2018). Because of their multiple putative ben-
efits on human health, bioactive peptides from milk are commonly
used in the formulation of functional foods, nutraceuticals and nat-
ural drugs (Muro et al., 2011). The antimicrobial properties of some
of these peptides provide a chemical barrier against bacterial
growth, playing an important role in food quality and safety and
extending food shelf life (Perez Espitia et al., 2012). Associations
between increased consumption of dairy products and improved
metabolic health have been shown (McGregor and Poppitt, 2013).
There is good reason for proposing thatmilk-derived bioactive pep-
tides can contribute to human health, but at the same time it needs
to be recognized that definitive cause and effect evidence is lacking.
In the following sections, some relevant bioactive peptides from
milk and their potential role in the prevention or attenuation of
some human health related problems such as cardiovascular dis-
eases, obesity, diabetes, immune system response and cancer are
briefly discussed. Moreover, online Supplementary Tables S1 to
S5 summarize the wide variety of bioactive peptides from milk
and their proposed effects on human health.

Cardiovascular diseases

Cardiovascular diseases (CVD) have been associated with
unhealthy diets rich in saturated fatty acids, trans fat (industrial
hydrogenated-fats), salt and deficient consumption of fruits and
vegetables (Mendis, 2017). In the past, a number of cardiovascular
diseases have also been linked to full-fat dairy products (Lee et al.,
2018) or fat from ruminant’s meat (Moreno-Indias et al., 2012),
however, other studies have shown how consumption of full-fat

Table 1. Fractions of milk protein (g/l) of different ruminants

Protein Cow Sheep Goat Buffalo

Total casein

αs1-Casein 8–10.7 15.4–22.1 0–13.0 8.9

αs2-Casein 2.8–3.4 15.4–22.1 2.3–11.6 5.1

β-Casein 8.6–9.3 15.6–17.6 0–29.6 12.6–20.9

κ-Casein 2.3–3.3 3.2–4.3 2.8–13.4 4.1–5.4

γ-Casein 0.8 – – –

Casein micelle (nm) 150–182 180–210 260 180

Total whey proteins

β-Lactoglobulin 3.2–3.3 6.5–8.5 1.5–5.0 3.9

α-Lactalbumin 1.2–1.3 1–1.9 0.7–2.3 1.4

Serum albumin 0.3–0.4 0.4–0.6 0.31–0.42 0.29

Proteose peptone 0.8–1.2 – 0.97–1 3.31

Lactoferrin 0.02–0.5 0.8 0.02–0.2 0.03–3.4

Lysozyme (70–600) × 10−6 100 × 10−6 250 × 10−6 (120–152) × 10−6

Immunoglobulins

IgG 0.91 0.87 0.73 0.37–1.34

IgA 0.05–0.14 – 0.03–0.08 0.01–0.04

IgM 0.58 0.38 0.41 0.04–1.91

Casein/whey ratio 4.7 3.1 3.5 4.6

Adapted from Khatoon and Josh (1987), Olaniyan et al. (2013), Claeys et al. (2014), Galán-Malo et al. (2014) and Hernández-Castellano et al. (2016a)
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dairy foods, including milk, cheese and yogurt, may be inversely
correlated to CVD incidence (Lee et al., 2018). These studies also
showed that bioactive peptides present in these foodsmight contrib-
ute to reduce CVD incidence. According to Ryan et al. (2011), anti-
hypertensive activity is one of themost widely reported properties of
milk bioactive peptides. Specifically, many milk bioactive peptides
are able to reduce arterial pressure by inhibiting angiotensin-
converting-enzyme (ACE). This enzyme plays a central role in the
regulation of blood pressure. The enzymatic activity of renin on
angiotensinogen produces angiotensin I, which is catalyzed by
ACE to angiotensin II, a potent vasoconstrictor. Additionally,
ACE inactivates bradykinin, an endothelium-dependent vasodila-
tor, contributing to increased blood pressure (Marcone et al.,
2017). Thus, inhibition of this enzyme is considered as one of the
strategies for the treatment of hypertension. Based on their antihy-
pertensive properties, bioactive peptides from milk have gained
attention in the formulation of new food products. For instance,
Ong and Sha (2008) described how the addition of Lactobacillus
acidophilus (LAFTI L®10) to cheese starter culture increases the pro-
duction of κ-casein (f 96–102), αs1-casein (f 1–9),αs-casein (f 1–7),
αs1-casein (f 1–7), αs1-casein (f 24–32) and β-casein (f 193–209).
All of these bioactive peptides are believed to contribute to reduce
arterial pressure by inhibiting ACE. Similarly, Sahingil et al.
(2014) used Lactobacillus helveticus as adjunct culture in white-
brined cheese to increase bioactive peptides with ACE inhibitory
properties. Recently, a new bioactive peptide derived from bovine
casein (YQKFPQYLQY) was reported to inhibit ACE and thereby
decrease blood pleasure in rats (Xue et al., 2018). In a meta-analysis
performed by Cicero et al. (2013), isoleucine–proline–proline (IPP)
and valine–proline–proline (VPP) were found to reduce blood pres-
sure in humans. Because of this, Lactobacillus helveticus has been
used recently to produce fermented milks rich in IPP and VPP
sequences (Beltrán-Barrientos et al., 2016).

Obesity control

Overweight and obesity are defined as an excessive fat accumula-
tion that impairs health status (Bischoff et al., 2016). In 2016,

more than 1.9 billion adults were overweight (WHO, 2018).
Satiety is one of the key factors in the prevention of obesity.
Satiety is induced by nutrient ingestion and gastric distension, but
especially by the release of anorexic substances such as cholecysto-
kinin (CCK), a hormone synthesized in the small intestine (Morton
et al., 2006). Cholecystokinin secretion can be stimulated by glyco-
macropeptide (GMP) (Ricci-Cabello et al., 2012), which is released
when chymosin acts on κ-casein during the cheese making process
(Madureira et al., 2010). Glycomacropeptide constitutes 20–25% of
the total proteins present in whey products such as whey powder,
whey protein isolates and whey protein concentrates manufactured
from cheesewhey (Neelima et al., 2013). Therefore, consumption of
whey proteins as a natural source of GMP could be used to increase
satiety, regulate food consumption and thereby reduce obesity.

Diabetes

Diabetes is a chronic disease that affects about 400 million people
worldwide. This disease occurs either as a result of autoimmune
destruction of the pancreatic beta cells that secrete insulin (type
1 diabetes) or as a result of insulin resistance in peripheral organs
resulting in dysregulated insulin secretion and eventual failure of
the beta cells (type 2 diabetes). According to Pasin and
Comerford (2015) the benefits of dairy foods on insulin secretion
and glycemic control are attributed to (1) the high amount of
essential amino acids and bioactive peptides that stimulate insulin
secretion, (2) the specific combinations of macronutrients and
micronutrients, and (3) the unique probiotic strains and bioactive
peptides found in cheese and yogurt. In rodents, bioactive pep-
tides from milk (VAGTWY; Uchida et al., 2011) and
Gouda-type cheese (LPQNIPP; Uenishi et al., 2012) can reduce
plasma glucose concentrations. According to these authors spe-
cific peptides (β-CN f70–77; LPQNIPPL) can inhibit dipeptidyl-
peptidase 4 (DPP-4), a key enzyme in the regulation of insulin
(Ahrén et al., 2004). It seems that consumption of whey products
inhibits DPP-4 and in turn stimulates the secretion of insulin,
which may have a beneficial effect in individuals with compro-
mised insulin secretion. Further investigations on dairy products

Fig. 1. Suggested impact of bioactive peptides derived from
milk protein.
Note: Adapted from Korhonen (2009), Colombo et al. (2018),
Gandini et al. (2017), Roman et al. (2017).
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rich in bioactive peptides such as VAGTWY and LPQNIPP could
be used to help control glycemic levels and insulin secretion in
patients with diabetes.

Immune system

Milk bioactive peptides such as β-casokinins, β-casomorphin and
lactoferricin B have been shown to stimulate the immune
response (Clare and Swaisgood, 2000). Specifically, casein-derived
peptides stimulate the proliferation of human lymphocytes and
the phagocytic activity of macrophages (Korhonen and
Pihlanto, 2007). Additionally, these bioactive peptides contribute
to the protection against infections caused by bacteria, viruses and
parasites, down-regulate autoimmune inflammatory processes
and prevent rejection of transplants (Gauthier et al., 2006).

Lactoferrin, for instance, is a well-characterized milk bioactive
protein. In addition to its ability to chelate iron, it participates in
the activation of the nuclear factor kappa-light-chain-enhancer of
activated B cells. In addition, lactoferrin inhibits granulopoiesis
and up-regulates the activity of natural killer cells (Marcone
et al., 2017). According to Dionysius and Milne (1997), lactoferrin
has also bacteriostatic and bactericidal properties damaging the
external membrane of gram-negative bacteria and causing the
release of lipopolysaccharides that activates the immune response
against bacterial infections.

Another milk-derived bioactive peptide, VPP, decrease mono-
cyte adhesion to inflamed endothelia, reducing inflammation and
contributing to the primary prevention of atherosclerosis (Aihara
et al., 2009). Similarly, β-casomorphin inhibits ACE, which is the
responsible enzyme for the inactivation of bradykinin, a potent
vasoactive peptide that causes hypotension and in addition
enhances the immune response (Clare and Swaisgood, 2000).
Therefore, it seems that the consumption of dairy products rich
in VPP indirectly enhances the immune response by avoiding
inhibition of bradykinin by ACE.

Cancer

Several studies have suggested that bioactive peptides from milk
whey might be beneficial for patients with cancer. Castro et al.
(2009) observed that the expression of caspase-3 increased signifi-
cantly in melanoma B16F10 cells when they were growing in
media containing whey protein isolate. These caspases are respon-
sible for the cleavage of key cellular proteins, such as the cytoskel-
etal proteins that lead to the typical morphological changes
observed in cells undergoing apoptosis. Therefore, it seems that
the consumption of whey products may increase the expression
of caspase-3 and contribute to the protection of the organism
against tumorigenesis (Zhao et al., 2018). However, these results
are only based on in vitro experiments.

β-casomorphins are opioid-like peptides purified from bovine
β-casein hydrolysates. The presence of proline confers high proteo-
lytic resistance to these bioactive peptides, so they can bypass the
stomach without degradation. It has been described that
β-casomorphins as well as κ-casecidin have antitumoral properties
in murine models as well as in vitro studies, due to the fact that
they can induce cytotoxicity against malignant cells (leukemic cells,
melanoma cells, human breast cancer cells; Sah et al., 2015). These
opioid-like peptides can pass the gut-blood barrier and get access
to their target sites. As shown by Tidona et al. (2009), yogurts con-
taining β-casomorphins and κ-casecidin decreased tumor cell

proliferation, associating yoghurt consumption with reduced inci-
dence of colon cancer.

Strategies to modify the milk protein composition: animal
genetics and animal nutrition management

The dairy foods industry can use diverse technological processes
to modify the content of specific bioactive peptides in milk (add-
ition of purified enzymes, protein precursors, or artificial milk
proteins). However, consumer’s demands are currently shifting
to natural and less processed food products (Roman et al.,
2017). In this respect, animal genetics and nutrition may become
important tools to obtain natural products rich in specific bio-
active peptides. Of these, animal genetics is probably the most
effective and stable way to increase the content of beneficial
milk bioactive peptides for human consumption. However,
increasing bioactive peptides in milk through animal genetics
requires time and an important economic investment (Gandini
et al., 2017). On the other hand, nutritional strategies are a fast
and practical way to improve the content of bioactive peptides
in milk (Colombo et al., 2018).

Milk protein profile and milk protein concentration differ
between animal species, and are significantly influenced by individ-
ual animal genetics and animal nutrition (Walker et al., 2004).
Unfortunately, there are only a few studies that extend these rela-
tionships to changes inmilk bioactive peptides. In the following sec-
tions, we review how animal genetics and animal nutrition are
efficient tools to modify milk protein content and major milk pro-
teins such as different caseins fractions and β-lactoglobulin concen-
trations. In addition, some of the studies performed in both fields in
order to alter milk bioactive peptides are also described.

Animal genetics

A major objective in animal genetics is to find genes related to
specific traits that can be implemented in breeding programs.
For instance, milk protein genes such as CSN1S1, CSN2, CSN3,
LGB can be used to either improve or modify the milk protein
profile and therefore the amount of precursors for bioactive pep-
tides in milk. Caseins, mainly αs1-casein, αs2-casein, β-casein and
κ-casein, represent about 78% of the proteins present in milk and
are encoded by CSN1S1, CSN1S2, CSN2 and CSN3, respectively
(Caroli et al., 2009). The abundance of polymorphisms on these
genes varies among ruminant species and breeds (online supple-
mentary table S7). Variations in the abundance of these poly-
morphisms are influenced by different phosphorylation and
glycosylation rates in the peptide chains, which define not only
those specific amino acids sequences, but also the final milk pro-
tein profile and composition (Albenzio et al., 2017). For instance,
Heck et al. (2009) described that selection of cows that show both
β-lactoglobulin genotype B and the β–κ-casein haplotype A2B
resulted in the production of milk with higher protein yields. In
Sarda goats, Vacca et al. (2014) showed that animals expressing
the CSN1S1 BB and AB genotypes had the highest milk protein
percentage (4.41 and 4.40%, respectively). However, those goats
expressing the CSN1S1 EF genotype showed the highest milk
yield (1.20 kg/d) and total protein content (43.6 g/d). Similar
results were observed in East Friesian dairy sheep by Giambra
et al. (2014). In this study, authors showed how sheep expressing
the CSN1S1 C´´C´´ genotype had the highest milk yield (310 kg/
lactation) and protein percentage in milk (5.17%). These are clear
examples of how breeding programs can be used to improve milk
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protein yield and quality and, therefore, could be used in future
studies to increase the amount of precursors for milk bioactive
peptides beneficial for human health. Tacoma et al. (2016)
reported differences in the content of milk bioactive peptides
related to the immune system between Holstein and Jersey
cows. Specifically, authors showed lower concentrations of ecto-
nucleotide pyrophosphatase and chitinase domain-containing
protein 1, and higher lactoferrin concentrations in Holstein
cows than Jersey cows. By contrast, contents of osteopontin, lac-
toperoxidase, and growth factors including insulin-like growth
factor (IGF) and transforming growth factor-β did not differ
between breeds.

With the recent development of analytical tools and genomic
resources, it is possible to identify Quantitative Trait Loci
(QTL) and thus, study the influence of multiple genes on bio-
logical traits and milk composition (Dux et al., 2018). Thus,
QTL could contribute to find genes that can be used in breeding
programs via marker-assisted selection. For example, specific
QTL can affect different traits in dairy cows such as milk protein
percentage (chromosomes 3, 6 and 20) and milk protein yield
(chromosomes 1, 3, 6, 9, 14 and 20). QTL encoding for protein
yield have been detected on BTA6 and BTA20 (Bos taurus auto-
some 6 and 20) (Khatkar et al., 2004).

There are several factors to consider when using QTL informa-
tion. The data are scattered in many publications, which used dif-
ferent statistical analysis methods. In addition, traits are defined
and measured in many different ways, as there is a lack of standar-
dized nomenclature to define similar traits for meaningful com-
parisons. In order to facilitate the comparison of QTL results
across experiments and compile all published QTL information,
the Animal QTL database, has been developed as a public reposi-
tory. This database is the central source for QTL and genotype/
phenotype association data for animal genetic researchers (Hu
and Reecy, 2007). Additional QTL information obtained from
the Animal QTL database has been described in caseins (online
supplementary table S6). It is noteworthy to mention that in add-
ition toQTLmapping, a number of other strategies for gene discov-
ery such as genomics, proteomics and transcriptomics need to be
integrated to understand the genetic architecture of specific traits
(Khatkar et al., 2004). In order to implement this strategy, big
data analysis as well as well-characterized populations with produc-
tion records will be necessary, meaning that such approaches are
likely to be fruitful only in the medium- to long-term.

Animal nutrition

Feed energy is one of the most important factors to consider in
the feed formulation for ruminants, having a direct impact on
the milk protein profile (Walker et al., 2004). According to
Mackle et al. (1999), cows raised in extensive conditions produce
milk with increased casein:whey ratio compared to cows under
intensive production systems, where animals are usually fed
with forages or cereal grain-based diets (5.2 vs. 4.8 casein:whey
ratio, respectively). On the other hand, energy intake directly
influences the normal function of the mammary gland in dairy
ruminants, which in turn affects milk yield and milk composition
(Lérias et al., 2013). Particularly, low energy diets causes increased
milk fat content and decreased milk yield and protein content in
both large and small ruminants (Grainger et al., 2009; Lérias et al.,
2013). In a further study, goats fed only with wheat straw for 21 d
reduced about 15 to 20% of body weight compared to those fed a
balanced diet. In these animals, reduced energy intake altered

fatty acid and protein composition of the mammary gland
(Hernández-Castellano et al., 2016b; Palma et al., 2017). Most
of these changes were related to increased catabolism and fat
mobilization processes in the goats receiving low energy diets,
which caused an important milk yield reduction in this group
compared to those fed a balance diet. Unfortunately, we have
found no studies describing changes in the content of bioactive
peptides in milk caused by either feed restriction or increased
energy intake in dairy animals.

In addition to feed energy, protein content is another import-
ant factor to consider in ruminants diets. Dietary protein provides
N for microbial protein synthesis in the rumen. Microbial protein
constitutes more than 50% of the protein digested in cows (Sok
et al., 2017). Both microbial protein and dietary bypass supply
amino acids for different animal processes such as body mainten-
ance, growth, reproduction, and milk protein synthesis (Lee et al.,
2015). Consequently, manipulation of ruminal microbiota has
been intensively investigated to improve the rumen metabolism
efficiency and ultimately to increase milk yield and milk protein
percentage (Patra and Saxena, 2011). However, further studies
are necessary in order to test if the content of specific milk bio-
active peptides beneficial for human health can be altered by
increasing protein intake in dairy animals.

An important factor to consider in diets for ruminants is the
forage:concentrate ratio. This ratio not only affects the dietary
protein content of the diet, but also influences the milk protein
percentage. As described by Tacoma et al. (2016) the forage:con-
centration ratio actively modifies the composition of the milk pro-
tein profile despite genetic differences between cow breeds.
Specifically, these authors described that both Holstein and
Jersey dairy cows fed a diet with a forage to concentrate ratio of
55:45, had similar low-abundance protein profiles. Interestingly,
other immune bioactive proteins such as osteopontin, lactoperox-
idase and several growth factors including insulin-like growth
factor-1 and transforming growth factor-β, were also detected in
similar abundances in both breeds.

Reducing the proportion of forage in favor of increased rapid fer-
mentable carbohydrates (starch) promotes the production of propi-
onate and microbial protein synthesis, which in turn increases milk
protein percentage in dairy cows (Jenkins and McGuire, 2006).
Similar results were also described by Min et al. (2005) in dairy
goats supplemented with concentrate compared to those fed with-
out concentrate. These authors observed how goats supplemented
with either 0.66 or 0.33 kg of concentrate per extra kg of milk pro-
duced above 1.5 kg/d showed higher milk yield (3.84 and 3.50 kg of
milk/d, respectively) and higher milk protein percentage (3.08 and
3.08%, respectively) than those animals fed without concentrate
supplementation (2.98 kg/d and 2.90%, respectively). Similar
results on specific milk bioactive peptides do not exist, however,
based on the available work, it seems that diets containing high
starch levels may be used to increase precursors for milk bioactive
peptides. However, feeding diets high in starch and low in fiber in
order to reach the dietary requirements of the high yielding dairy
cows increases the risk of either acute or subacute ruminal acidosis.
Therefore, the inclusion of concentrates in ruminant diets need to
be precisely supervised and adjusted according to the needs and
requirements of the animal. With increasing use of technologies
capable of constantly monitoring feed quality, feed intake, rumen
function andmilk yield and composition, this precision dairy farm-
ing approach has great promise for the future.

Not only forage proportion but type of forage (legumes or
grasses) used in the diet formulation influences milk protein
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yield and composition. In a recent meta-analysis, Johansen et al.
(2017) analyzed differences between cows fed either legume-based
or grass-based diets. These authors reported that cows fed
legume-based diets reduced fat percentage compared to those
fed grass-based diets (3.89 vs. 4.03%, respectively). Only cows
fed with red clover reduced milk protein percentage (3.08%) com-
pared to other legume-based diets such as white clover, lucerne
and birds trefoil (3.18, 3.13 and 3.13%, respectively) or grass-
based diets (3.16%). The presence of polyphenol oxidases in red
clover may have affected the bioavailability of sulfur-containing
amino acids, limiting the conversion of dietary N into milk
urea N. Therefore, it seems that the type of forage can, to a limited
extent, limit the amount of N available for the synthesis of milk pro-
teins and in turn affect the concentration of milk bioactive peptides
in milk. When animals are fed on high quality forages rich in N
(25–35 g of N/kg DM), about 56 to 65% of the total protein content
become rapidly soluble during mastication. Subsequently, a large
amount of soluble protein is degraded by rumenmicrobes resulting
in additional levels of ammonia (20–35%), which is later excreted in
urine and milk (Patra and Saxena, 2011).

Milk protein composition is also affected by the ratio between
rumen degradable protein (RDP) and rumen undegradable pro-
tein (RUP). Tacoma et al. (2017) compared the milk composition
in cows fed either high RDP:RUP ratio diets (62.4:37.6) or low
RDP:RUP ratio diets (48.7:51.3). Cows receiving the high RDP:
RUP ratio diet showed increased milk urea N and plasma urea
N concentrations (15.7 and 1.02 mmol/l, respectively) than
those fed low RDP:RUP diets (14.6 and 0.98 mmol/l, respect-
ively). However, animals fed low RDP:RUP ratio diets showed
decreased β-casein, κ-casein, and total milk casein concentrations
(15.8, 5.39, 36.3 mg/ml, respectively) compared to those fed high
RDP:RUP ratio diets (16.3, 5.61, 37.8 mg/ml, respectively).
Besides the RDP:RUP ratio, the dietary content of specific
amino acids such as lysine (lys) and methionine (met) is consid-
ered essential as they limit milk protein synthesis and milk yield
(NRC, 2001). In this field, Awawdeh (2016) showed how dairy
cows supplemented with rumen-protected met and lys (30 g/d
of met and 25 g/d of lys) increased milk yield (29.7 kg/d) and
milk protein percentage (3.14%) compared to either cows only
supplemented with 30 g/d of rumen-protected met (27.8 kg/d
and 3.09%) or cows without supplementation (28.0 kg/d and
3.09%). According to these results, the dietary inclusion of essen-
tial amino acids such as met or lys influences not only milk yield,
but also milk protein composition and could be used in future
studies to increase casein, whey and bioactive peptides levels in
milk.

Dietary fat content also influences milk protein percentage. De
Peters and Cant (1992) showed how the dietary inclusion of
either 0, 3.5 or 7% of fat (DM basis) proportionally decreased
casein percentage in milk (2.50, 2.4, and 2.3%, respectively).
These results are in agreement with several other studies where
increased content of fat in the diet was directly correlated to
decreased milk protein percentage in dairy cows (Cant et al.,
1993; Rabbie et al., 2012). As described by Wu and Huber
(1994), when part of the fermentable carbohydrates is replaced
by fat, rumen microbial protein yield decreases and the use of
amino acids for gluconeogenesis increases. Both effects signifi-
cantly reduce the availability of amino acids for milk protein syn-
thesis, thereby decreasing milk protein percentage. Regarding
milk bioactive peptides, Scuderi (2018) reported how the dietary
inclusion of grape marc, a viticulture by-product increased the
abundance of apolipoprotein E, clusterin, butyrophilin subfamily

1 member A1, serum amyloid A protein, synaptic vesicle mem-
brane protein VAT-1 homolog, and protein KRI1 homolog in
Holstein dairy cows.

Other factors influencing milk protein composition

Besides animal genetics and animal nutrition, other factors such
as environmental conditions or lactation stage may influence ani-
mal physiology and thereby milk yield and composition. As
described by Bernabucci et al. (2015), season affects milk compos-
ition in Holstein cows by decreasing fat (from 3.8 to 3.2%), pro-
tein (from 3.5 to 3.3%), and total solids (from 12.6 to 11.9%)
percentages from winter to summer. The decreased milk protein
percentage also reduces the concentration of several milk protein
fractions from winter to summer, specifically ɑ-casein (12.8 and
9.9 g/l, respectively), β-casein (9.8 and 7.9 g/l, respectively), and
κ-casein (4.1 and 3.7 g/l, respectively). On the contrary, increased
temperature can cause heat stress, enhancing skeletal muscle
catabolism and inducing increased blood urea N, which in turn
leads to increased urea N concentration in milk (Hao et al.,
2016). These findings were also observed by Cowley et al.
(2015) in Holstein cows subjected to heat stress, where milk
yield, protein concentration and casein concentration all
decreased (21.98 L/d, 34.1 g/l and 28.1 g/l, respectively) compared
to cows under normal conditions (temperature-humidity index
<70; 17.03 L/d, 33.1 g/l, 26.8 g/l, respectively).

Milk protein composition can also be influenced by the
physiological state of the cow. Ho et al. (2010) observed an exten-
sive caseinolysis and active generation of peptides in cows follow-
ing dry-off. In this study, 202 novel β-casein-derived peptides
were identified. From those, five were homologous with opioid
agonists peptides (β-casein peptides 60–68), and immunomodula-
tors peptides (β-casein peptides 191–209, 193–209, 199–208 and
193–202). These results provide useful information that can be
implemented in dairy farms in order to increase the concentration
of bioactive peptides in milk within short intervals following
drying-off in cows.

Prospective opportunities for future

Dairy products are one of the most important sources of high bio-
logical value proteins and bioactive peptides. As described above,
a considerable amount of evidence supports the notion that bio-
active peptides and proteins from milk may have effects on a
range of physiological processes, and by doing so potentially aid
in the prevention of diverse human diseases. However, most of
these results are based on in vitro studies and the real effect of
these milk-derived peptides in human health remains unclear.
Consequently, there is a need for long-term in vivo studies to pro-
vide stronger data supporting the positive effects of bioactive pep-
tides from milk on human health. Many studies have been
performed using bioactive peptides isolated from milk, without
considering the impact of other milk components in the absorp-
tion of these peptides. Future studies should also focus on the bio-
availability of specific beneficial bioactive peptides in consumed
milk or dairy products.

It is clear that genetics and nutrition can be harnessed to mod-
ify diverse milk components, including protein content and yield.
Unfortunately, very few studies have examined more specific
effects on individual bioactive peptides. Therefore, future studies
should combine knowledge from both food science and animal
science fields in order to improve the healthiness of milk protein
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and milk bioactive peptides. The present review may set the basis
for optimizing yields of bioactive peptides in milk and developing
new functional foods incorporating these bioactive dairy peptides.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0022029919000384
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