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Preface

Milk protein synthesis during lactation is a complex biological activity that involves 
diverse and dynamic interactions between proteins, genes, and other factors. The 
importance of milk protein to the neonate derives from its nutritional and immuno-
logical properties. The wide diversity in milk protein content of different species has 
prompted investigations into the source of these variations and milk protein’s potential 
biological functions. Milk Protein - New Research Approaches presents comprehensive 
information on factors that might control milk protein production as well as discusses 
the genetic, cellular, and molecular progress being made in the field of dairy science. 
Chapters present recent and relevant research in the field of milk protein production 
and include extensive bibliographies. This volume is a useful resource for students, 
researchers, and professionals in veterinary, dairy, food, and animal science, among 
others.

Narongsak Chaiyabutr
Faculty of Veterinary Science,

Chulalongkorn University,
Bangkok, Thailand
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Chapter 1

Introductory Chapter:  
Milk Protein Synthesis, Progress,  
and Projections
Narongsak Chaiyabutr

1. Introduction

Milk protein is one of the most important nutrients to the neonate drives their 
nutritional and immunological properties. It contains a variety of essential amino 
acids required by the body to maintain a variety of potential biological functions. 
Milk proteins fall into the category in which they are synthesized by the cells of the 
mammary gland. Milk protein is synthesized by precursors from the diet and the 
availability of amino acids (AA) passes from the blood to the lumen of the mam-
mary alveoli. It is necessary to consider the basis for the two routes of the passage of 
specific proteins across the mammary epithelial cell [1, 2]. The first is the paracel-
lular route that proteins pass from the extracellular fluid (ECF) to the lumen of the 
alveoli between adjacent secretory cells. The second is the transcellular route, which 
is proteins across the apical secretory cell membrane. The sequence of a series of 
steps viz. (i) the passage of amino acids from the blood capillary to the extracellular 
fluid (ECF), (ii) passage from the ECF to the secretory cell, (iii) the intracellular 
synthesis of milk specific proteins, (iv) intracellular translocation of the protein 
to the apical membrane of the mammary cell, (v) the protein across the apical 
membrane into the alveolar lumen. Therefore, the process necessitates the factors 
controlling each step, which are involved in a process of controlled polymerization 
within the mammary cell. The current knowledge of the mechanisms involved in 
these separate steps.

The knowledge in the area of milk protein continues to be one of rapid progress in 
the subject of lactation. Several papers review the finding involving milk protein in 
detail in this area. Since, the process of milk protein synthesis requires the accumula-
tion of information from the testing of hypotheses in a wide range of species. New 
research approaches have provided a further understanding of the control mechanism 
of milk protein synthesis at both cellular and molecular levels. The process of the 
mammary gland and milk protein secretion impinge directly on many diverse topics 
such as sociology, medicine involving breast and food allergens feeding, agriculture 
involving the dairy and pig industry, and economic, etc.

2. Milk protein and area of research

Since the synthesis of milk protein during lactation is a complex biological activ-
ity. The mechanisms of milk protein synthesis are concerned with the mechanisms 



Milk Protein - New Research Approaches

4

of other major milk constituents with lactose and milk fat which are widespread and 
diverse. Multifactorial have involved these lines of approach for the research area in 
both cellular or molecular studies of milk protein synthesis still being investigated 
by scientists. The mammary gland is the target organ of a complex system to the 
major pathway that a supply of substrates for the synthesis of milk components and 
the initiation and maintenance of all of the mechanisms of lactation in the secretory 
cells. The pathways for protein, lactose, and fat synthesis in the mammary cell require 
energy in the form of ATP used for the common relationship of the system. Many of 
the cellular subcomponents play a direct role in the synthesis of certain milk constitu-
ents and may be involved with more than one. The relationship of the systems to the 
major pathway in the mammary cell involving a complex interrelationship has been 
proposed [3].

Milk proteins are classified into caseins and non-casein (whey) proteins. Caseins 
also are milk-specific proteins. There are four basic types of molecules: the αs1, αs2, β, 
and κ in bovine milk which each type comprises many molecular species [4]. Κ-casein 
is a glycoprotein that stabilizes the micelle against precipitation by calcium ions. Non-
casein (whey) proteins comprise both milk-specific and serum proteins which in some 
species (e.g. rodents) contain few specific proteins while carnivores contain many. 
Although the basic mechanism of milk protein synthesis is identical in all species. 
Variations in the activity of which would be expressed in different milk protein compo-
sitions. The milk-specific protein like serum protein occurs in milk, especially immuno-
globulins being high in colostrum in many species (e.g. cows, sheep, and pigs) in which 
the structure of the placental membranes prevents their transfer from the maternal 
to the fetal plasma. The question then arises, whether this protein in milk comes from 
blood plasma or by the synthesis in plasma cells situated in the mammary gland via 
either transcellular route or paracellular route. The milk-specific non-casein proteins 
are α-lactalbumin and β-lactoglobulin. The role of α-lactalbumin is known to involve 
in lactose biosynthesis and increase milk yield. This example indicates that complex 
mechanisms of metabolic pathways occur in the mammary gland. The elucidation of 
these and many other metabolic differences among species in the synthesis of milk is an 
area with an important related application for some that should receive continued and 
increasing attention.

An increase in the synthesis of protein, lactose, and fat in milk is a complex 
mechanism that improves the efficiency of milk production. The achievement is 
proposed by combining genetic improvements with good management including 
improving the nutritional availability of the basic compounds used by the mammary 
gland to produce milk. The advanced study of molecular biology and discovery of 
DNA that manipulation of DNA transcription is a powerful means to affect pheno-
typic outcomes. In addition to molecular study transcription, many posttranscrip-
tional regulations can greatly affect phenotype, among which phosphorylation of 
proteins constitutes a primary one.

3. Role of amino acid supply for milk protein synthesis

It is known that the rate of substrates supplying to the mammary gland is deter-
mined by the concentration of substrates in the plasma and mammary blood flow. 
Thus, the sustainable milk protein synthesis in the mammary gland is dependent 
upon its blood supply to provide amino acids at appropriate rates. The rate of milk 
protein production depends on the function of a number of secretory cells and their 
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metabolic activity. However, the mechanisms can be divided into three main levels 
of regulation, which are the arterial flow of amino acids in the mammary gland, the 
amino acids extraction by the mammary gland via amino acids transport systems, 
and the metabolic and secretion activities of the mammary epithelial cell. A dynamic 
exchange of amino acids between extracellular and intracellular compartments is 
dependent on changes driven by environmental and physiological stimuli. There is 
evidence that the transport of amino acids to the lactating cell is a limiting step for 
milk protein synthesis which depends on the concentration in plasma and extraction 
rates by the mammary gland. Some amino acids, for example, methionine and lysine 
are identified as the most limiting amino acids for milk protein synthesis in dairy 
cows [5] as well as in humans and other species [6]. Methionine uptake by the bovine 
mammary gland occurs via the sodium-independent neutral and basic amino acids 
transporter system [7]. Amino acids transporters may also act as sensors of intracellu-
lar and extracellular amino acids abundances regulating directly or indirectly protein 
synthesis. The implications and the extent of the amino acids sensing by amino acids 
transporters in milk protein synthesis are currently unknown but may be a phenom-
enon worth investigating.

4.  Regulation of protein synthesis by hormone supply and the energy 
utilization

It has been realized that during late pregnancy, lactogenesis occurs concurrently 
with mammary development, and many hormones are needed for maximal stimula-
tion of lactogenesis. Many factors have been reported to be capable of influencing 
lactation persistency particularly in ruminants. The hormonal control of substrates 
uptake of the mammary gland and milk protein yield is complex. Milk protein syn-
thesis is highly regulated by amino acids levels, amino acid transporters, and insulin 
via transcriptional and post-transcriptional routes, with the insulin-mTOR pathway 
playing a central role [8, 9].

The mammary gland is known to be hypersensitive to insulin during lacta-
tion and at the onset of pregnancy, with an increased sensitivity until the end of 
pregnancy, primarily due to an augmented kinase activity of the insulin receptor 
[10]. One of the primary functions of insulin in the mammary gland is the control 
of milk protein synthesis by inducing translation via activation of mTOR pathway 
and activation of signal transducer and activator of transcription (STAT5) through 
phosphorylation [9].

During lactation, the mammary gland becomes a metabolically active and the 
highest energetically demanding tissue. In ruminants, increases in energy utiliza-
tion for milk protein synthesis are due to an increase in mRNA translation in the 
mammary gland [9]. In addition, the transformation of dietary nitrogen into milk 
proteins [11], with a high rate of protein turnover [12]. In the goat, the daily tissue 
protein synthesis can account for as much as 88% of the total protein synthesized, of 
which 50% of ATP generated by the lactating mammary glands is used for the syn-
thesis of extra-mammary tissue (nonmilk) protein [13]. Insulin can also affect milk 
protein synthesis by increasing the uptake of amino acids, particularly the branched-
chain and the essential amino acids [9, 14]. An increase in intracellular glucose can 
enhance protein synthesis by increasing ATP production with subsequent inhibition 
of 5′ AMP-activated protein kinase activity, one of the main negative regulators of 
mTOR [15].
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The availability of amino acids is not only essential for milk protein synthesis, but 
they can also activate the translational machinery through mTOR pathway [9] and 
affect the expression of milk protein genes through nutrient/gene interactions [16]. 
Methionine is well known for its essential role in the initiation of mRNA translation, 
increasing protein expression and phosphorylation of STAT5a and mTOR and protein 
expression of casein [17]. In addition to methionine, other amino acids, such as tryp-
tophan, arginine, and isoleucine, have positive effects on milk protein synthesis via 
phosphorylation of mTOR pathway-related proteins in bovine mammary epithelial 
cells [18].

The role of energy and amino acids, as well as amino acids transporters in control-
ling milk protein synthesis through posttranscriptional regulation by an insulin-
mTOR signaling pathway, has been previously proposed as a detailed model in the 
regulation of milk protein synthesis [19]. A review on the translational regulation 
of milk protein synthesis, including a historical overview of the progress toward 
understanding post-transcriptional regulation, has been reported [20]. Among tran-
scription factors important for the regulation of casein genes, signal transducer and 
activator of transcription 5 (STAT5), is the most important due to its role in control-
ling the expression of various caseins, genes, and lactalbumin [9]. Although insulin 
plays an important role in the activation of STAT5, other hormones, such as prolactin 
and glucocorticoids, can also regulate the activity of STAT5 [21]. Interestingly, the 
level of regulation of STAT5 through Jak/Stat signaling by hormones may vary across 
species, which has been reviewed previously [9].

5. Conclusion

Milk protein is one of the most important nutrients in milk. Research on the 
general mechanisms involved in the synthesis of milk protein provides evidence that 
the synthesis of milk protein is complex in the mammary gland and is regulated by 
multiple factors and the protein components in milk are specific to the mammary 
tissue. During lactogenesis, several hormones are needed for maximal stimulation 
of milk production. The role of insulin has been shown to participate in the regula-
tion of milk protein synthesis with a pivotal role in perturbation with the mTOR 
and STAT5 signaling pathways. However, the control of milk protein synthesis is still 
needed to be completely understood, to open new insight into research not previously 
considered. For example, the elucidation of the mechanism of milk protein synthesis 
and other metabolic differences among species. High environmental temperatures 
are known to affect milk secretion at various levels of mechanisms both directly and 
indirectly in lactating animals in the tropic. Many technologies are required using 
to elucidate the complex mechanism of milk protein synthesis. The molecular study 
using omics technologies is a technic that has been introduced to provide the pos-
sibilities to further investigate related complex mechanisms of milk protein synthesis. 
These novel research approaches may contribute to revealing the mechanism of milk 
protein synthesis and the novel biomarkers in milk affected by some factors. However, 
the elucidation of these and many other metabolic differences among species in the 
synthesis of milk protein is an area with an important related application for some that 
should receive continued and increasing attention.
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Chapter 2

Microbiological Quality and 
Biochemical Characteristics of 
Lactic Acid Bacteria from Camel 
Milk as Affected by the Production 
System and Stage of Lactation
Imen Fguiri, Manel Ziadi, Amel Sboui, Naziha Ayeb, 
Moufida Atigui, Samira Arroum, Mohamed Hammadi  
and Touhami Khorchani

Abstract

The aim of this work is to study the effect of lactation stage and camel farming system 
on microbiological, physicochemical parameters, and identification of lactic acid bac-
teria (LAB) of camel milk. Samples were collected from four camels in semi-intensive 
system and four camels in intensive system. Microbiological and physicochemical 
parameters were analyzed. Furthermore, to study the effect of lactation stage, samples 
were collected from three camels and followed during a period of 10 months of lacta-
tion from parturition. LAB were isolated from this sample and identified by biochemi-
cal methods. The difference between the physico-chemical characteristic basis of camel 
farming system are not statistically different except fat. The microbiological analysis 
showed a significant difference in total mesophilic bacteria, yeast, and molds and total 
coliform between intensive, semi-intensive, and extensive system. The difference 
between physicochemical and microbiological characteristics basis of lactation stage 
are statistically significant. In the intensive system, they were identified the same genre 
of bacteria: Lactococcus lactis, but in semi intensive system, we found different species 
of LAB. Eight of LAB identified as different Lactococcus or Lactobacillus was isolated in 
colostrums. The diversity of LAB was affected by lactation stage and farming system.

Keywords: camel milk, production system, lactation stage, lactic acid bacteria,  
milk proteins

1. Introduction

The dromedary camel (Camelus dromedarius) is the most important animal in the 
arid areas in the world. It is a multipurpose animal, used for its supply of milk, meat, 
hides, and transport [1].
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Camel milk has a sweet and sharp taste normally, but at times it can taste salty and 
other times it tastes watery. The quality of milk is affected by the age of the animal, 
the stage of lactation, the quality and quantity of feed, as well as the amount of water 
available [2].

In Tunisia, camel breeding is conventionally extensive; a method perfectly suited 
to the biology of the specie and it is concentrated in the southern areas [3]. In addition 
to the extensive system; a new breeding method was developed in several places in 
the world that could be described as intensive system. This system is based on a set of 
techniques and ways to optimize production capacity of the animal [4].

Furthermore, there is the semi-intensive also called integrated system which was 
created due to the decrease in pasture and feed [5].

Camel milk contains inevitably microflora, the nature and significance are deter-
mined by the health status of the animal, milking conditions, temperature, etc. Even 
under rigorous collection conditions, the number of microflora does not exceed 5 103 
cells/ml [6] and this can be due to the inhibition of pathogens bacteria properties in 
camel milk [7].

Indeed, Al-Mohizea et al. [8] concluded that the hygienic quality of camel milk is 
satisfactory based on counts of four groups of microorganisms (total aerobic flora, 
psychrotrophic, coliform, and sporulating bacteria).

The dominant and beneficial microflora in camel milk represented by lactic 
acid bacteria (LAB) is a potential source of biological materials to be used in dairy 
technology [9]. LAB strain characterized by their ability to transform lactose and to 
improve the digestibility of fermented dairy products [10] as well as to preserve [11]. 
They were also employed for improvement of the taste, texture, and viscosity in the 
manufacture of dairy products [12]. The ability of LAB to produce probiotics [13] and 
stimulation of the immune system [14] render this group of microorganisms’ essential 
importance dairy industry which gives added values for dairy product.

The effect of lactation stage and farming system on the physicochemical composi-
tion of milk has been the subject of some works [15, 16]. However the microbiological 
quality is not well studied.

The dominant and beneficial microflora in camel milk are mainly LAB. This group 
of bacteria is considered to be a potential source of biological agents for use in dairy 
technology [9]. This study aimed to determine the impacts of lactation stage, produc-
tion system on physicochemical characteristics and microbiological quality especially 
the concentration of LAB in camel milk.

2. Material and methods

2.1 Source of sampling

2.1.1 Effect of breeding system

Eight camels (C. dromedarius) Maghrebi breed belonging to the herd of the Arid 
Lands Institute (Medenine) were studied: four camels in semi-intensive system 
(Medenine) and four camels in intensive system (Chenchou station, Gabès). Camels 
were followed during the sixth and ninth months of lactation. In addition to these two 
types samples were collected from four camels reared in extensive system on El Ouara 
(Ben Ghilouf, Tataouine) and brought to the laboratory of Livestock and Wildlife for 
physicochemical and microbiological analyses (Table 1).
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2.1.2 Effect of lactation stage

Three Maghrebi camels belonging to the herd of the Arid Lands Institute 
(Medenine) were monitored for a period of 12 months from parturition. The stage of 
lactation was subdivided in four periods:

i. First period was colostrums phase: Samples were collected daily in the first week.

ii. Second period (early lactation): Samples were collected weekly between second 
weeks and second month.

iii. Third period (mid-lactation): Samples were collected between once a month from 
the third to eighth month.

iv. Fourth period (end of lactation): Samples were collected once a month during the 
rest of lactation.

All the physicochemical and microbiological analysis was performed in the 
Laboratory of Livestock and Wildlife.

2.2 Physicochemical analyses

pH and acidity of milk were measured immediately after arrival at the laboratory. 
The viscosity (in cP) was determined by a Brookfield type viscometer (model DV-E, 
MA, USA). Dry matter, ash, and total nitrogen contents were determined by dry com-
bustion in a furnace (550°C) that was purged with O2 gas according to International 
standard methods [17]. The fat content was measured by an acid-butyrometric 
method using a “neusol solution.”

2.3 Microbiological analysis

Total aerobic mesophilic flora was carried out on plate count agar (PCA; 
Scharlau Chemie S.A.), incubated at 37°C for 72 h. Yeast and molds on Sabouraud 
Chloramphenicol (Pronadisa) and incubated at 25°C for 3–5 days. Total coliforms were 
grown in violet red bile agar (AppliChem) in double layer. LAB were plated on De Man-
Rogosa-Sharpe (MRS) agar (Scharlau Chemie S.A.) and incubated at 30°C for 48 h.

Rearing method Feeding

Intensive system 5 kg hay alfalfa

5 kg of oat hay

2 kg concentrate No. 7 (cow milk)

6 kg green alfalfa

Semi-intensive system 6 hours of grazing

Daily supplementation of mixture (2.7 kg) of: barley (31%), olive 
pomace (54%), and wheat bran (15%)

Extensive system Halophytic plants

Table 1. 
Different types of feeding depending on farming system.
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2.4 Isolation and identification of LAB

LAB was isolated on MRS agar (Pronadisa) and incubated at 30°C for 24–48 h 
in order to apply the conventional tests for identification. All isolates were initially 
examined for Gram staining and catalase reaction. Only Gram-positive and catalase-
negative isolates were considered. The biochemical identification was carried out 
using API systems. API 50 CH was used in conjunction with API 50 CHL medium for 
the identification of Lactobacillus and related genera strips according to the manufac-
turer’s instructions (Biomerieux, Marcy-l’Etoile, France) [18].

2.5 Statistical analysis

SAS software (version 9) was used for statistical analysis of data. Production sys-
tem and lactation stage were analyzed by ANOVA using general linear model (GLM) 
for determination their effect for physicochemical and microbiological characteris-
tics. The means values were compared using SNK test.

3. Results and discussion

3.1 Effect of production system

3.1.1 The physicochemical characteristics

The values of pH for the three production systems (i.e., intensive, semi-intensive, and 
extensive) averaged 6.40, which is relatively similar to the average pH value (6.43 ± 0.07) 
reported by [19] for Maghrebi Libyan camels kept different systems (intensive and 
extensive and slightly higher than that reported by [20] for raw milk (pH = 6.0). The 
minimum value of pH was observed in extensive system, and this is might be related to 
the high content of LAB in milk collected from camels under the same system (Table 2). 
The production system had no effect (P > 0.05) on DM and ash contents of milk. Dry 

Parameter Production system Significance

Intensive Semi-intensive Extensive

pH 6.46 ± 0.16a 6.46 ± 0.17a 6.29 ± 0.088a NS

Acidity (°D) 16.75 ± 1.83a 16.12 ± 2.41a 17.50 ± 2.08a NS

Viscosity (cP) 3.65 ± 0.54a 3.85 ± 0.87a 4.62 ± 1.06a NS

Fat (g/L) 21.37 ± 6.90b 26.00 ± 8.78a,b 34.75 ± 10.68a *

Dry matter (g/L) 117.20 ± 10.28a 118.70 ± 7.75a 116.30 ± 8.27a NS

Ash (g/L) 9.56 ± 1.80a 9.79 ± 1.65a 9.44 ± 1.80a NS

Protein (g/L) 31.59 ± 2.48c 35.86 ± 4.21b 43.65 ± 4.00a **
a,b,cMeans in the same line with the same letter are not statistically different (P > 0.05).
NS, non-significant.*P < 0.05.
**P < 0.01.

Table 2. 
Effect of breeding system on physicochemical parameters of camel milk.
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matter values were similar to those reported by [19] for milk representing intensive and 
extensive production systems (117.2 vs. 116.3 g/L), while the ash content was slightly 
higher (9.56 vs. 9.44 g/L). The extensive system presented a highest value of fat and 
protein contents. However, raising camels under intensive or extensive systems had no 
effect of fat content but milk from the extensive system had lower protein content (24.5 
vs. 31.9 g/L) [19].

3.1.2 The microbiological characteristics

Significant differences were observed in the microbial load among the different 
production systems. The highest bacterial load was marked in extensive system, 
which can be due to the environment, processing condition and a transportation 
time from milking to analysis (Table 3). This result is similar for cow milk [21] who 
reported that the milk quality is affected by production system of livestock. The 
presence of LAB in camel milk was predictable because milk provides optimal natural 
environment for the growth of this group of bacteria whatever the source of milk is 
(sheep, goat, and cattle).

3.2 Effect of lactation stage

3.2.1 The physicochemical characteristics

It was observed that the pH value of camel milk was significantly affected during 
lactation (Table 4). Colostrum presented a low pH, due to high proteins contents 
[22]. Post-partum changes in gross chemical composition of camel milk showed an 
increase in fat. In late phase of lactation, the fat was significantly higher than in the 
early phase of lactation. The variation in protein content during the period of lacta-
tion was similar with result reported by [23].

3.2.2 The microbiological characteristics

The TPC fluctuated during lactation stages: increased in the early lactation 
stage followed by decrease in the mid-lactation before increasing again at the end, 
the values of TPC ranged between 2.64 and 2.30 log10 CFU/ml (Table 5). The 
yeast and molds content in Moroccan camel’s milk was found to be higher with an 

Production system Significance

Intensive Semi-intensive Extensive**

TAPC (log10 CFU/ml) 2.96 ± 1.24b 4.13 ± 0.98b 5.47 ± 0.64a **

Yeast/mold (log10 CFU/ml) 1.36 ± 1.25b 0.45 ± 0.64b 6.36 ± 2.44a **

Total coliform (log10 CFU/ml) 2.17 ± 1.68b 2.53 ± 1.53b 5.38 ± 0.26a **

LAB (log10 CFU/ml) 0.13 ± 0.08a 1.13 ± 0.20a 1.43 ± 0.87a NS
a,bMeans within the same line with different letter are statistically different (P < 0.05).
NS, non-significant.**P < 0.01.

Table 3. 
Effect of production system on microbiological parameters.
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average count of 4.6 log10 CFU/ml [12]. LAB counts ranged between 1.62 and 2.79 
log10 CFU/ml and the difference between lactation stages being significant with a 
maximum in colostrum stage. LAB was the predominant microflora in camel milk 
since it has been proved that they are capable of producing inhibitory substances 
other than organic acids (lactate and acetate) that are antagonistic toward other 
microorganisms [13].

3.3 Isolation and identification of LAB

Regarding the carbohydrates fermentations the strains were divided in two 
groups (Table 6). The first ones dominated by regular rods (SCC1,8, SCC1,7, SCC1,15, 
and SCC1,2) were tentatively identified as Lactobacillus plantarum, Lactobacillus 
pentosus, and Lactobacillus brevis. The second group was coccoid in shape (SLCch14, 
SLCch6, SCC1,13, SCC1,33, and SCC1,6). They were tentatively identified as Lactococcus 
lactis and Pediococcus pentosaceus. Earlier studies have been reported the presence of 
the L. plantarum and L. brevis in Sudanese fermented camel milk [24]. Sun  
et al. [25] isolated the L. plantarum and L. lactis from traditional fermented milk in 
Mongolia.

Parameters Lactation stage Significance

First week Early lactation Mid-lactation End last lactation

pH 6.35 ± 0.18b,c 6.45 ± 0.13a,b 6.52 ± 0.13b 6.64 ± 0.11a **

Viscosity (cP) 6.61 ± 2.55a 5.82 ± 3.12a,b 3.37 ± 0.45c 4.17 ± 0.53b,c **

Fat content 
(g/L)

11.72 ± 9.78c 20.30 ± 5.19b 21.40 ± 4.77b 28.44 ± 8.67a **

Dry matter 
(g/L)

127.70 ± 12.38a 113.35 ± 8.16b 106.09 ± 5.24c 105.68 ± 4.01c **

Ash (g/L) 10.74 ± 2.42a 7.95 ± 1.50b 7.07 ± 1.23b 6.96 ± 0.89c **

Acidity (°D) 24.78 ± 5.63a 17.39 ± 4.04b 15.40 ± 3.08b 16.33 ± 2.64b **

Proteins (g/L) 43.07 ± 2.11a 33.85 ± 2.26b 27.93 ± 0.87d 31.34 ± 1.61c **
a,b,c,dMeans within a line with different letter are statistically different (P < 0.05).

Table 4. 
Effect of lactation stage on physicochemical characteristics.

Parameters First week Early lactation Mid-lactation Late lactation Significance

TAPC (log 
UFC/ml)

2.64 ± 0.80a 2.30 ± 1.05a 2.48 ± 0.99a 2.41 ± 0.76a NS

Yeast and 
molds (log 
UFC/ml)

2.14 ± 0.99a 2.17 ± 0.30a 1.65 ± 0.82a,b 1.28 ± 1.24b NS

LAB (log UFC/
ml)

2. 79 ± 0. 53a,b 2.00 ± 1.05b,c 1.62 ± 1.23c 2.48 ± 0. 66a **

a,b,cMeans within a line with different letter are statistically different (P < 0.05).
NS, non-significant.**P < 0.01.

Table 5. 
Effect of lactation stage on microbiological characteristics.
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4. Conclusion

The present study showed variations of physicochemical and microbiological 
characteristics in camel milk was affected by production systems and stages of lacta-
tion. Physicochemical characteristics of camel milk samples obtained from different 
production system revealed highly significant variations between these systems in the 
content of fat and protein. Additionally, stages of lactation showed variations in the 
physicochemical and microbiological characteristics of camel milk. LAB were also 
affected by production system and lactation stage.
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Chapter 3

Superior Stimulation of β-Casein 
mRNA Accumulation by 
Pseudophosphorylated Prolactin: 
Enhanced Transcription and 
Message Stabilization
Wei Wu, Changhui Deng, Jennifer L. Brockman,  
Linda A. Schuler and Ameae M. Walker

Abstract

A proportion of secreted pituitary prolactin (PRL) is phosphorylated. However, 
because most commercial sources of PRL are recombinant proteins without post-
translational modification, the importance of PRL phosphorylation to the production 
of milk proteins is an understudied area. Here, we have examined the effect of PRL 
phosphorylation on expression of the milk protein, β-casein, using a phospho-stable 
mimic of the phosphorylated form (S179D-PRL) and analyzing promoter activation 
and mRNA stability over a 7-day treatment period in response to this and unmodified 
PRL. At equivalent concentrations, the phospho-mimic showed a superior ability 
to activate a −2300 → +490 region of the promoter, but not an artificial promoter 
consisting of three Stat5 consensus sites upstream of a minimal promoter. Unlike 
unmodified PRL, S179D-PRL was also able to stabilize β-casein mRNA. These effects 
of S179D-PRL were eliminated by incubation in the MAP kinase pathway inhibitor, 
U0126, bringing promoter activation down to the level seen with unmodified PRL and 
essentially eliminating the effect on mRNA stability. These results support an impor-
tant role for the posttranslational phosphorylation of PRL and signaling through the 
MAP kinase pathway in the production of this milk protein.

Keywords: hormone regulation, posttranslational modification, phosphorylated 
prolactin, molecular mimicry, S179D prolactin, beta-casein, mRNA stabilization, 
length of promoter

1. Introduction

PRL phosphorylation in the pituitary is regulated physiologically [1, 2]. Phospho-
PRL has been demonstrated in rat [3], mouse [4], sheep, avian [5], bovine [6], and 
human [7] pituitary extracts. The phosphorylated form is very stable and cleared 
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from the circulation with similar kinetics to the unmodified hormone [6–8]. 
Differential function analysis of unmodified and phospho-PRL demonstrated 
different biological activities [9, 10]. Recent studies have utilized a molecular mimic 
of phospho-PRL to prevent conversion to the unmodified form during the course 
of an experiment. This mimic was made by substituting an aspartate residue for the 
normally phosphorylated serine [11, 12], thereby producing S179D-PRL.

Previous work from our laboratories has demonstrated different activities for 
unmodified PRL (U-PRL) and S179D-PRL in the control of proliferation in the 
mammary gland and mammary cells in culture, with U-PRL promoting cell prolifera-
tion and S179D-PRL antagonizing this effect [12–16]. Despite these demonstrations, 
which indicate that mammary cells recognize and respond to the two kinds of PRL 
differently, there has since been very limited investigation of the importance of PRL 
phosphorylation to the production of milk proteins. In large part, this is likely due to 
the lack of availability of purified phosphorylated PRL, another reason we developed 
the phospho-mimic, S179D-PRL.

Using S179D-PRL, we have previously shown [14] that compared to U-PRL this 
phospho-mimic had a superior ability to stimulate β-casein expression. This was 
surprising since S179D-PRL has an inferior ability to activate Stat5 [13], activation of 
which is crucial to milk protein production [17].

Here, we have investigated the molecular mechanisms resulting in superior 
β-casein expression in response to S179D-PRL by examining the relative roles of 
transcriptional and posttranscriptional activities and MAP kinase signaling to the 
accumulation of β-casein mRNA in response to each PRL.

2. Materials and methods

2.1 Mammary cell culture and differentiation

HC11 cells were a gift from Nancy Hynes (Friedrich Miescher Institute, Basel, 
Switzerland). Cells were grown in RPMI 1640 (Invitrogen, Carlsbad, CA, USA) con-
taining 10% FBS, 5 μg/ml insulin (Sigma, St. Louis, MO, USA), 10 ng/ml epidermal 
growth factor (Invitrogen), 100 U/ml penicillin, and 100 μg/ml streptomycin. Once 
confluent, they were grown 3 more days with daily medium changes. The medium 
was then removed, and the cells were washed five times with RPMI 1640. Cells were 
then treated with priming medium-RPMI 1640 supplemented with 10% charcoal-
stripped horse serum (Cocalico Biologicals, Reamstown, PA, USA), antibiotics, 
10 μg/ml insulin, 1 μg/ml hydrocortisone (Sigma) for 24 h followed by induction in 
priming medium plus U-PRL, or S179D-PRL (changed daily). This essentially follows 
Taverna et al. [18] except that 1 μg/ml, which maximally stimulates the endpoints 
measured here, instead of 5 μg/ml PRL, was used in this study. Potential differences 
in the uptake or degradation of U-PRL and S179D-PRL were monitored by ELISA and 
Western blot of media samples.

2.2 Transfection and β-casein luciferase assays

Primed HC11 cells were transfected with −2300 → +490 of the proximal rat 
β-casein promoter [19] subcloned into pGL3Basic (Promega, Madison, WI, USA) 
and a CMV-β-galactosidase construct. Sub-confluent cultures in six-well plates 
were transfected with β-casein luciferase DNA (2 μg), β-gal DNA (0.5 μg), and 10 μl 
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lipofectamine/5 ml. After transfection, cells were treated with one or other form of 
PRL for 24 h in the absence or presence of U0126 (10 μM). For the 7-day experiment, 
cells were treated with the PRLs for 6 days, with daily medium changes, prior to trans-
fection. For some experiments, cultures were transfected with an artificial promoter 
consisting of three Stat5 consensus sites upstream of a minimal promoter [20].

2.3 β-Casein mRNA stability

HC11 cells were induced for 1–7 days with daily medium changes and RNA was 
isolated. To test the mRNA stability, the transcription inhibitor 5,6-dichloro-1-b-d-ri-
bofuranosylbenzimidazole (DRB) (Promega) was added (50 μg/ml) in the continued 
presence of the PRLs and in the absence and presence of the MEK1/2 inhibitor, U0126 
(10 μM). Real-time PCR reactions were 12.5 μl SYBR Green PCR master mix (Applied 
Biosystems), 2.5 μl of 10 μM mouse β-casein forward primer (5′-CCC GTC CCA CAA 
AAC ATC CAG CC-3), and 2.5 μl reverse primer (5′-ATT AGC AAG ACT GGC AAG 
GCT G-3′), or 2.5 μl of mouse GAPDH forward primer (5′-CCA TGG AGA AGG CTG 
GGG-3′), and 2.5 μl reverse primer (5′-CAA AGT TGT CAT GGA TGA CC-3′), 1 μl 
diluted RT product and 6.5 μl ddH2O with 10 min 95°C followed by cycles of 95°C, 
1 min; 55°C, 30 s; 72°C, 45 s; and 80°C, 10 s. Both annealing temperature and Tm 
of mouse β-casein and GAPDH primers are similar, allowing co-amplification and a 
comparative CT method for quantification of gene expression calculated by 2–ΔΔC

T.

2.4 Statistical analysis

Data were subjected to ANOVA with posttests comparing specific groups and 
Bonferroni corrections for multiple comparisons. Data are presented as mean ± SEM. 
The minimal number of experiments and replicates within each experiment was 
3. Analysis of the real-time RT-PCR data was as per ABI PRISM 7700 Sequence 
Detection System User Bulletin #2.

3. Results

Real-time RT-PCR allowed us to determine steady-state transcript levels as a func-
tion of time in response to U-PRL and S179D-PRL (Figure 1).

β-Casein mRNA increased over the 7-day period in response to each PRL. S179D-
PRL was more efficacious than U-PRL, resulting in over twice the level of β-casein 
transcripts after 3 days, and 3–4 times higher levels after the full 7-day incubation. 
In order to determine whether these were effects on promoter activity, we utilized 
a β-casein promoter-luciferase construct. Importantly, this construct included the 
−2300 to +490 region of the β-casein promoter and not the usually employed, much 
smaller −344/−1 portion. As can be seen in Figure 2A, both PRLs stimulated reporter 
activity after 1 day of exposure. However, S179D-PRL was twice as effective as U-PRL. 
This was not the result of differential stability of these PRL forms since examination 
of the 24-h media from these incubations by ELISA and Western blot using an anti-
body, which recognizes both forms equally showed no evidence of different uptake or 
degradation of the PRLs (data not shown). Conduct of this experiment in the pres-
ence of U0126 demonstrated that the ERK pathway was important for the superior 
ability of S179D-PRL to activate the promoter (Figure 2A). In contrast, this inhibitor 
had no significant effect on U-PRL-stimulated activity and did not alter controls.  
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The relationship between both ERK activation and promoter activity and dose of 
S179D-PRL is shown in Figure 2C.

To determine the importance of Stat5 in the differential effects of the two PRLs at 
the promoter, we examined their relative activities at an isolated Stat5 enhancer.

Although both PRLs were able to significantly increase activity, S179D-PRL was 
slightly less effective (Figure 3). This result demonstrated that other regulatory 

Figure 1. 
Effect of U-PRL and S179D-PRL on β-casein mRNA levels as a function of days of stimulation. *, p < 0.01 versus 
control (CON); #, p < 0.01 for S179D-PRL (S179D) versus U-PRL (U); ** p < 0.001 versus control; ##, p < 0.05 
for S179D-PRL versus U-PRL.

Figure 2. 
Effect of U-PRL and S179D-PRL on the −2300 → +490 β-casein promoter-luciferase. A, transfection at day 0 and 
assay at day 1 of treatment with and without inhibition by U0126; B, transfection at day 6 and assay at day 7 of 
treatment; C, ERK activation and β-casein-luciferase activity in response to S179D-PRL. *, p < 0.01 for U-PRL 
and †, p < 0.001 versus control. #, p < 0.01 versus S179D-PRL.
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sequences and mediators, in addition to Stat5, were important in the S179D-PRL 
response in the physiologic context of the β-casein promoter.

By 7 days of incubation, the difference in efficacies of the two PRLs in stimulating 
β-casein promoter activity was essentially eliminated (Figure 2B) and the degree of 
promoter stimulation in response to both ligands was increased. Based on the results 
in Figure 1, one would not have predicted the loss of the difference between U-PRL 

Figure 3. 
Effect of U-PRL and S179D-PRL on day 1 activity of the Stat5 enhancer. *, p < 0.01 and #, p < 0.05 versus control.

Figure 4. 
Effect of U-PRL and S179D-PRL on mRNA half-life. Following a 6-day incubation in each PRL, the 
transcription inhibitor, DRB, was added. A, GAPDH mRNA; B and C, β-casein mRNA levels normalized to 
GAPDH as a function of time after addition of DRB in the absence (B) and presence (C) of U0126 (added at 
time 0). The ratio at time 0 in the control cells was set at 0.1 in B. *, p < 0.001 for S179D-PRL versus control or 
U-PRL; #, p < 0.05 for U-PRL versus control; ##, p < 0.001 versus control.
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and S179D-PRL at day 7 if transcription was the most important regulator of steady-
state mRNA levels. We therefore analyzed β-casein mRNA stability in response to 
both PRLs. Cells were incubated without or with the different PRLs for 6 days, and 
then, the transcription inhibitor, DRB, was added. Figure 4A, which plots GADPH 
mRNA as a function of time after inhibition of transcription, shows the expected 
decline in mRNA levels, with a half-life of about 4 h. This was not appreciably altered 
by either PRL, allowing us to use GAPDH to normalize the data for RT-PCR efficiency.

As seen in Figure 4B, β-casein transcripts had a half-life of about 4 h since when nor-
malized to GAPDH, the ratio was unaltered by incubation in DRB in the controls or cells 
incubated in U-PRL. In contrast, incubation in DRB revealed a dramatic effect of S179D-
PRL on β-casein mRNA stability. Since time 0 on this graph is after 6 days of U-PRL or 
S179D-PRL treatment, the effects of the two PRLs on overall mRNA levels are evident 
prior to DRB treatment. When U0126 was added along with DRB at 0 h, the elevated 
levels of β-casein mRNA in response to S179D-PRL were reduced by 2 and 4 h, indicating 
an important role for ERKs in S179D-PRL-induced mRNA stability (Figure 4C).

4. Discussion

The results demonstrate that both U-PRL and S179D-PRL increase steady-state 
β-casein mRNA levels. However, S179D-PRL was more effective than U-PRL after 
shorter exposures and also elicited a later rise not found with U-PRL. This biphasic 
response to S179D-PRL suggested the possibility of different mechanisms of mRNA 
accumulation. A large body of literature has demonstrated rapid effects of PRL treat-
ment on the β-casein promoter [21–23]. However, a second, much smaller number 
of papers, which have largely been forgotten in recent years, demonstrate that PRL 
increases β-casein mRNA stability and that this is quantitatively much more impor-
tant in terms of steady-state mRNA levels than promotion of transcription [24–27]. 
However, these studies used pituitary extract preparations of PRL, which contained a 
mixture of both unmodified and phosphorylated PRL, and so the importance of PRL 
phosphorylation to these activities was unknown.

Regulatory sequences within the β-casein promoter are found over a fairly large 
region, but most investigators have limited their examination to the activity of the 
most proximal 344 nucleotides in reporter gene assays. However, this promoter may 
not detect all the responses to S179D-PRL. CREB, ATF1, and YY1 sites outside of 
this region can potentially be activated by ERK1/2 (reviewed in [28]). This signaling 
pathway is a major mediator of S179D-PRL, although U-PRL can also activate these 
kinases in HC11 cells to some extent [13]. In addition, increased β-casein gene expres-
sion can be achieved by removal of YY1 from the promoter [28]. We therefore utilized 
a −2300 → +490 fragment of the promoter, which includes the CREB, ATF1, and YY1 
sites (in addition to the STAT5 site in the −344/−1 region) in an attempt to make the 
reporter assay more physiologically relevant. It should be noted, however, that even 
this larger piece does not constitute the whole promoter.

While both PRLs increased activity of this promoter, S179D-PRL was about twice 
as effective as U-PRL during the first-phase response. This was unexpected, since 
S179D-PRL is weaker than U-PRL in stimulating STAT5 tyrosine phosphorylation  
[13, 15], generally thought to be the most important regulator of β-casein expression. 
The MEK1/2 inhibitor, U0126, eliminated the difference between U-PRL and S179D-
PRL on promoter activity, indicating that ERKs 1/2 are important for the superior 
stimulation with S179D-PRL, but not for the activity of U-PRL. With the construct 



31

Superior Stimulation of β-Casein mRNA Accumulation by Pseudophosphorylated Prolactin…
DOI: http://dx.doi.org/10.5772/intechopen.101256

containing only the Stat5 enhancer, there was no superior effect of S179D-PRL. 
Together, these results demonstrate the importance of other transcription factors in 
S179D-PRL signals to the β-casein promoter.

Increasing β-casein transcripts with duration of S179D-PRL exposure shown in 
Figure 1 suggested increased promoter activation over time in culture. However, we 
have shown that the difference in β-casein promoter activation between S179D-PRL 
and U-PRL was reduced after 7 days, consistent with a mechanism other than pro-
moter activity for the second phase of the response to S179D-PRL. Our data indicate 
that S179D-PRL markedly increased β-casein mRNA stability at this time, while 
U-PRL was without effect. Other investigators have used pituitary-derived PRL, 
which is a mixture of U-PRL and phosphorylated PRL [27] and hence have not been 
able to make this distinction.

There are a variety of mechanisms by which β-casein mRNA stability may be 
regulated, including the length of the poly A tail [29] and effects at the 5′ untrans-
lated region (5′UTR) and other areas of the 3′UTR [26, 27]. ERK1/2 activation has 
previously been shown to be important for some proportion of the β-casein response 
to mixed PRL [23]. This is the first demonstration of effects on both transcriptional 
and posttranscriptional regulation.

Combining these results with previous work on the role of these two PRLs in 
cell proliferation, we suggest that optimal alveolar development and subsequent 
lactation are the result of well-orchestrated exposures to combinations of U-PRL, 
phospho-PRL, and other physiological stimuli including milk removal. U-PRL (or a 
lactogen acting like U-PRL) stimulates alveolar development [14] and some β-casein 
expression. Phospho-PRL, which has the capacity to inhibit alveolar development 
[14, 16], may slow alveolar development after parturition but robustly stimulate 
β-casein expression by virtue of its ability to increase both promoter activity and 
mRNA stabilization.

5. Conclusions

These results support an important role for the posttranslational phosphorylation 
of PRL and signaling through the MAP kinase pathway in the production of the milk 
protein, β-casein. Furthermore, the results are an important reminder that use of bac-
terially derived recombinant prolactin that does not have normal secretory pathway 
posttranslational modifications may not fully represent normal physiology.
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Chapter 4

Omics, the New Technological 
Approaches to the Milk Protein 
Researches
Zitai Guo, Lu Ma and Dengpan Bu

Abstract

With the development of technological approaches, the perturbations of biological 
information in gene, mRNA, proteins, and metabolites have been gathered to broaden 
the cognition of synthesis processes during lactation. While omics, the series of 
application including genomics, transcriptomics, proteomics, and metabolomics, are 
mostly preferred and conducted in the investigation of lactation especially the milk 
protein. These new technological approaches provide a complete view of the molecu-
lar regulation pathways and make it possible to systematically investigate the lacta-
tion. The aim of this chapter is to comprehensively review the advances in knowledge 
regarding the great progress in milk protein synthesis as well as lactation physiology 
and pathology mainly in dairy cows obtained from omics technologies, meanwhile the 
milk proteins as well as their attributes are illustrated.

Keywords: milk protein, omics technologies, dairy cows, protein synthesis

1. Introduction

Milk protein is one of the most important nutrients in milk. It contains a variety of 
essential amino acids required by body maintaining and is believed to have a variety 
of potential biological functions [1, 2]. In past few decades, plenty of research studies 
were conducted for improving the milk quality especially the milk protein produc-
tion, while the morphological as well as physiological focused on mammary gland has 
been widely investigate [3–6]. However, since the synthesis of milk protein during 
lactation is a complex biological activity, only little perturbations in lactation can 
result in a certain difference in the composition and concentration of milk protein 
[7]. Furthermore, the interactions between proteins, genes, and factors are diversity 
and dynamics when performing physiological functions, which means the tradition 
approaches may no longer meet the requirement of current research studies. In recent 
years, new approaches including Omics in lactation-related research studies received 
extensive attention. While Omics was one of the most used approaches since it make 
the study possible to explain the synthesis comprehensively and systematically at 
the levels of DNA, RNA, proteins, and metabolites, which can assist the further 
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indentation of factors as well as processes regulating lactation [8, 9]. To present 
the use of omics approach in lactation especially milk protein synthesis research in 
dairy cows, the relevant introductions of omics and milk protein following the great 
progress in lactation physiology as well as pathology by these new approaches are 
illustrated in the current chapter.

2. Milk protein and its attributes

Suppose milk was considered an important nutrient source due to its perspective 
of molecular composition, milk proteins should be the most important source of 
bioactive peptides. Milk proteins were proved to have higher digestibility and more 
suitable content of amino acids for human being [10], which contribute to more 
than 3% of content in milk [11]. Based on the properties of structure, function, and 
solubility, milk proteins are normally divided into three categories including caseins, 
whey proteins, and milk fat globular membrane proteins, while these complex 
components make the milk proteins to vary widely [12, 13]. In short, caseins account 
for about 80% of total milk proteins and were mainly classified by four basic types 
of molecules: the αs1-, αs2-, β-, and κ-caseins [14, 15]. Whey proteins are the major 
component of milk whey, their components mainly include β-lactoglobulin (β-LG), 
α-lactalbumin (α-LA), serum albumin (SA), immunoglobulin G (IgG), and also 
include several small molecule proteins especially low-abundance proteins, such 
as enzymes and metal-binding proteins [16]. Milk fat globular membrane proteins 
only contribute to 1–4% of milk proteins, but play the important roles in the defense 
mechanisms and process of cell growth in newborns [17]. So far, plenty of research 
studies have investigated the types, structures as well as synthesis of those compo-
nents in milk proteins, which would be reviewed in later paragraphs.

2.1 Caseins

Casein is a kind of phosphorous-containing protein [18]. The serine hydroxyl 
group inside casein forms an ester bond to the phosphate group, which gives it the 
common feature of amphiphilic. Caseins classified by different types may contain 
different amount of phosphate groups [19]. However, all kinds of caseins keep at least 
one phosphate with ester bonded. Since the caseins contain amount of phosphory-
lated serine groups, which bind in the form of covalent bonds [20], these groups keep 
the form of clusters on the surface of molecules and provide conditions for its bind-
ing to calcium ions [21], which was considered to be the most important nutritional 
function of casein.

The αs1-, αs2-, β-, and κ-caseins are four basic types of casein molecules as men-
tioned above, which are also the types synthesized by the mammary gland of dairy 
cows. Except for major installations, there are numerous minor fractions of caseins 
such as γ-casein. While none of those were found in the composition of milk [22]. 
Though the amino acid sequence, number, and total charge of casein are not com-
pletely the same among different variant individuals, the composition of amino acids 
still has the following features [23–25]:

1. The amino acids with polar and nonpolar are unevenly distributed, forming 
obvious hydrophilic and hydrophobic regions.
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2. The content of nonpolar amino acids is higher than those with polar, while the 
amounts of proline and lysine are higher as well.

3. The content of sulfur-containing amino acids is lower than normal.

Though the synthesis of milk protein is closely related to animal science, the 
research on its structures was mostly investigated in field of food science. For caseins, 
the research on those monomers has become the hotspot in recent years. Previous 
study has predicted the structure of αs-casein by molecular simulation, and its 
quaternary structures of caseins were investigated by Fourier transform infrared 
spectroscopy as well [26]. Specifically, αs1-casein has the ability of self- aggregation, 
but is affected by factors including condition pH as well as the ionic strength [27]. The 
increase of pH value will weaken its self-aggregation, to the opposite, the increase of 
ionic strength will enhance self-aggregation [28]. The ability of self-aggregation in 
αs2-casein is similar to that in αs1-casein, which mostly depends on the ionic strength, 
but the aggregation begins to be weakened once the strength arrives at 0.2 mol/L [29].

The research related to the structures of β-casein is contradicted and still unclear. 
Noelken et al. firstly predicted the form of β-casein in random coils in aqueous solu-
tion with only a small amount of regular structure [30], However, the results cannot 
be consistent due to the difference in temperature, ionic strength, protein concentra-
tion, etc., and these factors all contribute to affecting the ability of its self-aggregation 
[31]. β-casein exists as a monomer at low temperature and begins to aggregate as 
the temperature rises. While self-aggregation gradually increased and reached the 
maximum, once the protein concentration surpasses the threshold [32]. However, the 
effect of pH on the self-aggregation ability of β-casein is still inconclusive.

κ-casein is located on the surface of the casein micelle structure. Its most impor-
tant role is to maintain the stability of the micelle structure and act as transition in the 
hydrophobic casein and water [33]. The unique disulfide bonds give κ-casein special 
properties different from the rest three types [34]. Though the self-aggregation of 
κ-casein consists of a core surrounded by multiple layers of variable polypeptide 
regions [35], which is similar to that of β-casein, it’s not affected by temperature and 
ionic strength within a certain range and forms a fixed-size polymer.

In addition to nutritional functions, the potential biological activity of peptides 
formed as a result of casein proteolysis in the gastroenteric tract has been widely 
valued [36]. These peptides may affect the cardiovascular, nervous, immune, and 
digestive systems [37, 38]. However, it has been established that peptides are distrib-
uted unevenly in the composition of primary structure of caseins, which has attracted 
more attention to related research studies.

2.2 Whey proteins

Whey is a by-product during casein production, it can remain the form of liquid 
after coagulation by rennet, while the proteins left are the whey proteins [39]. Whey 
proteins are in full value and contain all kinds of amino acids that make up proteins 
[40]. And except for a little bit lower content in sulfur-containing amino acids, whey 
proteins have higher contents of the rest of essential amino acids compared with other 
proteins [41]. Therefore, whey contributes to nearly half of the nutrients in milk 
even though its total solids are only around 6.0 ~ 6.5% [16]. The high quality of whey 
proteins with complete and appropriate proportion of essential amino acids meets the 
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requirement of human being, which also determines the functions of whey proteins. 
As mentioned above, whey proteins consist of a variety of biologically active ingredi-
ents including β-lactoglobulin, α-lactalbumin, serum albumin, immunoglobulin, and 
a variety of growth factors and biologically active peptides.

It’s clear that the composition of amino acids determines the biological activity 
of each component in whey proteins. The various amino acids including threonine, 
cysteine, methionine are important to the intestine, muscle, and antioxidant systems 
[42]. While the physiological functions of whey proteins as well as the main amino 
acid related are reviewed below.

The β-lactoglobulin is the most prevalent one and comprises more than half of the 
whole proteins, while its prevalence affects the attributes of whey, β-lactoglobulin 
contains 162 amino acids with two variants differ in one amino acid, the disulfide and 
free sulfhydryl groups in its molecules forms let it become the major source of sulfur-
contained amino acid [43]. β-lactoglobulin is manufactured in the ruminants while 
almost all of non-ruminants cannot synthesis it in the mammary gland [44]. The 
hydrophobic area on molecule of β-lactoglobulin is a quite effective in binding retinol, 
which may contribute to regulating the mammary gland by vitamin A [45]. However, 
the related biological functions of β-lactoglobulin are not commonly accepted now.

α-lactalbumin comprises around 13% of the whole whey proteins, with four 
disulfide linkages and no phosphate group molecule. The function of modifying the 
activity of the enzyme galactosyl transferase was proved in former studies, which 
promoting the transfer of UDP galactose to glucose [46]. α-lactalbumin is closely 
related to lysozyme evidenced by the similar synthesize of linkage but does not work 
on the same substrates, nor antigenically [47]. In addition, the α-lactalbumin is more 
heat-stable in the presence of calcium rather than in the absence of calcium [48], 
which is unusual compared with other proteins.

Different from the former two components, the serum albumin and immuno-
globulins are not synthesized in the mammary gland. The serum albumins isolated 
from milk have the same molecule to those serum proteins since they are leaked into 
milk from the bloodstreams [49]. Therefore, serum albumins are identical to be the 
same molecule with serum proteins. Serum albumins contain no phosphorous with 
only one free sulfhydryl group, which gives those a specific binding sites for hydro-
phobic [50]. While the immunoglobulins in milk proteins comprise more than 2% of 
the total content and are classified by four types including IgG1, IgG2, IgA, and IgM. 
Immunoglobulins in colostrum can provide the passive immunity to the calf until the 
synthesis of antibodies activates in their body [51].

2.3 Milk fat globular membrane proteins

Milk fat globule membrane (MFGM) is the layer of film wrapped on the surface 
of milk fat, the function of which is to protect fat globule from polymerization or 
enzymatic degradation [52]. Milk fat globular membrane proteins (MFGMPs) are 
protein component in MFGM and contribute to the 25% ~ 70% of total contents [53]. 
MFGMPs have the most diverse biological functions and play an important role in the 
cell growth process and defense functions of newborns [54, 55].

The three-layer structure theory of milk fat globule membrane has been widely 
accepted [56]. While the main components of MFGMs including xanthine oxidore-
ductase, butyrophilin, and lactadherin play the most important role [57]. The inner-
most layer of the milk fat globule membrane is a single-layer membrane composed 
of polar lipids and proteins synthesized by the endoplasmic reticulum, which wraps 
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the fat droplets in the core of the fat globule, followed by a high-density protein 
layer attached to the inner surface of the double-layer membrane; The last is the 
lipid bilayer that comes from the apical membrane of breast epithelial cells [58]. The 
cytoplasm forms a cytoplasmic crescent between the high-density protein layer and 
the outer double-membrane layer.

Xanthine oxidoreductase (XO/XDH) is the main component of milk fat globular 
membrane protein. It has been confirmed that it has a certain role in breast develop-
ment, intestinal antibacterial and tissue damage [59]. XO/XDH is a member of the 
flavoprotein family of molybdenum dehydrogenase, which is a key enzyme for purine 
metabolism in the organism. However, the role of XO/XDH in the process of milk fat 
droplet wrapping and secretion may not express enzymes [60]. In addition, xanthine 
oxidoreductase has been confirmed to have a certain role in mammary gland develop-
ment, intestinal antibacterial and tissue damage [61].

Butyrophilins (BTNs) are proteins related to fat droplets and a member of the 
immunoglobulin family. Many members of the BTN family have been confirmed to 
have immunomodulatory effects [62]. For example, the BTN3A1 and BTN3 families 
can inhibit T cell activation [63]. Milk-derived BTN has cross-reactivity with specific 
neuronal antibodies, which may be related to autoimmune regulation of diseases such 
as autism and multiple sclerosis [64].

Lactadherins are immunogenic lipophilic glycoproteins and are also known as milk 
fat globule epidermal growth factor 8 [65]. They are mainly distributed in secretory 
cells at the top of the milk tubules. In recent years, research on MFG-E8 has mainly 
focused on the phagocytosis of apoptotic cells, immune regulation, coagulation, and 
thrombosis [66]. Nakatani et al. found that MFG-E8 can recognize apoptotic cells in 
breast recession and activate phagocytes to phagocytose apoptotic epithelial cells. 
MFG-E8 can also resist rotavirus infection [67]. The protective effect of MFG-E8 on the 
intestinal tract has also become a research hotspot, which is mainly reflected in its anti-
inflammatory, anti-apoptotic, and promoting intestinal mucosal repair effects [68].

3. Omics, a series of novel approaches to study milk protein

With the advent of the post-genomic era, the interactions between proteins, genes, 
and factors are followed by researchers, the diversity and dynamics of physiological 
functions cause the tradition approaches unable meet the requirement of current 
research studies. In recent years, a large number of research approaches including 
Omics have emerged in the research fields of biology [69, 70]. The emergence of these 
new applications can provide a complete view of the molecular regulation pathways 
of cells and organisms and make it possible to systematically investigate the lactation 
at the levels of genes, proteins, and even the metabolites, which is much helpful for 
the investigation of lactation especially the milk protein.

Omics are series of applications including genomics, transcriptomics, proteomics, 
and metabolomics in biological research. Genomics focus on the heterogeneity of 
coding genes, to investigate the sequence and expression of DNA, it provides the 
insight into the genetic structures by mapping as well as the performing the sequence 
analysis [71]. Transcriptomics profile the expression of mRNA in cells at specific 
time or state, while it can simultaneously work on more than thousands of changes in 
mRNA expression. Proteomics are used to determine the perturbations of expression 
patterns, abundance, and posttranslational modifications in proteins, and special-
ized in the differences caused by these factors [72]. While metabolomics monitor the 
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changes in large groups of metabolites in biological samples, during which the further 
integration is conducted to reflect the physicochemical properties [73]. By applying 
these new approaches, the knowledge related to dairy science especially milk synthe-
sis has been pushed forward tremendously in recent years, meanwhile the determina-
tion and analysis methods applied were developing as well, which were specifically 
overviewed in later section.

4. Genomics in milk protein research

Genomics involves genome mapping by genetic, physical, and transcript, gene 
sequence analysis and gene functional analysis, and was used in breeding selection. 
Since the DNA sequencing as well as high -density microarray analysis (gene chips) 
was commonly used in inferring genomics, the widespread of new next sequenc-
ing technology pushes the application of these two technologies in genomic studies 
related to lactation [74]. To improve the performance, dairy cows were already fully 
sequenced, and former studies of genomics in lactation research studies focused 
on the nutritional strategies and specific genes linked to the milk quality. However, 
the available data of genomics research on milk protein synthesis were still scarce in 
recent years. Since most of related studies concern more on the association of milk 
proteins with milk production traits instead of milk proteins variants with milk pro-
teins composition [75]. The applications of genomics are mainly focused on the strong 
candidate of QTL, the variants of milk proteins, and the diseases that may affect the 
milk protein synthesis (i.e., Mastitis) [76]. Here we summarized those from mapping 
approaches to genome-wide association studies.

Lactation is usually affected by the factors such as environment, nutritional man-
ages, breed, etc. The combination of the genetic data with the nutrition management 
including dry matter intake, body condition (in different periods) contributes to the 
efficient prediction of traits related to lactation as well as milk protein synthesis [77]. 
Former studies focused on the detection of relationships between lactation and the 
candidate genes related to milk proteins. And it has been shown that genes on chro-
mosome 3 of bovine including the insulin-like growth factor 2 (IGF-2) and rap-1A 
are the strong candidate for the quantitative trait locus (QTL) and may affect the milk 
performance [78, 79], IGF-2 was found to have the functions of muscle mass and fat 
deposition in swine and was widely investigated in human medical. A parametric 
bootstrapping procedure found by Veerkamp et al. makes the estimate of heritability 
and genetic correlations between traits possible [80]. In addition, the development 
of genome-wide analysis makes it become a better solution to explain key genes and 
pathways. Berkowicz et al. indicated that a single genotyped single-nucleotide poly-
morphism (SNP) and traits related to animal growth also support the locus as harbor-
ing a potentially important quantitative trait nucleotides (QTNs) [79], suggesting that 
reprinter genes together with those documented biological roles represent important 
reservoirs for genetic improvement of dairy cows.

The genomics studies of milk proteins mainly focus on the amino acid changes 
caused by polymorphisms in the corresponding genes, while previous research 
studies focus on the variants on the components of caseins as well as whey proteins. 
To be specific, the A and B variants of β-LG and κ-CN on their concentration and 
total proteins in milk, which indicated that the A variant of β-LG is associated with 
a greater concentration of β-LG and a lesser concentration of casein, and that the 
B variant of κ-CN is associated with a greater concentration of κ-CN in milk [81]. 
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But the research on the genotypes of all major components in milk proteins was not 
widely investigated in different kinds of animals. While in dairy cows, the A and B 
variants of β-LG and κ-CN, the E variant of κ-CN, and the A1, A2, and B variants of 
β-CN frequently occurred [82]. The genes of four different caseins have been found to 
be located at chromosome 6 of bovine and are closely linked meanwhile organized in 
a casein locus [83]. Heck et al. indicated that the selection for both the β-LG genotype 
B and the β-κ-CN haplotype A2B will result in cows that produce milk that is more 
suitable for production [84]. While related studies have also found the specific genes 
linked to milk proteins synthesis were also affected by the factors including seasons, 
lactation stages [81]. Therefore, the advance investigation of genes as well as variants 
will greatly enable the assessment of breeding to milk protein composition.

Mastitis is the most common disease in dairy cows, which is hallmarked by 
high somatic cell count (SCC). Mastitis negatively affects the dairy industry and 
enormously causes losses in milk performance and management costs [85]. Related 
research studies have shown that the stromal fibroblasts derived from cows that 
suffered mastitis were upregulated in the expression of inflammatory-related cyto-
kines TNF-α and IL-8 [86], which contribute to the inhabitation the synthesis of 
milk proteins components including β-casein. Therefore, genomics research studies 
on mastitis have been conducted and SNPs on Bos Taurus autosome 4 (BTA4) and 
BTA18 were found to be significantly associated with mastitis [87]. Furthermore, 
665 interactions in more than 140 genes were found in a co-expression network via 
the Genemania gene network analysis, which were recognized as candidate QTL for 
mastitis in the Holstein cows [88].

5. Transcriptomics in milk protein research

The transcriptome broadly refers to the sum of all RNAs transcribed by organism, 
tissues, or cells in a specific state or period. And its field can be classified by differ-
ent RNA types or methodology [89]. Since gene expression is complex and involves 
a variety of regulatory mechanisms, such as histone modification, promoter region, 
variable shearing, all of which affect the intracellular genes expression and play a 
regulatory role [90]. The expression level of genes among different tissues or cells is 
not consistent; hence, the complex and variable functions can be performed during 
different condition of physiological and pathological [91].

Methods of transcriptomics are similar to genomics, including microarray and 
RNA sequencing, while the latter one overcomes the weakness of Sanger sequenc-
ing due to the higher accuracy as well as sensitivity. Nowadays, the next-generation 
platforms such as Illumia, SOLID, and 454 are commonly used in related research 
studies to obtain reads and the transcript assembled, which revolutionize the analysis 
of eukaryotic transcriptomic [92]. In research studies related to lactating dairy cows, 
the expression profiles of mRNA were more focused especially in mammary glands, 
to reveal the candidate genes related to lactation. While the long noncoding RNAs also 
contribute to the pathway regulations in mammary gland and are essential for breed-
ing [93]. However, the quality as well as quantity of RNA determines the reliability of 
sequencing results, so the extraction of total RNA from mammary gland significantly 
affects the analysis of the transcriptome. Li et al. reviewed the RNA sources used 
in transcriptome of lactating bovine mammary gland [9], which were used to the 
investigate the mammary gland development, effects of nutritional management on 
synthesis of milk composition, etc.
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To specifically investigate the synthesis of milk protein, former studies revealed 
that the insulin signaling and mammalian target of rapamycin (mTOR) pathway 
participate in the regulation of milk protein synthesis by RNA-seq [94]. MenziesK 
et al. demonstrated that insulin plays a pivotal role in regulating milk proteins in dairy 
cows, while the recent works also report the similar results in other mammal animals 
[95]. Insulin was found to both directly and indirectly regulate the milk protein 
synthesis that is the involvement of control in gene expression and the regulation 
in translation [96]. Specifically, insulin can strongly activate the STAT5 pathway 
by increasing phosphorylation of the transcription factor. While the expression of 
ELF5 is induced by insulin in mammary tissue of dairy cows, which can co-activate 
and amplify the STAT5 [97]. In addition, insulin can regulate amount of translation 
via the mTOR hence indirectly control milk protein synthesis. mTOR particularly 
MTORC1 among the two mTOR complexes was well defined to play an important role 
in regulate protein synthesis by affecting the translation in all tissues of mammals 
[94]. Protein synthesis in mammal is inhibited by the association of the unphos-
phorylated eukaryotic translation initiation factor 4E binding protein 1 (4EBP1) with 
the eukaryotic translation initiation factor 4E (eIF4E), the insulin can increase the 
specific phosphorylation in mTOR, which in turn phosphorylates 4EBP1 and results 
in releasing of eiF4E. eiF4E participates in the formation of the translation initiation 
complex and hence initiates the translation of mRNA into protein [98]. Furthermore, 
there are also additional mechanisms of activated mTOR complex to enhance the 
translation process through phosphorylation of the ribosomal protein S6 kinase 
(S6K1) and ukaryotic elongation factor-2 kinase (EEF2K) [99].

Except for the synthesis mechanism, transcriptomics conducted in investigation 
of nutritional management. The different expression of genes in milk synthesis was 
found in factors including short-term feeding restriction, low-quality total mixed 
ration, inducing the reduction in milk protein associated with the downregulation of 
protein synthesis [100, 101]. While the management such as the frequency of milking 
also causes the perturbation in lactation, former study reported that the increased 
milking frequency affects the expression of genes involved in reconstruction of extra-
cellular matrix, κ-CN, α-lactalbumin, which may affect the milk protein components 
[102, 103]. Moreover, the related research studies also reported the perturbation of 
expression on milk protein synthesis induced by condition changes. For example, Gao 
et al. found that dairy cows suffered heat stress upregulated the inflammation-related 
genes, which interfered and downregulated the milk protein synthesis [104].

6. Proteomics in milk protein research

Proteomics is defined as the technology of protein expressions from transcription 
and translation. By analyzing the posttranslational modification meanwhile identify-
ing the differential proteins [105], the interaction among proteins, proteomics reflects 
the body metabolic changes to internal and external environmental changes and 
reveals biological functions inside. The advancement of analytical techniques pushes 
the development of proteomics rapidly. Two-dimensional electrophoresis (2-DE) is a 
well-developed technology and was used to separate proteins in the past decade [106]. 
As early as 1977, O’Farrel used 2-DE technology to separate about 1100 proteins from 
E. coli [107], which proved that 2-DE technology has the characteristics of high reso-
lution and high sensitivity and is effective for analyzing complex biological samples 
and separating proteins.
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The 2-DE technology performs one-dimensional isoelectric focusing according 
to different isoelectric points of proteins and then separates proteins of different 
molecular weights by polyacrylamide gel electrophoresis [108]. The 2-DE formed by 
the combination of these two technologies effectively separates protein vesicles in 
both directions of charge and relative molecular mass. Therefore, the information 
of the differential protein can be obtained through subsequent mass spectrometry 
identification and combined with bioinformatics analysis to analyze its biological 
function. The application of 2-DE combined with MS was usually used to identify the 
biomarkers related to treatment [109]. However, quantitative proteomics is challeng-
ing the 2-DE and MS methods as it allows for the massive multiplexing of primary 
data with better quality than established methods [110]. The method of quantita-
tive proteomics, the isobaric tags for absolute and relative quantification (iTRAQ ) 
combined with MS, is commonly employed to analyze the multiplicity of different 
samples; however, the accuracy of iTRAQ might be compromised due to the influ-
ence of near isobaric ions contamination in a sample [111]. In fact, the methods of 
2-DE combined with MS and iTRAQ have been widely selected in research related to 
lactating cows, particularly in the investigations of mastitis and effects of nutritional 
management.

As a novel research approach, proteomics was conducted to investigate the milk 
protein including the milk protein profile and the MFGM components. The investiga-
tion of lactation periods found the alternation of whey proteome as evidenced by the 
significantly decreased content of immunoglobulins and caseins and in particular the 
colostrum at 48 h postpartum [112]. While in mid-lactation, Reinhardt et al. found 
that the proteins associated with lipid transportation, synthesis, and secretion are 
upregulated, and 120 proteins were identified to associate with cell signaling and 
membrane/protein trafficking [113]. Except for the milk from different periods, the 
proteomic studies also focus on the milk components different among different spe-
cies. For example, β-LG lacks in camel milk, while it is the main whey protein in the 
caprine and bovine [114]. This technology can also be used to identify the adulterated 
milk products meanwhile getting the information of the sources of hypoallergenic 
replacements. By the application of iTRAQ and MS, specific proteins from different 
species can be classified and be used for characterizing. For example, primary amine 
oxidase is unique in cows, while biglycan is source of goat [115, 116]. Furthermore, 
the investigation of MFGM profiles meanwhile provides the overview of MFGM 
proteome among species [117], which indicated that these differences of protein 
components may be related to differences in heredity.

The application of proteomics in pathology such as mastitis has been conducted 
to find biomarkers to overcome the challenges of quantification in mastitis diagnos-
ing. While proteins including hemoglobin β, cytochrome C oxidase, annexin V, and 
α-1-acid glycoprotein as well as collagen type I α 1 and inter-α (Globulin) inhibitor 
H4 show more abundance in dairy cows that suffered mastitis [118, 119], which may 
participate in the repairment of tissue damage.

7. Metabolomics in milk protein research

Metabolomics focus on the quantitatively analyzing of all metabolites in body 
to find the relative relationship between metabolites and physiological changes. 
Most of its research objects are small molecular substances with a relative molecular 
mass of less than 1000. In recent years, studies have reported the effects of different 
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environmental factors on small molecular metabolites in animals and plants. While 
metabolic map was drawn through in-depth research on the metabolites of the body 
to seek the biomarkers [120, 121]. Moreover, analysis of NMR and MS indicated that 
biomarkers such as phosphorylated saccharides, acetone, and β-hydroxybutyrate 
(high levels) are closely correlated with the metabolic status in dairy cows during 
early lactation [9], which may contribute to the breeding selection to alleviate the 
metabolic stress in dairy cows during early lactation.

Similar to the application of proteomics in searching unique biomarkers, the inves-
tigation using NMR metabolomics approach found that acetate and novel metabolites 
including hippurate, isoleucine, butyrate, fumarate, and β-hydroxybutyrate are 
associated with milk composition [122]. While improving abundance of volatile 
fatty acid (VFA) as well as β-hydroxybutyrate and low abundance of hippurate and 
fumarate in milk are coupled with high levels of somatic cells [123], which contribute 
to the potential biomarkers for milk quality when dairy cows in high SCC conditions. 
Furthermore, metabolomics also provides new approach on highlighting interspecies 
differences from analyzing the metabolites. By using NMR and LC–MS or GC–MS 
method, the unique metabolites in milk among horse, Jersey cow, camel, yak, goat, 
caprine, buffalo, and dairy cow were found respectively, and results validated that 
metabolomics is a feasible approach for milk composition analysis [124, 125].

Although metabolomics has a higher accuracy and the high-throughput abili-
ties, its application is still in the junior stages in research studies related to lactation 
especially the milk protein. With the advantage of combination with multivariate 
data analysis tool, metabolomics will obviously push the process of lactation research 
in the future. While the unique metabolites identified by these technologies will also 
provide much better perspective for the investigation of milk protein.

8. Conclusions

The synthesis of milk protein is complex in mammary gland and is regulated by 
multiple factors, the protein components in milk are specific with the mammary 
tissue since they are minor or no expressions in the rest organs. Several hormones 
including insulin participate in the regulation of milk protein synthesis with a pivotal 
role of perturbation pathway such as mTOR. However, the control of milk synthesis is 
still need to be completely understood, to open new insight of research not previously 
considered. The advent of Omics technologies provides the possibilities to further 
investigate related complex mechanisms. These novel research approaches combined 
with bioinformatics constitute to be useful and powerful to generate large datasets for 
lactation sciences, which contribute to reveal the mechanism of milk protein synthe-
sis and the novel biomarkers in milk affected by some factors. However, considering 
the limitation of cost, reproducibility, and throughput, it should be well arranged and 
prepared when choosing these new research approaches.
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Chapter 5

Characteristics of Cow Milk 
Proteins and the Effect of 
Processing on Their Allergenicity
Roua Lajnaf, Sawsan Feki, Hamadi Attia, Mohamed Ali Ayadi 
and Hatem Masmoudi

Abstract

Milk proteins are well known for their nutritional and functional properties. 
However, they are also members of the Big-8 food allergens including egg, fish, 
shellfish, soy, peanuts, wheat and tree nuts, in terms of prevalence. The most com-
mon milk allergens are casein fractions and β-lactoglobulin naturally not present 
in human breast milk. Thus, the examination of cow’s milk proteins as potential 
allergens that may cause food allergies and the identification of methods of reducing 
their immunogenicity are of great interest. The main objective of this chapter is to 
review the physico-chemical characteristics cow milk proteins as well as their studied 
allergenicity and immunogenicity as a function of some denatured dairy processes 
such as heating, high pressure, enzymatic hydrolysis and lactic acid fermentation.

Keywords: cow’s milk proteins allergy, protein allergenicity, immunoreactivity,  
milk processing, β-lactoglobulin, caseins

1. Introduction

Food allergy is a major public health which has been estimated to affect around 
1–2% of the adult population and 5–8% of pediatric population at the age below 
3 years [1–3]. It is thought to result from disorders of the immune response to food 
allergens proteins and develop due to the defect in oral tolerance. Food allergens are 
contained in eight common foods including animal-based foods (cow’s milk, eggs 
and fish) and plant-based foods (crustacean/shellfish, peanuts, soy, nuts and wheat). 
These allergens account for over 90% of the occurrence of all serious allergic reac-
tions to foods worldwide [4]. Epidemiological studies have reported that animal food 
allergens, especially cow milk proteins allergy, was the most prevalent allergy for 
infants or young children, meanwhile, plant based food allergens was more encoun-
tered for adults [5].

Thus, Cow’s Milk Allergy (CMA) represents 10–40% of the total food aller-
gies. As an animal proteins allergy, it concerns mostly young children and less 
frequently adults. CMA is reported to affect approximately 3–8% of the total 
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pediatric population worldwide with symptoms at different levels of severity, 
which can endanger the patient’s life [6]. Indeed, CMA is considered as the most 
common food allergy responsible for anaphylaxis reactions in young children as 
it is the first food eaten since birth. CMA is ranked third among all food allergies 
responsible for serious anaphylactic reactions to adults representing 15% from all 
allergic cases [7].

CMA disappears spontaneously at the age of 5 years in the majority of patients 
representing approximately 80% [8]. However, it seems that a minority of patients 
remains allergic in adulthood [9]. In most cases, the food allergy manifests itself as 
an immediate hypersensitivity reaction induced after recognition of food antigens 
by specific immunoglobulins type E (IgE). Other forms of allergy can also involve 
mechanisms not mediated by IgE. Their frequency is increasing but the immune 
responses involved are still poorly defined.

Like all food allergies, CMA involves both immunological reactions: immuno-
globulin E (IgE) which is encountered in most allergic cases and non-IgE mediated 
reactions [10, 11]. The immunological reactions of IgE-mediated reactions occur 
immediately after proteins ingestion because of the interaction between allergens and 
immune mechanisms. This allergenic reaction is characterized by the production of 
IgE antibodies in allergic patients resulting in the degranulation phenomena of mast 
cells, the release of inflammatory mediators including histamine, 5-hydroxytrypta-
mine (5HT) and prostaglandin E2 (PGE2) (Figure 1). These mediators induced the 
resulting allergy symptoms (hives, diarrhea, vomiting, and breathing difficulty). On 
the other hand, non-IgE mediated immunological reactions take up between 1hour 
and several days after ingestion of milk to develop involving the immune system as 
the IgE-mediated reactions [12–14].

The complete exclusion of cow’s milk protein from the diet is still the only safe 
treatment that can be offered to patients today. In this case, infant formulations 

Figure 1. 
A schematic representation of allergenicity mechanism of bovine milk in the body (abbreviations: 
β-Lg: β-lactoglobulin; IL-4, IL-5 and IL-13, inflammatory cytokines; IgE, immunoglobulin E; 5HT, 
5-hydroxytryptamine; PGE2, prostaglandin E2) [12].
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containing cow’s milk proteins are replaced by milks which are designed from more 
or less extensive hydrolysates of bovine proteins from whey or from the casein 
fraction in order to limit allergenicity as much as possible residual product. On the 
hand, researchers, scientists and industrials keep searching for new potential milk 
alternatives including hydrolyzed milk formulae, plant-based formulae and other 
milks from different mammalian species such as goat, sheep, donkey, mare and 
camel milks [11, 12, 15, 16].

2. Characteristics of cow’s milk proteins

Milk proteins represent an important nutritional source due to their high biologi-
cal value and the presence of essential amino acids. They are also the source of various 
dairy products due to the important techno-functional properties of its proteins. Cow 
milk is a heterogeneous mixture of proteins with different structural and physico-
chemical properties. As milks from all mammalian species, cow milk proteins are 
divided according to their solubility into two fractions: caseins (insoluble in acidic 
conditions) and whey proteins (soluble proteins). Indeed, caseins precipitate at their 
isoelectric pH which is located at 4.6, while whey proteins remain soluble in this pH 
level [17].

2.1 Caseins

Caseins are phosphoproteins which represent the most abundant protein fraction 
in milk. They represent approximately 80% of the total milk protein.

Caseins consist of 4 proteins which differ in contents of phosphorus, concentra-
tion, amino acid composition, isoelectric point (pI) and molecular weight (MW): 
alpha S1, alpha S2, beta, and kappa (αS1, αS2, β and ĸ). The α and β caseins are calcium 
sensitive caseins as they precipitate at a calcium concentration at 30 mM while the 
ĸ-casein remains in solution under these conditions. The β-casein represent 39% of 
total caseins, followed by αS1, αS2 and κ caseins which represent 38%, 10% and 13% of 
total amounts of caseins, respectively (Figure 2) [19].

Figure 2. 
Proportions of the different caseins (a) and whey proteins (b) in cow’s milk (abbreviations: β-CN: β-casein; 
αS1-CN: αS1-casein; αS2-CN: αS2-casein; ĸ-CN: ĸ-casein, β-Lg: β-lactoglobulin; α-La: α-lactalbumin; SA: serum 
albumin; Ig: immunoglobulins; Lf: lactoferrin [18].
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The 4 different caseins are associated with minerals forming colloids called casein 
micelles (concentration of minerals 80mg/g of caseins) with a diameter ranging 
between 100 and 140 nm. Bovine casein micelles and their characteristics have been 
the subject of much research and different micellar models have followed one another 
over the years (models by Horne, Holt, Bouchoux, etc.) [20, 21].

• αS1-Casein: is a phosphoprotein with a MW of 22.9 kDa (199 amino acid 
residues) and is present in milk in the amount of 19.5 g/L and with pI of 4.46 
[22]. Bovine αS1-casein is characterized by the absence of cysteine   residues in 
its molecular structure. Furthermore, no structural and functional homolog 
of animal αS1-casein was observed in human milk. This is a major cause of the 
immunogenicity of this protein for humans and occurrence of CMA [23].

• αS2-Casein: its concentration in milk is relatively low (3 g/L). It is composed of 
207 amino acid residues and has a MW of 24.4 kDa and pI of 4.78. αS2-Casein 
is the most hydrophilic of the caseins: it has 11 phosphorylated serine residues 
and is characterized by the presence of two cysteine residues (residues 36 and 
40) creating intramolecular disulfide bridges. Hence, this casein is found in 
milk partly in dimeric form: two polypeptides which are linked by two disulfide 
bridges [24]. Four genetic variants were observed including variants A, B, C and 
D, while the A variant is the most common [23].

• β-Casein: is a phosphoprotein with a MW of 23.5 kDa, composed of 209 amino 
acid residues with a pI of 4.49. The concentration of this protein in cow milk is 
11.7 g/L. 12 genetic variants were found for β-casein while the most common 
variants are A1, A2 and B. Homolog protein with similar structure and physico-
chemical properties as bovine β-casein was found in human milk suggesting that 
this casein is the least allergenic casein in cow milk [23, 25].

• κ-Casein: is found in cow’s milk at a concentration of 4.4 ± 0.3 g/L; thus, 
representing 13% of bovine caseins [26]. It is the least phosphorylated and the 
only glycosylated casein in milk from all mammalian species. The ĸ-casein has 
169 amino acid residues with a MW of 18,974 kDa and a pI of 3.97. Furthermore, 
ĸ-casein has a particular amphipolar structure with a C-terminal which con-
tains carbohydrate residues with a hydrophilic character and a hydrophobic 
N-terminal. It is also characterized by low calcium binding ability due to the 
presence of a single phosphorylation site at the residue 149. The ĸ-casein exhibits 
several biological functionalities such as anticoagulant properties as well as the 
prevention of platelet agglomeration and serotonin secretion [18].

2.2 Whey proteins

Soluble protein fraction or whey protein, is the second main protein fraction in 
milk (20–25% (w/w) of total protein). Overall, the protein composition of whey 
varies depending on the mammalian species. For cow’s milk whey, the protein 
composition is as follows: β-lactoglobulin is the main protein (~56%), followed by 
α-lactalbumin (~21%), immunoglobulins (14%), bovine serum albumin (BSA) (7%) 
and lactoferrin (2%) (Table 1, Figure 2).

• β-Lactoglobulin (β-Lg) is a globular protein, present in the milk of all mamma-
lian species except camelids, rodents and humans. The biological function of this 
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protein is to transport the fatty acids, retinol and vitamins (A, D), binding Cu2+ 
and Fe2+ ions and inhibiting autooxidation of fats during digestion [28]. The β-Lg 
is the major protein in the soluble fraction of cow’s milk with a concentration 
ranging between 2 and 4 g/L representing approximately 56% of the total bovine 
whey proteins [29]. The secondary structure of β-Lg consists of 10% α-helices, 
45% β-sheets. It has two disulfide bonds at the cysteine   residues (Cys106-Cys119 
and Cys66-Cys160) and one free cysteine   (Cys121) [30]. This protein is char-
acterized by different quaternary structures depending on the environmental 
conditions of the protein (pH, temperature, ionic strength). The β-Lg, the pri-
mary structure comprises 162 amino acid residues with a MW of 18.281 kDa and 
a pI of 5.2. The β-Lg is an allergenic protein present due to its highest proportion 
among whey proteins (56% of total whey proteins) and due to the fact that this 
protein is totally absent in human milk [11, 31]. Food allergies associated with 
this allergenic protein may be present even in 80% of the total population [32].

• α-Lactalbumin (α-La): The α-La is a less allergenic protein than β-Lg and con-
stitutes 21% of total whey protein [25]. Furthermore, chemical composition of 
bovine and human α-La bears a strong resemblance. This protein is a small protein 
of 123 amino acid residues (14.186 kDa, pI 4.65) known for its high content in the 
essential amino acids and for its important role in the biosynthesis of lactose with 
lactose synthetase and UDP galactosyl-transferase [33]. The α-La is a metallopro-
tein that contains one Ca2+ atom per mole of protein molecule, a divalent cation 
that plays an important role in stabilizing its spatial structure. The binding of this 
calcium ion is affected by the acid functions of the aspartic acid residues located 

Proteins Allergen 
name

Molecular 
mass 

(kDa)

pI Relative 
amount a,b

Amino 
acid 

residues

Allergenic 
activity (% 

of patients)c

Caseins, 80% 
(w/w) of 
total protein

αS1-Casein Bos d9 22.9 4.46 38% 199 57%

αS2-Casein Bos d10 24.4 4.78 10% 207

β-Casein Bos d11 23.5 4.49 39% 209

ĸ-Casein Bos d12 18.9 3.97 13% 169

Whey 
proteins, 
20–25% 
(w/w) of 
total protein

β-Lg Bos d5 18.28 5.2 56% 162 66%

α-La Bos d4 14.18 4.65 21% 123 18%

BSA Bos d6 66.4 4.7 7% 583

Lf Bos d 
lactoferrin

76.1 8.18 2% 689 —

Ig Bos d7 150–800 5.5–
7.5

14% 240–250 
amino 

acids of 
the heavy 

chain

—

Abbreviations: pI: isoelectric point, α-La: α-lactalbumin, β-Lg: β-lactoglobulin, BSA: bovine serum albumin, Lf: 
lactoferrin, Ig: immunoglobulins.
aProportion of individual caseins in the whole casein fraction of milk.
bPercentage of globular whey protein in the soluble fraction of milk.
cThe allergenicity of the main proteins as reported by El-Agamy and Peñas et al. [13, 27].

Table 1. 
Physico-chemical characteristics of the main cow’s milk proteins and their allergenic activity (% of patients) [18].
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in position 82, 87 and 88. There is also a second calcium binding site occupied by 
the zinc, but which has an affinity 105 times lower than that of calcium. The α-La 
contains 4 disulfide bridges (Cys6/Cys120, Cys28/Cys111, Cys61/Cys77 and Cys73/
Cys91) but no free thiol groups. This configuration makes it more resistant to the 
phenomenon of protein aggregations caused by heat treatment, even though its 
denaturation temperature is relatively low (~64°C) [34].

The tertiary structure of this protein contains

• a β domain formed by β sheets. This domain has 10 Asp residues: it is acidic and 
represents the binding site of the Ca2+ ion, its pI is 3.37.

• an α domain consisting of four α helices forming a hydrophobic core. This 
domain is basic, containing 9 Lys residues with a pI 9.6

• Lactoferrin (Lf) is a protein synthesized by secretory epithelial cells of the 
mammary gland. It is a glycoprotein that belongs to the transferrin family 
containing two iron cation binding sites and more preferably the ferric ion 
(Fe3+). This ability to scavenge for iron ions persists even at low pH values in the 
stomach and intestines, in order to deplete free iron which could slow bacterial 
growth in the intestine [35, 36]. The concentration of Lf in milk varies accord-
ing to the producing animal species and according to the stage of lactation. The 
main function of this protein is binding iron and transporting it to the intestinal 
vascular system. Lf supports immune systems functionality, detoxification 
processes, as well as antineoplastic effect by inhibiting the attachment of tumor 
growth factors [37].

• Bovine Serum Albumin (BSA)—similarly, to caseins, β-Lg and α-La, this 
protein may also be a milk allergen. BSA is a whey protein characterized by 
its relatively high molecular mass. Indeed, bovine serum albumin (BSA) 
consists of 583 amino acids residues with a molecular mass of 66.4 kDa, 
its primary sequence has been determined by Hirayama et al. [38]. It has 
17 intramolecular disulfide bridges and one free thiol group. This protein 
is present with w relative low concentration of 0.36 g/L in cow milk. This 
protein is inactivated at a temperature of 70–80°C. Among all cow’s milk 
proteins probably only bovine serum albumin remains immunoreactive after 
heat treatment [25].

• Lactoperoxidase and lysozyme are active enzymes with antibiotic-like activ-
ity. For the lactoperoxidase, it is an oxidoreductase with antibacterial function, 
antineoplastic agent and viral growth inhibitor. On the other hand, lysozyme in 
milk has antiviral and anti-inflammatory properties.

3. Allergenicity of cow’s milk proteins

Cow’s milk contains approximately 30–35 g/L of proteins divided into 30 proteins, 
some of them are potentially allergenic and called “Bos d” and numbered according to 
the protein type [39].
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The main cow milk allergens in are caseins (Bos d8) including β-casein (Bos d11), αS1-
casein (Bos d9), αS2-casein (Bos d10) and κ-casein (Bos d12). On the other hand, whey 
consists of high allergenic proteins including α-La (Bos d 4), β-Lg (Bos d 5), immuno-
globulins (Bos d7), BSA (Bos d6) and traces of Lf (Bos d Lf) [31, 40].

Scientists confirmed that the most commonly allergens which are usually detected 
in cow milk allergic patients are whole caseins especially the αS1-casein (Bos d9), 
β-Lg (Bos d5) and α-La (Bos d4). Indeed, 66% of CMA is caused by the main cow 
milk allergen which is the β-Lg, followed by caseins (Bos d8) and significantly less by 
α-La and BSA (18%) [13, 25]. The high allergenicity of the β-Lg is attributed to the 
fact that this protein is totally deficient in human milk. Indeed, IgE response against 
β-Lg precedes those against the other allergens including caseins and α-La since birth. 
Afterwards, before the age of 1 year, IgE response toward caseins becomes predomi-
nant, whereas, the IgE response to α-La appears later after the age of 1 year [41].

However, the major problem of CMA is the fact that that only 27% of total 
patients with CMA are allergenic to only one allergen, meanwhile, the other patients 
present sensitization to two and more cow milk allergens leading to conclude that 
none of the main milk proteins allergens can be considered as the only responsible 
for the allergenicity of this food [11]. IgE do not react entirely with the antigenic 
protein but only with its allergenic part which is called epitope. Hence, one allergenic 
protein may have several epitopes, which might be the same or different depending 
on its quaternary structure and its exposed allergenic peptides. Epitopes of proteins 
molecules include immunodominant epitopes, which are the high allergenic epitopes 
and the main targets of immune response system. Allergy can not only be caused 
through bloodstream by the absorption of allergen but also by direct skin contact 
with the allergen [13].

The allergenicity of proteins, as well as the IgE epitopes of milk proteins, can be 
mapped and carried out using various bioinformatic tools through an in silico analysis. 
Overall, the primary protein sequences were taken from the UniProtKB protein Blast 
database, while the three-dimensional structures (downloadable as a pdb file) are 
listed in the PDB Protein Data base.

PD index, Bepipred, AlgPred, Discotope-2.0, Ellipro (prediction of linear and 
discontinuous epitopes) are some bioinformatic tools to study the allergenicity of 
proteins:

1. Measuring the PD index (PD index) using the physico-chemical properties of 
amino acids rather than their substitution frequencies in related proteins. Pep-
tides or proteins with PD values   less than 10 are considered to have significant 
physico-chemical similarities [42].

2. BepiPred predicts the location of linear B cell epitopes using a combination of 
a hidden Markov model and a propensity scale method. Peptides or proteins 
with a score greater that a value of 0.35 are suggested to be part of an epitope 
and stained yellow on the graph (where the Y axes represent residue scores and 
residue positions on the X axes in the sequence) [43].

3. AlgPred can be used for the prediction of the binding between the antigenic 
determinant and IgE. AlgPred can predict allergens by amino acid sequences by 
citing representative peptide sequences of allergens and this is based on the simi-
larity of the known epitope to any region of protein. The SVM (Support vector 
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machine) method of AlgPred calculates the allergenicity score of the protein that 
qualifies as “Allergen” for a score ≥ −0.5 [ 44 ].  

4. Discotope-2.0 is used for the prediction of discontinuous B cell epitopes from the 
3D structure of the protein (pdb file). The method uses the calculation of surface 
accessibility and presented in terms of contact numbers. Final scores are calcu-
lated by combining the propensity scores of the spatial proximity residuals and 
the contact numbers [ 45 ].  

5. Ellipro can also be used for the prediction of epitopes with a risk of cross-reaction 
between proteins. Ellipro can predict the protein’s epitope based on peptides with 
a high allergenicity score as shown in   Figure 3  . Ellipro  also makes it possible to 
present the potential epitopes on a 3D structure of the protein [ 46 ].      

   4.  The effect of different processes on the allergenicity of cow’s milk 
proteins 

 Food processing and additional ingredients cause changes in immunodominant 
epitopes and hence, the allergenic properties of proteins. Food processing may lead to 
the destruction of epitopes structures and/or the formation of new epitopes which are 
called neo-allergens. On the other hand, food processing can be associated with the 
reduction of allergenic properties of proteins or/and can have no influence on their 
allergenicity, it can even increase the immunogenicity of the treated proteins by the 
appearance of new epitopes [ 47 ]. 

  Figure 3.
An example of discontinuous B-cell epitopes predicted by the ElliPro. (a–e) Three-dimensional representation of 
conformational or discontinuous epitopes of bovine β-Lg. The epitopes are represented by yellow surface, and the 
bulk of the protein is represented in gray sticks.          



67

Characteristics of Cow Milk Proteins and the Effect of Processing on Their Allergenicity
DOI: http://dx.doi.org/10.5772/intechopen.102494

Type of 
technological 
process

Operating 
conditions

The effect of process of the 
allergenicity of cow milk 
protein

The reference

Heat treatment Pasteurization 
90°C during 15 s

Low decrease on the 
immunoreactivity of whey 
proteins such as α-La and 
β-Lg

Wróblewska and Jędrychowski 
[50]

Pasteurization 
90°C during 
15 min

Ultrasound at 
52°C during 60°C

A significant reduction of 
the immunorectivity of α-La 
and β-Lg

Heat treatment 
at 80°C and 90°C 
during 30 min

The reduction of 
the allergenicity of 
immunoglobulins in milk

Jost et al. [51]

Heat treatment at 
120°C for 20 min

The reduction of the 
allergenicity of α-La by 
25% compared to the native 
protein

Kleber and Hinrichs [52]

Heat treatment 
of the cow milk 
proteins powder 
at 500°F (260°C) 
for 3 min

• 68% of children (n = 100, 
mean age, 7.5 years; range, 
2.1–17.3 years) tolerated 
heated milk.

• Smaller skin prick test 
wheals for heated milk-
tolerant subjects

• Lower milk-specific and 
casein specific IgE and 
lower IgE/IgG4 ratios to 
both of caseins and β-Lg 
(compared subjects with 
allergy to heated milk)

Nowak-Wegrzyn et al. [53]

High-pressure-
processing

High-pressure 
treatment at 
200–600 MPa 
and (temperature 
between 30°C 
and 68°C)

An increase of the 
antigenicity of the treated 
β-Lg in the WPI solution, 
sweet whey and skim milk

Kleber and Hinrichs [52]

High-pressure 
treatment at 200 
and 400 MPa

• The increase of the bind-
ing to β-Lg specific IgG 
from rabbit,

• No effects on the IgE from 
allergic patients

Chicón et al. [54]

High-pressure 
treatment at 
600 MPa

The distribution of the 
structure of casein micelles 
and the decrease of the 
immunogenic capacity of 
milk proteins

Bogahawaththa et al. [55]

High-pressure 
treatment at 
400 MPa during 
50 min

The loss of the allergenicity 
of the β-Lg hydrolysates 
with chymotrypsin by the 
absence of anaphylactic 
symptoms

López-Expósito et al. [56]
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Type of 
technological 
process

Operating 
conditions

The effect of process of the 
allergenicity of cow milk 
protein

The reference

Enzymatic 
hydrolysis

Trypsin alone or 
in combination 
with both of 
chymotrypsin 
and pepsin

The reduction of the 
allergenicity of β-Lg without 
eliminating it

Bonomi et al. and Monaci et al. 
[57, 58]

The combination 
of pepsin and 
α-chymotrypsin

The reduction of 
allergenicity by selective 
proteolysis of both α-La 
and β-Lg with a degree of 
hydrolysis of 1–20% and 
depending and incubation 
time

Monaci et al. [58]

Trypsin Only 4/10 patients (n = 10) 
had IgE antibodies to 
undigested β-Lg, while all 10 
patients had IgE antibodies 
to β-Lg hydrolysates

Haddad et al. [59]

The increase of the 
allergenicity of β-Lg: the 
derived peptides showed a 
specificity to bind human 
IgE by ELISA assays.

Selo et al. [60]

Pepsin in the pH 
range 2–4

No differences were found 
in the antigenic properties 
of the hydrolysates of 
α-La, β-Lg, BSA and 
immunoglobulin G at pH 2 
or 3, An enhancement of 
antigenicity of all proteins at 
pH 4 except β-Lg

Schmidt et al. [61]

Corolase 7092 The increase of the 
antigenicity of proteins 
including BSA and 
immunoglobulin G

Ena et al. [62]

The lactic acid 
fermentation

Lactococcus lactis 
ssp. lactis 136

Immunoreactivity of raw 
milk: 0.10% for α-La and 
3.36% for β-Lg

Wróblewska and Jędrychowski 
[50] and Miciński et al. [25]

Lactobacillus 
casei 2

Immunoreactivity of raw 
milk: 0.56% for α-La and 
2.18% for β-Lg

Lactobacillus 
acisophilus 67L

Immunoreactivity of raw 
milk: 0.09% for α-La and 
1.46% for β-Lg

Lactobacillus 
delbruecki ssp. 
bulgaricus S11

Immunoreactivity of raw 
milk: 0.09% for α-La and 
1.46% for β-Lg

Abbreviations: α-La: α-lactalbumin, β-Lg: β-lactoglobulin, BSA: bovine serum albumin, WPI: whey protein isolate.

Table 2. 
The effect of food processes (heating, high pressure, enzymatic hydrolysis and lactic acid fermentation) on the 
allergenicity of cow milk proteins.
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4.1 The effect of heat treatments

Heating is an important process in the manufacturing of dairy products in order 
to obtain bacteriologically safe products leading to extend their shelf life. During 
the heating process, various structural modifications occur in the milk proteins 
depending on temperature, heating time, and heating exchanger. The structural 
and chemical changes in heating milk proteins such as denaturation, aggregation 
and “Maillard reaction” may have significant impacts on the antigenicity level 
of milk proteins [3, 48]. Among cow’s milk proteins, caseins are the most heat 
stable proteins contrary to globular whey proteins which are sensitive to heat 
treatment and start to denaturate at temperatures above 60°C in the following 
order: BSA (denaturation temperature 94.9°C) < β-Lg (denaturation temperature 
79.6°C) < α-La (denaturation temperature 70.5°C) [49].

Sterilization and pasteurization, which are the major categories of thermal 
processes have a significant impact on structural and functional properties of milk 
proteins leading to the increased, reduced or similar allergenicity. of allergenicity 
[50]. Wróblewska and Jędrychowski [50] noted that pasteurization of milk at 90°C 
resulted in a low decrease on the immunoreactivity of whey proteins such as α-La and 
β-Lg, while ultrasound treatments at 52°C during 60 min reduced greatly the immu-
norectivity of these proteins (Table 2). On the other hand, Jost et al. [51] reported 
that heating whey proteins at a temperature ranging between 80°C and 90°C during 
30 minutes reduces the immunoglobulins contents as well as their immunogenicity.

Other researches carried out with bovine whey proteins confirmed that the 
antigenicity of β-Lg and α-La increases when heating temperature rose from 50 to 
90°C because of the exposure of allergenic epitopes buried inside the native molecule 
due to the unfolding of conformational structure during heat denaturation. However, 
the antigenicity of these proteins decreased significantly above 90°C. Furthermore, 
the antigenicity of α-La decreased by 25% compared with its native state when it is 
treated at 120°C for 20 min [52, 63].

Other researches have evaluated whether children (n = 100) with CMA can toler-
ate extensively heated milk proteins and they found that approximately 68% tolerated 
the extensively heated milk. Furthermore, Heated milk-tolerant subjects showed 
significantly smaller skin prick test wheals, lower milk-specific and casein specific 
IgE as well as lower IgE/IgG4 ratios to both of caseins and β-Lg when compared 
subjects with allergy to heated milk [53]. Hence, some manufacturers use denatured 
whey proteins for the production of hypoallergenic infant formulae [25].

4.2 The effect of high-pressure processing

High-pressure processing is considered as a suitable nonthermal alternative 
method for milk pasteurization when it is in the range of 300–600 MPa [64]. High-
pressure processing can even preserve the organoleptic and nutritional properties of 
the treated foods. However, this process can also alter structural and physico-chemi-
cal characteristics of proteins and result in their denaturation of native milk proteins. 
Indeed, high-pressure leads to the denaturation of whey proteins as the β-Lg and the 
changes of the casein micelles structures by their disassociation [55]. These changes 
may also influence the allergenicity of milk proteins. For instance, high-pressure 
treatment (200–600 MPa) at a temperature ranging between 30 and 68°C increased 
the antigenicity of β-Lg in the WPI (whey protein isolate) solution, sweet whey and 
skim milk [52]. Another study indicated that the high-pressure processing caused a 
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severe whey protein denaturation especially the β-Lg and the minor whey proteins 
(Immunoglobulins) but no effect was observed for the α-La. Indeed, a high-pressure 
processing at 600 MPa induced the formation of large protein aggregates involv-
ing both of β-Lg and ĸ-casein through the thiol/disulphide interchange reactions. 
Furthermore, this treatment can disturb the structure of casein micelles leading the 
alteration of the immunogenic capacity of milk proteins diminished at 600 MPa [55]. 
Chicón et al. [54] found that the high pressure treatment of the pure β-Lg and whey 
protein isolate solution at 200 and 400 MPa resulted in an increase of the binding to 
β-Lg specific IgG from rabbit, without any effect on the IgE from allergic patients 
(Table 2). This behavior can be explained by the exposure of the buried epitopes in 
the unfolded protein molecules becoming more accessible for the antibodies.

Several researches focused on the effect of high-pressure on milk proteins hydro-
lysates. For instance, it was reported that a significant high degree of hydrolysis was 
levels obtained in high pressure (600 MPa), in comparison to atmospheric pres-
sure depending upon the used enzyme. This behavior is attributed to the increased 
enzyme availability of immunogenic hydrophobic areas which, as a result, intensifies 
hydrolysis [25, 57].

On the other hand, hydrolysates obtained via the enzymatic treatment of main 
allergen in cow milk: β-Lg under high-pressure may result in a lower antigenicity 
and IgE binding ability [3, 57]. Indeed, the evaluated in vivo allergenicity of the β-Lg 
hydrolysates with chymotrypsin indicated that the tested hydrolysates with high-
pressure treatment at 400 MPa during 50 min resulted in the loss of the allergenic-
ity of the studied protein by the absence of anaphylactic symptoms. These results 
demonstrate the safety of hydrolysates produced under high-pressure conditions for 
manufacturing of novel milk formulae [56].

Other studies carried out with milk protein hydrolysates have also reported that 
the application of high-pressure treatment during enzymatic hydrolysis can signifi-
cantly reduce the antigenicity of the treated proteins due to the increase of accessibil-
ity of the potentially immunogenic regions to the enzyme [3, 27, 54, 57].

4.3 The effect of enzymatic hydrolysis

Proteolysis have been usually considered as an efficient process to reduce aller-
genicity of milk proteins by destroying their allergenic epitopes [65]. The enzymatic 
hydrolysates were prepared with the use of digestive enzymes including pepsin, 
trypsin and chymotrypsin in order to imitate potential digestion processes and to 
reduce intestinal activity and the activity of enzymatic system in children [58]. 
However, the differences in the types of enzymes in this process as well as hydrolysis 
model and the hydrolysis degree may result in some discrepancies in the composi-
tion of the resulted peptide and a residual antigenicity of the hydrolysates as well 
as their taste [3]. Previous researches showed that the overall antigenicity of whey 
protein can be reduced by hydrolysis with trypsin alone. Caseins including α-casein 
and β-casein also show sensitivity to trypsin (unlike immunoglobulins and BSA). 
However, Nakamura et al. [66] noted that using many enzymes at the same hydro-
lysis process including papain, neutrase, alcalase and protease is more efficient in 
reducing the allergenicity of whey proteins when compared to those treated with a 
single enzyme. Thus, the hydrolysis of β-Lg by trypsin alone or in combination with 
chymotrypsin and pepsin.

It was proved that hydrolysis of β-Lg (Bos d5) by trypsin alone or in combination 
with both of chymotrypsin and pepsin reduces its allergenicity without eliminating 
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it, while the combination of both of enzymatic hydrolysis and heat treatment was 
reported to reduce greatly the allergenicity of β-Lg [57, 58].

The combination of pepsin and α-chymotrypsin is considered as the most effective 
combination of enzymes used for the reduction of allergenicity and act by a selective 
proteolysis of both allergens α-La (Bos d4) and β-Lg (Bos d5) with a degree of hydro-
lysis of 1–20% and depending and incubation time [58].

An innovative technique of preparing hypoallergenic formulae for newborns 
involves the combination of hydrolysates and probiotics, which reduces allergic 
symptoms. Probiotics, including Lactococcus lactis, Lactobacillus rhamnosus and 
Bifidobacterium lactis significantly reduced the severity of atopic dermatitis in breast-
fed infants after 2 months of treatment. Indeed, probiotics probably participate in 
mucosal degradation of macromolecules, leading to reduced allergenicity of milk 
proteins [25, 67–69].

Despite all these advantages of the hydrolysis of milk proteins for the reduction 
of their allergenicity, some researches confirmed the increase of the allergenicity of 
proteins by the exposure of new epitopes that appeared upon hydrolysis treatment. 
For instance, Haddad et al. [59] detected serum IgE from allergic patients using 
radioallergosorbent tests with a total tryptic hydrolysate of β-Lg (Bos d5) even when 
no IgE response was detected with the native protein of β-Lg (Table 2). Schmidt et al. 
[61] reported that no differences were found in the antigenic properties of the whey 
protein hydrolysates including α-La, β-Lg, BSA and bovine immunoglobulin G at pH 2 
or 3, whereas, at pH 4 a further decrease in pepsin hydrolysis resulted in enhancement 
of antigenicity of all these proteins except the β-Lg. In the same way, the enzymatic 
proteolysis with Corolase 7092 was reported to increase the antigenicity of proteins 
including BSA and immunoglobulin G by exposing more antigenic sites during 
hydrolysis [62]. In vitro tests of Selo et al. [60] showed that that tryptic hydrolysis 
retained and even enhanced the allergenicity of β-Lg. In fact, the derived peptides 
showed a specificity to bind human IgE by ELISA assays. These authors also noted 
that numerous epitopes are widely scattered all along the β-LG molecule. They may be 
located in hydrophobic parts of the protein molecule, inaccessible for IgE antibodies 
in the native conformation of the protein but become bio-available after hydrolysis 
processes [60].

4.4 The effect of fermentation

The lactic acid fermentation process may have a potential influence on the 
allergenicity of cow milk proteins. Thus, researches were conducted with the use of 
several mesophilic and thermophilic bacterial strains which are already used in the 
production of fermented dairy products [25]. This process did not show a significant 
influence on the allergenic properties; indeed, the in vitro studies were not consistent 
with those in vivo.

Many studies have reported that Lactobacillus fermentation can induce degrada-
tion of milk allergens. For instance, lactic acid bacteria Lactobacillus casei, which are 
defined as probiotics [58]. In the same way, Lactonacillus rhamnosus GG has the ability 
to reduce phagocytosis which is stimulated by milk allergens by blocking receptors 
involved in phagocytosis on neutrophils and monocytes. It can even modify clinical 
symptoms in children with dermatitis and eczema [25, 70].

Clinical investigations have noted that dietary consumption of fermented 
foods, such as yogurt, can alleviate some of the symptoms of atopy and might also 
reduce the development of allergies through a mechanism of immune regulation. 
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The consumption of fermented milk cultures containing lactic acid bacteria can 
enhance the production of both Type I and Type II interferons at the systemic level 
[71]. However, changes of cow milk protein antigenicity and allergenicity depend 
on the species of lactic bacteria as well as the conditions of fermentation (Table 2). 
Lactic acid fermentation can reduce 90% of the antigenicity of the β-Lg in skim milk 
and 70% of this protein in sweet whey compared with untreated samples [52].

Finally, the reduction in antigenicity suggested that during the fermentation 
process with Lactobacillus, some epitopes of proteins were destroyed. These results 
are very useful for the preparation of new fermented milk products with reduced 
antigenic properties [3].

5. Conclusion

Cow’s milk is a high nutritious food. However, it should be noticed that it contains 
many proteins which are considered as major food allergens leading to induce allergic 
reactions especially in infants.

The challenge for the food scientist, nutritionists and physicians is to resolve 
the problem of the CMA by searching new cow milk alternatives and/or new dairy 
processes that may reduce the allergenicity of cow milk proteins. Some processing 
technologies (heating, high pressure, enzymatic hydrolysis and lactic acid fermenta-
tion) can be used to effectively reduce the allergenicity of milk proteins by optimizing 
and controlling the processing conditions. However, attention should be paid during 
modification of milk proteins upon the used processes in order to prevent the appear-
ance of some new epitopes during processing which are buried inside the native 
molecule. On the other hand, in vitro tests should be carried out to further detect 
the residual allergenicity of proteins and ensure the edible safety of milk products 
obtained by processing technologies. These strategies should provide valuable sup-
port for the development of the hypoallergenic milk formulae especially to infants.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Human milk has hundreds of milk proteins, which provides many benefits on 
breastfeeding. Breastfeeding is a mother’s gift to herself, her baby, and the earth, there 
is no substitute for mother’s milk. Milk protein is most important for baby’s growth, 
development and protects the baby from different illness. Colostrum is produced 
during early days immediately after child birth, which contains important nutrients 
and antibodies. Breast engorgement is a problem that is commonly encountered in 
breastfeeding mothers, which is to be addressed and treated to provide good milk pro-
teins to baby, by relieving discomforts of lactating mothers. A randomized controlled 
trial was conducted with 30 subjects based on inclusion and exclusion criteria where 
the subjects are divided into two groups, which contain 15 lactating mothers in each 
group. The control group that is group-A was treated with ultrasound, and the experi-
mental group that is group-B was treated with ultrasound and Taping Technique. The 
result of the study showed that there was a significant difference between the pre- 
and posttest intervention, and we conclude that the ultrasound therapy and Kinesio 
taping was effective in treating lactating mothers with breast engorgement.

Keywords: milk protein, Lactating mothers, engorgement, VAS, SPES, ultrasound, 
taping, breastfeeding

1. Introduction

Milk protein is most important for baby’s growth, development and protects 
the baby from different illness. Whey proteins and Casein proteins are two types of 
proteins in breast milk; whey proteins contain antibodies, lactoferrin and lysozyme, 
which protect baby from infection and are easy to digest. Casein proteins are harder 
to digest with more complex molecules. Colostrum is produced during early days 
immediately after child birth, which contains important nutrients and antibodies [1]. 
During early stages, lactating mothers may produce small quantity of colostrum; later 
milk production will be increased to the maximum, which makes the breast fuller 
and firmer causing increased blood flow and lymph fluids [2] to the breast tissue. 
If baby is not fed properly or any problem in lactating, the breast milk is stored, 
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and some mothers may face problems related to over production of milk; all these 
components make the breast heavy and later turns to very hard as rock, this uncom-
fortable condition is known as breast engorgement. Breast engorgement problem 
[3] should be addressed because if it is left untreated, that may lead to serious issues 
[4], and in future it may result in painful blebs, and plugged milk ducts may also 
lead to mastitis. Without the knowledge of identification, many lactating mothers 
are suffering with breast engorgement [5]. Severe engorgement may also rise body 
temperature around 99–100 degree F, and this rise in body temperature is termed as 
“Milk fever.” According to Academy of Breastfeeding Medicine Protocol Committee, 
breast engorgement is defined as “the swelling and distension of the breasts” [6]. 
Sometime engorgement results due to interrupted or infrequent or delayed milk from 
breast [7, 8]; this kind of problems may place the mother at high risk of engorgement 
[9], causing unhealthy growth and development of the infant. The infant may not 
get the required milk protein if the mother is facing problems of engorgement. This 
problem should definitely bring to the notice, which is troubling to both mother and 
infant where its incidence in the world is 1:8000 and in India is 1:6500. According 
to NFHS [10], painful breast problems are the most common reason for giving up 
breastfeeding. Treatment for breast engorgement can prevent future breast-related 
complication and also helps the baby to get proper milk proteins, which helps in 
proper growth and development of the baby. It is a major issue in early postpartum 
period as the breast under the influence of hormonal shift increased milk production 
rapidly. Interventions such as ultrasound therapy [11–14] application of hot moist 
[15], gentle massage [16] before feeding are beneficial. Through, Kinesio taping at the 
engorgement area, it decreases the inflammation, pain and improves circulation and 
lymphatic drainage. Hence, this study was to determine whether taping offers any 
advantage over ultrasound.

2. Methods

An experimental study was conducted on 30 subjects using convenient sampling tech-
nique based on inclusion and exclusion criteria. Lactating mothers with breast engorge-
ment and pain for at least 2–3 days in postpartum period between 20 and 35 years of age 
were included in the study. Non-lactating women, pregnant women, lactating mothers 
with soft breast, lactating mothers receiving lactating suppressants, and lactating moth-
ers with breast abscess, breast infection, mastitis, broken skin of the breast, bleeding or 
cracked nipple were excluded from the study. After receiving informed consent from 
the subjects, detailed explanation of the study is provided to them. All the information 
related to outcome measures, i.e., Six-Point Self-rated Engorgement Scale (SPES) [17] and 
Visual Analogue Scale (VAS), is given in Figures 1 and 2.

In this study, 30 subjects were divided into two groups, group-A and group-B. 
Fifteen subjects were allotted in each group. Pain parameter was measured with visual 
analogue scale in both groups before and after the treatment. Functional evaluation of 
both the groups was done with six-point self-rated engorgement scale before and after 
the treatment. Both the parameters were measured first day and after 1 week of treat-
ment procedure. All the subjects received their treatment at the outpatient department 
of Saveetha College of Physiotherapy, Saveetha Institute of Medical and Technical 
Sciences, Chennai. Every subject followed the treatment for required period of 1 week.

Group-A: Fifteen subjects were treated with ultrasound for 1 week. The subjects 
were made to lie in supine with the arm of the treated side placed behind the head. 
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A continuous mode of therapeutic ultrasound was given using ultrasound transmis-
sion gel as the coupling agent, with the intensity of 1 W/cm2 and frequency of 1MHZ 
passing the head of the ultrasound firmly over the breast from the periphery toward 
the areola, lightly back to the chest, and firmly down again to the areola, gradually 
working around the breast for 8 minutes.

Group-B: To the next 15 patients, continuous mode of therapeutic ultrasound was 
given using ultrasound transmission gel as the coupling agent, with the intensity of 
1 W cm2 and frequency of 1MHZ passing the head of the ultrasound firmly over the 
breast from the periphery toward the areola, lightly back to the chest, and firmly 
down again to the areola, gradually working around the breast for 8 min, then sub-
jects are treated with the taping techniques by using Kinesio tape (KT). Breast was 
exposed to clean with wet cotton dipped in water and breast is allowed to dry for few 
seconds and after drying, two pieces of tape which was about 7–9 inches, were taken. 
Seven to nine inches of tape was further cut into five strips equally. Taping was 
done with minimal stretch of 10–5% without extra tension by avoiding axilla with 
an anchoring base and rounded corners. Patients were instructed to wear the tape 
for 42–72 hours and also instructed to remove the tape prior to the prescribed time 
only if any skin irritation occurs. At the day 3 follow-up, the skin was inspected and 
assessed their primary outcome measures and then taped with the same technique 
used previously for 1 week. After the end of 1 week post Visual Analogue Scale and 
Six-Point self-rated Engorgement Scale were taken, and results are analyzed.

3. Results

Database was statistically analyzed using descriptive and inferential statistics; 
mean and standard deviation were estimated using paired and independent t test. 
Paired t test was used to compare data sets within the groups, and independent t test 
was used to compare the data sets between the groups (Tables 1–4).

Figure 1. 
Six-point self-rated engorgement scale.

Figure 2. 
Visual analogue scale.
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Age distribution:
The average age of the subjects in group-A was 25.05 ± 2.04 years and in group-B 

was 25.25 ±.
1.82 years. There was no significant difference between the mean ages of the 

subjects in both the groups
Pre-test and post-test values of SPES and VAS of subjects in group A. The pre-test 

mean value of SPES was 4.53, and post-test mean value was 1.20. This shows that the 

POST TEST MEAN STANDARD 
DEVIATION

t VALUE P VALUE

SIX-POINT SELF-RATED 
ENGORGEMENT SCALE

Group A 1.20 0.41 1.8708 <0.0001

Group B 1.00 1.16

VAS SCORE Group A 1.80 0.77 1.8708 <0.0001

Group B 1.40 0.51

Table 4. 
Comparison of post-test values of SPES and VAS in groups A and B.

Groups Mean Age(Yrs) + SD

Group-A 25.05 (± 2.04)

Group-B 25.25 (±1.82)

Table 1. 
Mean age distribution.

GROUP-A MEAN STANDARD 
DEVIATION

t VALUE P VALUE

SIX-POINT 
SELF-RATED 
ENGORGEMENT 
SCALE(SPES)

PRE TEST 4.53 1.06 11.3436 <0.0001

POST TEST 1.20 0.41

VAS SCORE (VAS) PRE TEST 7.00 1.25 13.6871 <0.0001

POST TEST 1.80 0.77

Table 2. 
Comparison of pre-test and post-test values of SPES and VAS in group-A.

(GROUP-B) MEAN STANDARD 
DEVIATION

t VALUE P VALUE

SIX-POINT 
SELF-RATED 
ENGORGEMENT 
SCALE

PRE TEST 4.73 1.16 12.4335 <0.0001

POST TEST 1.00 0.00

VAS SCORE PRE TEST 7.00 1.13 17.4611 <0.0001

POST TEST 1.40 0.51

Table 3. 
Comparison of pre-test and post-test values of SPES and VAS in Group-B.
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SPES was gradually decreasing significantly at p < 0.0001. The pre-test mean value of 
VAS was 7.0, and post-test mean value was 1.80.This shows that the VAS scores were 
gradually decreasing significantly at p < 0.0001.

Pre-test and post-test values of SPES and VAS of subjects in group-B. The pre-test 
mean value of SPES was 4.73, and post-test mean value was 1.00.This shows that the 
SPES scores were gradually decreasing significantly at p < 0.0001.The pre-test mean 
value of VAS was 7.00, and post-test mean value was 1.40.This shows that the VAS 
scores were gradually decreasing significantly at p < 0.0001.

Post-test values of SPES and VAS of subjects in group-A and group-B. The post-
test mean value of SPES in group-A was 1.20, and post-test mean value of SPES 
in group-B was 1.00.This shows group-B has greater improvement in reduction of 
engorgement than group A with the p value (0.0001). The post-test mean value of 
VAS in group-A was 1.80, and post-test mean value of VAS of group-B was 1.40.This 
shows group-B has greater improvement in reduction of pain than group-A with the 
p value (0.0001).

Quantitative data analysis revealed that there is a significant difference between 
group A and B and within the groups. SPES post-test mean value in group-A was 
1.20, and in group-B was 1.00. SPES Scores in group-B were comparatively lesser than 
those of group-A, p < 0.0001. The post-test mean value of VAS in group-A was 1.80, 
and post-test mean value of VAS in group-B was 1.40. This shows VAS scores in group-
B were comparatively lesser than those in group-A, p < 0.0001.Statistical analysis of 
post-test for pain and engorgement revealed that subjects who received ultrasound 
and taping in group-B showed marked improvement compared with patients who 
received only ultrasound in group-A.

4. Discussion

Milk proteins are very essential for the baby in the early age of life; breast engorge-
ment is a condition that troubles the baby as well as the mother by creating difficulties 
in breastfeeding, which is considered as second most problem affecting the lactation. 
To provide milk proteins and nutrients to the child, breast engorgement has to be 
treated in lactating mothers. So this study was designed to compare the effect of 
ultrasound and taping in lactating mothers with breast engorgement, with the help of 
ultrasound and taping technique, which reduces pain, engorgement and also prevents 
further complications. Reduction of engorgement helps the mother to feed her child 
and to provide proper milk proteins to the child. Breast milk is most important for the 
babies to get benefits of milk proteins. Breastfeeding plays an important role in repro-
ductive age of women and beneficial for mother and child as well [18]. Breastfeeding 
is a physiological process, and it has to be encouraged; numerous studies demonstrate 
the importance of breastfeeding in providing protection against various diseases and 
decreasing the incidence of infant morbidity and mortality [19]. “All health profes-
sional groups support breastfeeding as the ideal way to nourish an infant, but numer-
ous surveys have shown that, in general, even perinatal health professionals are not 
prepared to provide lactation management as part of routine care” [12]. Ultrasound 
helps the tissue to heal more effectively as it gives: 1) essential micromassage for indi-
vidual cells, 2) increases cellular activity, and 3) responsible for the effect of thera-
peutic benefits. Ultrasound frequency was selected based on the depth of the tissue 
to be treated. The depth of ultrasound penetration was usually described in terms of 
half-value depth for the specific ultrasound frequency. Through, Kinesio taping at the 
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engorgement area, it decreases the inflammation, pain and improves circulation and 
lymphatic drainage. In recent years, the use of Kinesio Tape (KT) has become increas-
ingly popular. KT has same thickness as the epidermis in the skin when stretched to 
30–40% of its resting length longitudinally, which is suitable to human skin, and 
was designed to mimic the qualities of human skin. It has roughly the same thickness 
as the epidermis and stretched between 30% and 40% of its resting length longitu-
dinally. Kenzo Kase [20] proposed many benefits of Kinesio taping, which depends 
on the stretch applied during taping. It provides positional stimulus, creates sensory 
stimulation to limit motion, and removes edema. It is latex-free,heat-activated, and 
100% cotton fiber helps to dry quickly. The purpose of our study was to investigate 
whether KT has an effect on breast engorgement in breastfeeding mothers during 
the postpartum period and also to help lactating mothers in providing proper milk 
proteins to the infant. We hypothesized that breastfeeding mothers would experience 
a decrease in breast engorgement by using the KT method, which helps in lactation 
and also provides milk proteins to the baby. Hence, the present study was undertaken 
with an intention to compare the effect of ultrasound therapy with Kinesio taping in 
lactating mothers. The result of the study showed that there was a significant differ-
ence between the pre- and post-test intervention.

5. Conclusion

In this study by comparing the effects of ultrasound versus taping in lactating 
mothers with breast engorgement, the result of the study showed that there was a 
significant difference between the pre- and post-test intervention. Both the groups 
resulted in positive outcomes, but group-B with ultrasound and Kinesio taping 
showed a higher level of positive outcome in terms of decreasing pain and engorge-
ment, when compared with group-A with ultrasound among lactating mothers. 
The study concluded that ultrasound and Kinesio taping help in reducing pain and 
engorgement, which helps the mother to provide proper lactation, which in turn helps 
the baby to get proper milk proteins without delaying the feeding.



Compare the Effects of Ultrasound versus Taping in Lactating Mothers with Breast Engorgement
DOI: http://dx.doi.org/10.5772/intechopen.102359

87

Author details

Dasarapu Indrani1*, Jagatheesan Alagesan2, Prathap Suganthirababu2, M.V. Sowmya2 
and Dubba NagaRaju3

1 Urology and Obstetrics, Saveetha College of Physiotherapy, Saveetha Institute of 
Medical and Technical Sciences, Chennai, India

2 Saveetha College of Physiotherapy, Saveetha Institute of Medical and Technical 
Sciences, Chennai, India

3 NRI College of Physiotherapy, Andhra Pradesh, India

*Address all correspondence to: indranidasarapu@gmail.com

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Milk Protein - New Research Approaches

88

[1] Godhia M. Colostrums – its 
composition. Benefits as a 
Nutracentical-A Review. Current 
Research in Nutrition and Food Science. 
2013;1(1):37-47

[2] Newton M, Newton NR. Postpartum 
engorgement of the breast. American 
Journal of Obstetrics and Gynecology. 
1951;61(3):664-667

[3] Hill PD, Humenick SS. The occurrence 
of breast engorgement. Journal of 
Human Lactation. 1994;10(2):79-86

[4] Hewat RJ, Ellis DJ. A comparison 
of the effectiveness of two methods of 
nipple care. Birth. 1987;14(1):41-45

[5] Humenick SS, Hill PD, Anderson MA. 
Breast engorgement: Patterns and 
selected outcomes. Journal of Human 
Lactation. 1994;10(2):87-93

[6] Academy of Breastfeeding Medicine 
Protocol Committee, Eglash A. ABM 
clinical protocol#8:human milk storage 
information for home use for full-term 
infants (original protocol March 2004; 
revision#1 March 2010). Breastfeeding 
Medicine. 2010;5(3):127-130

[7] Lee WT, Lui SS, Chan V, Wong E, 
Lau J. A population-based survey on 
infant feeding practice (0-2 years) in 
Hong Kong: Breastfeeding rate and 
patterns among 3,161 infants below 
6 months old. Asia Pacific Journal of 
Clinical Nutrition. 2006;15(3):377-387

[8] Priyanka P et al. Comparative effect 
of ultrasound therapy with conventional 
therapy on breast engorgement in 
immediate post-partum mothers. 
Integrative Molecular Medicine. 2016; 
3(2):553-558

[9] Arora S, Vatsa M, Dadhwal V. A 
comparison of cabbage leaves vs. hot 
and cold compresses in the treatment of 
breast engorgement. Indian Journal of 
Community Medicine. 2008;33(3):160

[10] Sagar K. Engorgement of breast-
potential problem in lactation. 
Nightingale Nursing Times. 2004; 
1(5):17-21

[11] Mclachlan Z et al. Ultrasound 
threatment for breast engorgement: 
A randomized double blind trial. The 
Australian Journal of Physiotherapy. 
1991;37(1):23-28

[12] Manna M, Devis PL. Effectiveness of 
hot fomentation versus cold compression 
on breast engorgement among postnatal 
mothers. International Journal of 
Nursing Research and Practice. 2016; 
33(3):160-123

[13] Mangesi L, Dowswell T. Treatments 
for breast engorgement during lactation 
(Review). The Cochrane Library. 
2010;9:CD006946

[14] Newton M, Newton N. Postpartum 
engorgement of the breast. American 
Journal of Obstetrics & Gynecology. 
1951;61:664-666

[15] Snowden HM et al. Treatment for 
breast engorgement during lactating. 
Cochrane Database Systematic Review. 
2007;2:CD000046

[16] Öztürk G, Külcü DG, Mesci N, 
Şilte AD, Aydog E. Efficacy of kinesio 
tape application on pain and muscle 
strength in patients with myofascial pain 
syndrome: A placebo-controlled trial. 
Journal of Physical Therapy Science. 
2016;28(4):1074-1079

References



Compare the Effects of Ultrasound versus Taping in Lactating Mothers with Breast Engorgement
DOI: http://dx.doi.org/10.5772/intechopen.102359

89

[17] Del Ciampo LA, Del 
Ciampo IR. Breastfeeding and the 
Benefits of Lactation for Women's 
Health. Revista Brasileira de Ginecologia 
e Obstetrícia/RBGO Gynecology and 
Obstetrics. 2018;40(06):354-359

[18] Kacew S. Current issues in lactation: 
advantages, environment, silicone. 
Biomedical and environmental sciences: 
BES. 1994;7(4):307-319

[19] Naylor AJ, Creer AE, Woodward- 
Lopez G, Dixon S. Lactation management 
education for physicians. In Seminars in 
Perinatology. 1994;18(6):525-531

[20] Tantawy SA, Kamel DM. The effect 
of kinesio taping with exercise compared 
with exercise alone on pain, range of 
motion, and disability of the shoulder in 
postmastectomy females: A randomized 
control trial. Journal of Physical Therapy 
Science. 2016;28(12):3300-3305





Section 6

The Colostrum and Milk

91





Chapter 7

Colostrum and Milk in Sow
Morakot Nuntapaitoon

Abstract

Both colostrum and milk quality and quantity can influence piglet survival and
growth, especially in a highly prolific sow. The Danish Landrace � Yorkshire cross-
bred was selected for high prolificacy and challenged to provide enough colostrum
and milk of high quality to all piglets. This chapter reviewed the mechanism of
colostrum and milk production, basic information of colostrum, and milk quality
(immunoglobulin, fat, protein, lactose, etc.) and quantity. The importance of colos-
trum and milk in modern sows on piglet performance and survival was addressed.
Since the sow immunoglobulin cannot pass epitheliochorial placenta in the sow to the
piglet’s bloodstream. Therefore, colostrum is a crucial role in piglet survival and
growth. However, the amount of colostrum and milk production in hyperprolific sow
still improve from high litter size. The knowledge about the factors influencing colos-
trum and milk quality and quantity, such as parity number, piglet, the environment in
hyperprolific sows, may support veterinarians and farmers in the commercial swine
farms for increasing pig production. Moreover, the technique to improve colostrum
and milk quality and quantity were explained, such as feed supplementation in ges-
tating and lactating sows.

Keywords: colostrum, milk, quality, quality, sow, how

1. Introduction

Colostrum and milk are important sources of energy in newborn and pre-weaning
piglets. Milk secretion in sow was classified into three parts, including colostrum, tran-
sient milk and mature milk depending on composition in each period. Colostrum is the
first secretion after farrowing until 24 hours after the first piglet is born [1]. Colostrum
plays an important role in the survival and growth of piglets [2]. Colostrum composition
includes nutrient, growth factors, hormone, and immune cells that relate to thermoreg-
ulation, growth, and contributing to intestinal development and glucose regulation. The
transitional milk is a secretion from 34 hours after birth to day 4 of lactation, which was a
high-fat concentration [3]. Mature milk is released during day 10 of lactation until
weaning because milk composition is relatively stable [4]. Therefore, transition milk and
mututre milk play in the piglet’s growth and related both pre and post weaning
performances. This chapter illustrates the importance, production, and composition of
colostrum and milk in sow and their factors.
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2. The important role of colostrum and milk

Colostrum and milk play an important role in piglet survival and growth during the
lactation period. In the last decade, goal of genetic improvement in swine is to increase
the total number of piglets per litter [5]. The total number of piglets per litter in
Denmark in 1996–2017 rapidly increased from 13.0 to 18.7 piglet/litter or increasing 5.7
piglets/litter over the past 21 years (Figure 1). On the other hand, 50–80% of piglet
mortality occurs during the first week after farrowing, especially in the first 72 hours of
life [8–10]. In general, newborn piglets have glycogen storage in the liver and muscle
for maintenance of the body, temperature, and energy for movement to consume
colostrum after birth [11]. The glycogen rapidly declined within 12 to 17 h after birth
when piglets have low colostrum consumption [12]. Therefore, it has been demon-
strated that early mortality is mainly since a low colostrum consumption [13]. Further-
more, the relationship among colostrum consumption, mortality, and growth at
weaning was reported in the previous study. Piglets consumed colostrum less than
400 g had a lower average daily gain than piglets consumed colostrum more than 400 g
by 43 gram/day and higher mortality by 10 times [2].

Milk is a nutrient that most affected piglet growth during the suckling period.
Milk supplementation in piglets improved growth performance that was reported
in many studies [14, 15]. However, most of hyperprolific sows are low milk production,
especially in tropical climates [4, 16]. Therefore, management to improve milk
production in the lactation period should be concerned in commercial swine farms.

3. Mechanism of colostrum and milk production

Colostrum and milk were produced from the mammary gland of the sows that
were developed from the embryo until entry to puberty and gestation. The mammary
gland between birth and puberty was isometric growth and rapidly developing called

Figure 1.
Progress of the swine genetic improvement in Denmark during 1996–2017 total number of piglets per litter (Total
number of piglets per litter: total born; number of born alive piglets per litter: Born alive; number of weaned piglets
per litter: Weaned (modified from Observatori del porcí [6] and Hansen [7].
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“allometric growth” after the onset of puberty, gestation, and lactation (Figure 2).
The mammary gland between puberty and pregnancy was provided by hormones for
complete development, for example, growth hormone, prolactin, and estrogen.

In the mid of gestation, the mammary gland developed called “Lactogenesis I,”
which mainly developed duct and mammary gland by IGF-1 stimulation. The IGF-1
stimulates cortisol hormone from the adrenal gland and prolactin hormone from the
placenta for inducing milk production. Completed alveolar development in the sows
takes place during the last trimester of gestation called “Lactogenesis II” [17]. Prolac-
tin induced lactoalbumin for producing lactose synthetase enzymes that were used for
colostrum production. Colostrum was started to produced and kelp in the parenchyma
tissue. Almost all colostrum is produced before the piglet is born and is independent of
the suckling piglet activities [18]. However, the last week of gestation is crucial for
colostrum production.

Most of the colostrum is secreted during the first 12 to 16 h after the onset of
farrowing and decreases after 16 h onwards. Transient milk begins to produce during
24–34 h after the onset of farrowing within Lactogenesis II. The colostrum slowly
changed to transient milk in this period. The stage of Lactogenesis II was finished within
1–2 days after farrowing. The transient milk slowly changed to mature milk on day 10 of
lactation. After the colostrum period, milk secretion depended on the piglet’s suckling
activities to maintain milk secretion until weaning called “galactopoiesis.”
Galactokinesis or milk ejection is the active transfer of milk from the parenchyma to
teats by suckling or other sensory activation (auditory, tactile, and visual). All activation
stimulates oxytocin from the hypothalamus. Oxytocin is secreted into the blood and to
the myoepithelial cell within the mammary gland leading to milk injection.

4. Calculation of colostrum and milk yields

The colostrum and milk yields represent the amount of colostrum and milk that
were removed by piglets in the litter. Because yield was calculated from the sum of
colostrum/milk intake of piglets. At present, there is no direct method to quantify
both colostrum and milk yields.

Colostrum and milk yields measurement can be calculated from the indirect
method, for example, the weigh-suckle-weigh method and predicted equations
Devillers et al. [19]; Theil et al. [20, 21]; Hansen et al. [22]. See below.

Figure 2.
Mammary gland development from birth until weaning.
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4.1 Devillers et al.

Colostrum consumption (g) = �217.4 + 0.217 t + 1,861,019 BW24/t + BWB

(54.80–1,861,019/t) (0.9985–3.7*10�4tfs + 6.1*10�7 tfs2).

4.2 Theil et al.

Colostrum consumption (g) = 106 + 2:26WG + 200 BWB + 0: 111 D – 1414WG/D+
0.0182 WG/ BWB.

where t or D is time (min) elapsed between the 1st and 2nd weighting (which
defines duration of colostrum consumption).

BW24 is body weight at 24 h (kg).
BWB is birth weight (kg).
Tfs is the interval between birth and the first suckling (min).
WG is body weight gain between the 1st and 2nd weighting (g).
The predicted colostrum equation by Devillers et al. [19] was measured using

bottle-fed-piglets but by Theil et al. [20] was measured using the deuterated water
dilution technique. The previous study demonstrated that the predicted colostrum
equation by Devillers et al. [19] was 43% lower than by Theil et al. [20] [3]. In line
with this, according to the formula by Devillers et al. [19], a previous study demon-
strated that piglets with the colostrum less than 200 g or 180 g/kg of birth weight have
a high chance of mortality [1]. The piglets should be consuming 250 g of colostrum for
survival and high growth performance, whereas Nuntapaitoon et al. [2] recommended
that 200–400 g of colostrum should be provided in all piglets for decreasing mortality
based on the formula by Theil et al. (Figure 3) [20].

Milk yield was also estimated by using the deuterated water dilution technique [21]
and summarized data from many previous studies for generating predicted equation
[22, 23]. For the latest equation, litter size and weight gain have to be included in the
formula.

Figure 3.
Influence of colostrum consumption (g) on preweaning mortality in a commercial swine herd in a tropical climate
calculated by Theil et al. [20]. Different superscript letters indicate significant differences (P < 0.05) [2].
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5. Colostrum and milk yields

Amount of colostrum and milk yields were reported in many studies. The colos-
trum yield ranged 1.7–10.5 kg, and the colostrum consumption was 426 g piglet under
tropical climate [2, 4, 24, 25]. The frequency distribution of individual colostrum
consumption and colostrum yield in a commercial swine herd in Thailand was
presented in Figures 4 and 5. On the other hand, range colostrum yield was 3.3–6.0 kg
[4, 26–28].

Colostrum continuously releases during the colostral period. On the other hand,
milk is released every 30–50 min and spends time 10–15 sec [29]. In general, milk
yield in the first 4 days means 8 kg/day and the peak of lactation at 17 days was 15 kg/
day [22, 23]. The milk yield ranged 3.9–17.2 kg/day in Danish Landrace �Yorkshire
crossbred sows reared in a commercial swine herd in Thailand. The frequency distri-
bution of milk yield is presented in Figure 6. On the other hand, the range of milk
yield was 5–15 kg/day [3, 30]. In line with this, colostrum and milk production in sows

Figure 4.
Frequency distribution of individual colostrum consumption (g) in a commercial swine herd in Thailand [2].

Figure 5.
Frequency distribution of individual colostrum yield (kg) in a commercial swine herd in Thailand [4].
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are highly variable due to differences in breed, nutrition, sows, litter and farrowing
characteristics, hormonal status, and environmental factors [20, 28, 31, 32]. The high
temperatures in tropical climates may result in decreased blood supply to the mam-
mary epithelium that produces colostrum and milk and increased stress in the sows.
Knowledge regarding the impact of temperature on mammary blood flow and
colostrum and milk production is currently lacking.

6. Colostrum and milk composition

The main compositions of colostrum and milk include fat, protein, lactose, vita-
min, mineral, and dry matter. Moreover, bioactive molecules, such as immunoglobu-
lins, growth factors, and enzymes, are also included in milk secretion. It is important
for the survival of the newborn piglet and the proper development of organs, such as

Figure 6.
Frequency distribution of (a) milk yield on days 3–10 and (b) days 10–17 of lactation from 105 Danish landrace
� Yorkshire crossbred sows reared in a commercial swine herd in Thailand [4].
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the gastrointestinal tract and brain. The main compositions of colostrum differ from
milk (Table 1).

The chemical composition of colostrum (day 0), transition milk (day 3), and
mature milk (day 10 and 17) is very different in hyperprolific sow. Lactose concen-
tration gradually increases from 2.8 g/100 g in colostrum to 4.3 g/100 g in transition
milk and 4.9 g/100 g in milk. Lactose is the main energy source for piglets throughout
the lactation period. Moreover, lactose is rapidly absorbed and is related to the yield
because of the structure and major osmotic characteristics of colostrum and milk [33].

Lipids were lowest in the colostrum period (4.9 g/100 g). It rapidly increases in the
transition period (7.1 g/100 g) and is stable in mature milk (6.1 g/ 100 g). Fat also
plays an important role to provide energy, increase metabolism, and protect the
newborn against microbial infections. Many studies have analyzed fatty acids in
various biological samples, such as plasma, milk, urine, and tissue samples, using a
variety of analytical strategies. Analytical tools including gas-chromatography mass
spectrometry (GC-MS), gas-chromatography with flame ionization detection (GC-
FID), and liquid chromatography-mass spectrometry (LC-MS) have been used to
perform fatty acid analyses [34]. The data from our team, a total of 31 free fatty acids
in colostrum and milk of hyperprolific sows reared in a tropical climate, was presented
in Table 2 (unpublish data). It was found that free fatty acids in colostrum and milk
are very different.

The most important in colostrum is immunity. Immunoglobulins as protein com-
ponents in colostrum are important for piglets to prevent disease and reduce mortal-
ity. Colostrum contains six times immunoglobulins (IgA, IgG, and IgM) compared
with milk. The concentration of IgG is rapidly declined by nearly 30% within 6 h after
birth [35, 36] (Figure 7), while IgA slightly decrease. IgA is important for the protec-
tion of the gastrointestinal tract and plays a key role in preventing early diarrhea. The
neonatal piglets have high morbidity from Escherichia coli and Clostridium perfringens
infection [37] and lead to death in the first weeks of farrowing.

7. Factor influencing colostrum and milk yields and composition

Nutritional status in the gestation period highly influences colostrum and milk
production in sows [3, 38]. Mammogenesis is started at 85–109 days of gestation [39].

Composition Days in milk

0 3 10 17

Mean Range Mean Range Mean Range Mean Range

Lactose, g/100 g 2.8 1.7–5.0 4.3 2.1–5.3 4.8 2.1–5.5 4.9 2.4–5.6

Fat, g/100 g 4.9 2.5–7.5 7.1 4.0–14.2 6.1 2.3–10.9 6.1 3.9–8.7

Protein, g/100 g 15.3 5.2–22.3 7.2 3.7–16.7 5.7 3.8–16.7 5.9 3.7–18.5

DM, g/100 g 23.6 16.4–29.1 20.1 15.6–26.9 18.3 16.2–25.3 18.9 16.3–28.7

Nuntapaitoon et al. [4].

Table 1.
Colostrum and milk in Danish landrace � Yorkshire crossbred sows reared in a commercial swine herd in
Thailand.
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Composition Day

0 3 17

Fatty acid

Caprylic acid 0.006c 0.012b 0.033a

Capric acid 0.062b 0.059b 0.207a

Lauric acid 1.2b 1.5b 3.1a

Myristic acid 4.5b 3.7c 5.8a

Myristoleic acid 0.025c 0.100b 0.287a

Pentadecylic acid 0.117 0.099 0.095

Palmitic acid 21.4b 21.2b 25.8a

Palmitoleic acid 1.7a 1.8a 0.6b

Margaric acid 0.262a 0.257a 0.200b

Cis-10-heptadecarnoic acid 0.115c 0.190a 0.157b

Stearic acid 6.5b 8.4a 5.9b

Elaidic acid 0.232a 0.170b 0.174b

Oleic acid 32.0c 37.6a 34.2b

Linolelaidic acid 0.145a 0.160a 0.101b

Linoleic acid 25.8a 19.0b 18.8b

Arachidic acid 0.157b 0.189a 0.194a

Gamma-Linoleic acid 0.239b 0.640a 0.192b

Paullinic 0.324b 0.634a 0.516a

Linolenic acid 1.8a 1.3b 1.4b

Eicosadienoic acid 0.565a 0.628a 0.402b

Behenic acid 0.049 0.047 0.060

Dihomo-ɤ-linolenic acid 0.316 0.272 0.189

Erucic acid 0.062b 0.083a 0.082a

Eicosatrienoic acid 0.176 0.114 0.088

Arachidonic acid 1.2a 1.0b 0.9b

Cis-13,16-docosadienoic acid 0.008 0.001 0.004

Lignoceric acid 0.179a 0.108b 0.097b

Docosatetraenoic acid 0.270a 0.205ab 0.187b

Docosapentaenoic acid 0.392 0.301 0.314

Eicosapentaenoic Acid 0.009 0.010 0.003

Docosahexaenoic acid 0.013 0.013 0.021
a, b, c Different superscript letters within rows indicate significant differences (P < 0.05).

Table 2.
The macrochemical composition and fatty acid profile in colostrum (day 0) and milk (day 3 and 17 of lactation).
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In this time, sow required more energy for developing mammary gland and also
increase insulin resistance, especially in fat sows [40]. High insulin resistance presents
high glucose level that passes through the mammary gland, leading to increased
colostrum production. Many previous studies found that backfat thickness during late
gestation influenced colostrum and milk production [24, 26]. They found that low-
backfat thickness sows at 109 days of gestation had low milk production. The regres-
sion analyses revealed that an increase of backfat thickness by 1.0 mm at day 109 of
gestation resulted in an increased milk yield of sows between 3 and 10 days of 271 g
per day [24]. Recently, body weight at birth, cumulative birth interval, and litter size
were significant risk factors affecting piglet colostrum consumption [41]. Further-
more, Nuntapaitoon et al. [4] found that sow parity number 2–4 had a higher colos-
trum yield than sow parity number 1 (Table 3).

The litter size increased milk production for stimulating the mammary gland by
piglet [42]. Figure 8 illustrated that high litter size is positively associated with milk
production. However, high litter size declined individual colostrum consumption. In
addition, piglet factors are also related to colostrum consumption [2, 41, 43]. They
found that high piglet birth weight has high colostrum consumption and high
suckling performance that stimulate milk production, especially in the first 3 days of
lactation [44].

Sow parity number is the main association between production and composition.
Multiparous sows have higher milk production than primiparous sows [4, 45]. The
sow parity number 2–4 had the highest milk production and increased from first
parity by 35% [45]. In contrast, Nuntapaitoon et al. [4] found that no evidence of
parity differences was observed on milk yield.

Sow parity number has negatively correlated with fatty acid profiles in colostrum,
which refers to metabolic status in sows [46]. The PLS-DA in Figure 9a shows the
influence of parity number on the overall fatty acid profiles of colostrum. It has been
demonstrated that significant dynamics in the fatty acid compositions of sow colos-
trum are in association with parity number. Moreover, high relative abundances of
palmitic acid, eicosatrienoic acid, cis-10-heptadecanoic acid, capric acid, lignoceric

Figure 7.
The immunoglobulin concentration in sow colostrum throughout lactation period [35].
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acid, and lauric acid were accountable for the discrimination of colostrum from sows
with higher parity numbers (Figure 9b). The high level of fatty acid profile in sow
colostrum is related to the negative energy balance of sows. The stearic acid and
palmitic acid have been related to negative energy balance periods, as animals mobi-
lize adipose tissue for energy and related with colostrum production [47, 48], as in
primiparous sows.

The concentration of immunoglobulin in colostrum depends on the management,
the physiology of the mammary gland, parity, vaccination, and nutritional status
[20, 28, 49]. In tropical climates, the variation of immunoglobulin concentration in
the sow colostrum was influenced by their parity number and housing conditions
[36]. The concentration of IgG in primiparous sows was lower than that in multipa-
rous sows. Moreover, sow reared in a conventional open-housing system had a higher
colostral IgG concentration than in an evaporative cooling-housing system. On the
other hand, Zhao et al. [50] reported housing conditions did not relate to IgG concen-
tration in colostrum. Therefore, factors influencing colostrum IgG concentration
should be investigated in further study.

Composition Parity SEM* P-value

1 2–4 5–6

Colostrum yield, kg 5.4b 7.0a 5.9b 0.4 0.004

Fat, g/100 g 5.2 4.9 4.6 0.2 0.164

Protein, g/100 g 15.4 15.2 15.2 0.9 0.979

Lactose, g/100 g 2.6 2.9 2.9 0.2 0.453

Dry matter, g/100 g 23.8 23.5 23.3 0.7 0.853
a, b Different superscript letters within rows indicate significant differences (P < 0.05).
*Greatest standard error of the mean (SEM).
Nuntapaitoon et al. [4].

Table 3.
Effect of parity on colostrum yield and chemical composition of colostrum in Danish landrace � Yorkshire
crossbred sows.

Figure 8.
Sow milk production in different litter sizes (modified by [42]).
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8. Technique for increasing colostrum and milk yield

The increasing feed intake and appetite in late gestating and lactating sow
enhanced colostrum and milk production. Sow fed ad libitum in 7 days postpartum
has higher milk production than in before farrowing [51]. Moreover, sow with
appropriate condition before farrowing and peak of lactation related colostrum
and milk production [18]. Therefore, many studies revealed the effect of feed
additive and nutritional supplementation on colostrum and milk production
many years ago. Protein supplementation in late-gestating sows improved
colostrum production [52, 53]. They demonstrated that fermented potatoes
protein increased colostrum yield, individual colostrum consumption in
primiparous sows, and piglet birth weight and weight during the suckling in all sows
period. It is illustrated that primiparous sows must be improved feed intake for
colostrum production and fetal growth in the late gestation period. Increasing
dietary protein at 135 g/day during lactation increased milk yield and milk protein
concentration [54, 55].

Dietary fatty acid from different sources increases the amount of colostrum.
Conjugated linoleic acids supplementation in late-gestating sow until farrowing
increase +60 g of individual colostrum consumption [56]. Moreover, Flummer and
Theil [57] found that supplementation of leucine increased colostrum consumption,
increased growth rate, and decreased piglet mortality.

Fiber supplementation in late-gestating sow enhanced serum short-chain fatty
acid in sow [22, 23]. The short-chain fatty acid is the source of milk production [18].
Quesnel et al. [58] reported that sows fed a high fiber diet from day 26 of gestation to
farrowing had higher milk production than sows fed a low fiber diet. Loisel et al. [59]
reported that fiber supplementation from 92 days of gestation to farrowing had
increased colostrum production. However, Krogh et al. [60] compared different
sources of fiber and fat during gestation on colostrum yield, that is, sugar beet pulp,
alfalfa meal, and a combination of palm fatty acid distillate, soybean oil, and

Figure 9.
PLS-DA score plot for an overall comparison of fatty acid profiles among representative colostrum samples from
sows with parity number 1 (red), 2–6 (green), and ≥ 7 (blue) (panel A). VIP scores higher than 1.0 indicate
potential biomarker fatty acids accountable for the discrimination among colostrum samples from different parity
numbers (panel B) [46].
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trioctanoate from day 105 of gestation. Different sources did not affect the colostrum
yields of sow.

Generally, prostaglandin F2αwas used for inducing farrowing in pregnancy sow and
was also applied after parturition for reducing postpartum discharge and may affect
colostrum and milk production. Milk synthesis collaborated hormones during
parturition that declined progesterone and increased prolactin, estrogen, and cortico-
steroids. Luteolytic substance decreased serum progesterone concentration and
increased prolactin, estrogen, and corticosteroids within 1 h after injection [33]. High
concentration of progesterone declined milk synthesis [61]. Moreover, high progester-
one levels in sow at the end of farrowing increase the risk of piglet diarrhea on the first
day of life [62]. This is probably because declined colostrum production leads to low
colostrum consumption and received low immunity. However, the previous studies
demonstrated that farrowing induction did not affect colostrum production [25, 63–65]
because colostrum is mostly produced before parturition at 85 days of gestation. On the
other hand, recent research by Maneethong et al. [66] and Nuntapaitoon et al. [67]
shows that natural prostaglandin F2α increased colostrum and milk production in the
first week of lactation. The injected natural prostaglandin F2α after farrowing increased
the milk yield between day 3 and 10 (Figure 10) [67]. In addition, prolonged farrowing
duration declined colostrum yields [62]. In general, high litter size in hyperprolific sows
increase farrowing duration. Piglet was born in prolonged farrowing time of sow highly
chance hypoxia piglets and related colostrum consumption from high uterine contrac-
tion during peripartum period leading to decrease blood and oxygen supply to the
piglets [4].

Furthermore, lactation management improved milk production. The sensory acti-
vation, such as auditory, also increased milk production and growth performance
[68, 69]. The sow reared under temperature at 27–32°C has low milk production [70].
Farrowing pen easily assessed to mammary gland increased suckling behavior and
milk production [71].

Figure 10.
The milk yield between days 3 and 10 in control and prostaglandin F2α group sows. A significant difference
between a group at P < 0.001 [67].
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9. Technique for increasing colostrum and milk quality

Increasing the fat content in the late gestational diet increase colostral fat.
Kurachon et al. [72] found that protein supplementation in late-gestating sows
increased colostral fat, especially in primiparous sows. Jackson et al. [73] reported that
10% corn oil supplementation during 100 days of gestation until farrowing increases
colostrum fat. Moreover, Loisel et al. [59] and Krogh et al. [60] show that fiber
supplementation in late gestation until farrowing increased the fat and lactose content
of colostrum.

The effect of nutrition on the concentration of immunoglobulin in the colostrum
was studied with particular attention to the increase in IgG intake. Dietary supple-
mentation with conjugated linoleic acid in late gestation increased IgG, IgA, and IgM
content in colostrum [74]. Moreover, Algae supplementation in sows at 107 days of
gestation until weaning increased IgA concentrations and tended to increase IgG in
colostrum. The Algae enhance protein and lysozyme in the sow and leading to
increasing IgG concentrations in colostrum [75]. L-arginine supplementation in sow
diet during late gestation increased immunoglobulin G concentration in colostrum.
Nitric oxide synthase stimulates hormones and immune in sow that transfer to
mammary tissue [76]. Dietary L-carnitine stimulated sow feed intake [77], and fat
supplementation also enhanced milk fat and milk production [78]. Selenium plays an
important role in colostrum and milk composition. The benefits of selenium improved
versicular development in mammary tissue [79], immunoglobulin, and antioxidants
in colostrum and milk [80, 81].

Moreover, many studies demonstrated that natural prostaglandin F2α increased
IgG concentration in colostrum [66], and increased piglet survival and weaned weight
[82–84] and was not negatively associated with sow reproductive performances
[25, 64, 82]. However, Foisnet et al. [63] found that IgA concentration in colostrum
declined when farrowing was induced by prostaglandin F2α. Recently,
Taechamaeteekul et al. [65] illustrated that altrenogest in combination with double
administrations of prostaglandin F2alpha did not affect colostral IgG. The benefits of
prostaglandin F2α have not been clearly elucidated.

10. Conclusions

The quality and quantity of colostrum and milk are crucial for survival and growth
in the piglets, especially in high prolific sows. The amount of colostrum and milk
production represent sow health and performance in lactation. High immunoglobulin
concentration transfers from sow still goals for protecting piglets. Fat and lactose in
milk secretion are related to growth performance. The knowledge of improving
colostrum and milk production and composition is still lacking. The nutritional strat-
egies to increases piglet survival are the main further research. However, management
in the late gestation thought out lactation period (i.e., induce farrowing, vaacination
program and environment) also impacts piglet performances in both pre-and post-
weaning periods.
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Abstract

Milk protein is well accepted for nutritional value compared with other sources of 
protein. Detailed understanding of the natural factors that can determine milk protein 
subcomponent (i.e., casein) not only fulfill the knowledge of protein synthesis but 
also provide the potential idea to improve milk quality. The variation in milk protein 
content from dairy cows and goats fed in tropical areas may determine the added value 
of milk from this region. Under prolonged high ambient temperature (HTa), dairy 
cows and goats are at the stage of heat stress. This physiological condition produces 
a negative effect on dairy cows and goats, i.e., food intake and milk yield. However, 
the higher milk protein content during summer is demonstrated in dairy goats in our 
condition. Likewise, an increase in heat shock protein 70 (Hsp70) gene expression 
from mammary epithelium cells isolated from either in vivo (summer and winter peri-
ods) and in vitro conditions suggests the direct effect of HTa on mammary gland and 
perhaps on milk protein synthesis. The intracellular effect of Hsp70 on milk protein 
synthesis has been proposed in regard to the endoplasmic reticulum and Golgi appara-
tus protein transportation and with the subcomponent of casein micelle. The present 
information reveals the molecular mechanism of HTa on milk protein synthesis.

Keywords: ambient temperature, casein, heat stress, mammary gland, ruminant, 
season

1. Introduction

High ambient temperature (HTa) is the natural environmental condition in the 
tropical area. Dairy animals fed in tropical countries are living under prolonged HTa 
conditions. A decrease in the lactation performance in dairy animals is one of the 
well-known effects of HTa [1–4]. In dairy cows, we have shown that the average daily 
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milk yield (MY) from summer cows was 17% lower than from winter cows [4, 5]. The 
effect of HTa on MY was also consistent in dairy goats [6]. Although, a decrease in 
MY is the prominent negative effect of HTa, however, change in major milk composi-
tion from dairy animals during HTa exposure is not conclusive. The current chapter 
aims at showing the evidence that HTa has the potential to change milk protein 
in dairy goats fed under tropical areas. We first demonstrate the natural ambient 
condition. The effect of HTa on lactation performance and the mechanism has been 
informed. In addition to MY, the evidence of HTa effect on milk protein and the puta-
tive molecular mechanism of this phenomenon has also been proposed.

2. The current condition of high ambient temperature in Southeast Asia

The tropical countries are the area that delimited between the tropic of Cancer 
in the north (23.43° S) and the tropic of Capricon in the south (23.43° S). Based on 
the seasonality of monthly air temperature and precipitation, the climatic classifica-
tion of the mainland Southeast Asia countries including Thailand, Laos, Myanmar, 
Cambodia and Vietnam are mainly the tropical savannah (Aw). In addition, the 
climatic classification of the maritime Southeast Asia countries including Malaysia, 
Indonesia, Brunei and Philippine is the tropical monsoon (Am). Due to the global 
warming effect, the temperature and humidity index (THI) which has been reported 
currently is approximately 10 degrees higher than that has been reported 30 years ago 
[7]. The current annual THI in the central of Thailand was approximately 85 [4]. The 
high value of THI in Thailand currently comes mainly from the high degree of ambi-
ent temperature (Ta) throughout the three main seasons. Interestingly, the difference 
in Ta between the highest level during the afternoon and the lowest level during the 
early morning is more than 10°C (Figure 1). This Ta difference (Ta-diff) is mainly 
the environmental condition influencing the lactation performance and perhaps the 
direct effect of temperature on mammary gland function [6].

3. The HTa effect on physiological responses and milk yield

The effect of HTa on whole-body responses and MY should be considered before 
discussing the HTa effect on milk protein synthesis. Dairy cows and goats fed under 
HTa conditions in the tropical area have 15–17% lower MY during summer than dur-
ing winter [4–6, 8]. Both direct and indirect effect of HTa on lactation performance 
has been purposed.

The direct effect of HTa on mammary gland function has been demonstrated 
using both in vitro and in vivo systems. Short-term low degree HTa exposure (37 and 
39°C, 1 h) could activate the expression of the heat shock protein 70 (Hsp70) gene in 
the primary mammary epithelial cell (MEC) culture. This condition, however, could 
not activate beta 1,4-galactosyltransferase1 (β-GALT1), alpha lactalbumin (α-LA) and 
phosphokinase B (or Akt) genes [9]. However, it has been shown that a higher degree 
of HTa exposure has been shown to decrease Akt phosphorylation [10]. In addition, 
Akt knockdown decreased β-GALT1 and lactose synthesis [11]. The information sug-
gested that the direct effect of HTa on milk synthesis may in part be related to Hsp70 
and the role of Akt/β-GALT1 under the natural HTa condition is unclear. This conclu-
sion is supported by the study of the seasonal effect on gene expression from MEC 
isolated from fresh goat milk. The degree of Hsp 70 gene expression, but not Akt and 
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β-GALT1 genes, from MEC isolated from summer goat milk, was significantly higher 
than that from winter goat milk. In this investigation, milk yield from the summer 
period was significantly lower than the winter period [6]. The effect of HTa on Hsp70 
and MY from both in vitro and in vivio is in line with the lower in ratio of β-GALT1 
and Hsp70 expression (Figure 2). With several mechanisms of Hsp70 on intracellular 
functions, the role of Hsp70 on the milk synthesis pathway that could influence MY 
remains to be investigated and the role of Hsp70 on milk protein synthesis will be 
purposed as well in this chapter.

The indirect effect of HTa on MY mediates by the effect of HTa on decreased food 
intake (FI) and nutrient partition to the mammary gland [6, 12–14]. Dairy goats in 
the summer months had significantly lower FI and MY than that in winter months. 
Because the concentration of plasma cortisol from summer months was not different 

Figure 2. 
The ratio of β-GALT1 and Hsp70 gene expression from both in vitro and in vivio system. Under the in vivo or 
natural condition, the MEC from winter period (Ta = 30°C at 1300) represent the CTa condition and from 
summer period (Ta = 37°C at 1300) represent the HTa condition. Under the in vitro condition, the mammary 
epithelium cell (MEC) was treated 1 hour under control Ta (CTa) and high Ta (HTa) were 37 and 39°C, 
respectively. * the significant effect of HTa on the ratio of β-GALT1 and Hsp70 gene expression was detected under 
natural conditions.

Figure 1. 
The pattern of ambient temperature in the central area of Thailand represent the typical climatic condition of the 
tropical area at the present time.
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from winter months [6], whether these effects of HTa are part of the chronic heat 
stress mechanism is not conclusive. When considering the effect of HTa on FI in 
laboratory rats, the low degree of HTa exposure that decreased FI earlier than the 
activated hypothalamic-pituitary axis implies that HTa could decrease FI without 
stress [15, 16]. The information of behavioral and physiological responses to daily 
fluctuation of HTa is crucial knowledge regarding this phenomenon.

4. Stress responses under HTa during daytime

Behavioral and physiological responses of HTa during daytime is a piece of crucial 
information to support the hypothesis that dairy goats and cows fed under natural 
ambient conditions are at the stage of heat stress. Early phase responses of HTa are 
all behavioral outcomes without the activation of the hypothalamic-pituitary axis 
(HPA axis) including seeking shade, inactivity and decrease in food intake, etc. Mild 
degree heat stress is the second phase is characterized by the physiological responses 
and the activation of HPA axis. This level of heat stress is reversible and not harmful. 
Heat dissipation mechanism including sweating or panting is the major physiological 
response during this phase. The third phase of heat stress is a severe irrevisible level 
or heat stroke. We have shown previously that there is around a 10°C difference in 
Ta from early morning to the afternoon (Figure 1). The significant increases in both 
respiratory rate (RR) and rectal temperature (Tr) could be detected in dairy goats 

Figure 3. 
The effect of high ambient temperature (HTa) on behavioral and physiological response in dairy goats during 
daytime from 0700 h to 1300 h. In the morning (0700 h), the respiratory rate (RR, upper) as behavioral response 
and the rectal temperature (Tr, lower) as the physiological response is at normal value. In the afternoon (1300 h), 
both RR and Tr increase significantly to 127 breaths per min and 39.64°C, respectively.
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fed under this ambient condition (Figure 3). Similar patterns of these responses have 
been demonstrated in dairy cow fed under natural HTa conditions [17]. Moreover, 
the plasma concentration of cortisol from the afternoon was significantly higher 
than that from the early morning (Figure 4). This information suggests that in dairy 
goats when the difference of Ta during morning and afternoon is around 10°C, both 
evaporative heat dissipation and the HPA axis were activated. Although the dairy 
goat had significant heat dissipation via panting, the core temperature (via Tr) was 
set to around 1°C above normal level in the morning. It should be noted at this point 
that the behavioral and physiological responses of HTa in dairy goats are comparable 
to those we have investigated in the laboratory rat. Short-term mild degree of HTa 
exposure in rats that could not activate physiological responses (e.g., Tr and pack cell 
volume) failed to activate the paraventricular nucleus (PVN) of the hypothalamus 
[15]. It is well known that PVN is the most upper hypothalamic nuclei of the stress 
axis (or HPA axis). Taken together, we conclude that during daytime dairy goat fed 
under HTa of the tropical area is at the second phase of heat stress.

Although the THI from winter was lower than that from summer in Thailand, 
both winter and summer THIs during the afternoon were higher than the value of 80 
[4, 6]. It is possible to think that in Thailand dairy goat from both winter and summer 
times is at the state of heat stress and that the concentration of plasma cortisol per se 
could not be used as the separation index at this stress level. Finally, from the meteo-
rological and behavioral viewpoints, dairy goat during summer period confronted 
with higher degree of heat stress than during winter period.

5. The effect of HTa on milk protein synthesis

During the summer period, both dairy cows and goats decreased in lactation 
performance. An evidence that dairy goat fed under the tropical area of Thailand 
during the summer period has a higher degree of heat stress than the winter period 
drives one interesting hypothesis. This hypothesis is whether the major composi-
tions of milk from the summer period is different from that of the winter period. 
The analysis of major goat milk compositions revealed that the concentration of 
milk protein, but not milk lactose and fat, from the summer period was higher 

Figure 4. 
The effect of high ambient temperature (HTa) on hormonal response in dairy goat during daytime from 0700 h to 
1300 h of summer and winter period. * the significant effect of time.
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than that of the winter period (Figure 5). It should be noted that the present effect 
of HTa on milk protein is in contrast with previous reports [18–20]. The possible 
explanation for this discrepancy is perhaps the degree and duration of HTa expo-
sure that is typical high throughout the year in the current condition of tropical 
area. Furthermore, the effect of HTa on milk protein synthesis seems to be specific 
because HTa did not affect the concentration of lactose both in vivo and in vitro 
studies. Likewise, HTa failed to change the expression of both beta-galactosyltrans-
ferase and alpha-lactalbumin which are the protein component of lactose synthase 
condition [6, 9]. An evidence from Prasanpanich et al. [21] could support the fact 
that higher milk protein content from heat-stressed cows under tropical conditions. 
The value of protein contents from grazed cows under heat stress conditions and 
indoor cows were 3.2 and 2.9%, respectively.

Because casein is the major milk protein, this section will focus on the effect of 
HTa and the casein synthetic pathway that may be the major cause of this phenom-
enon. With an evidence that HTa could activate Hsp70 expression from our current 
experiment [9], increase casein synthesis may be supported by the action of Hsp70 
(Figure 6). Among a wide range of Hsp70 functions and subtypes [22, 23], Hsp70-5 or 
glucose-regulated protein 78 (GRP78) which locate at the endoplasmic reticulum (ER) 
and regulate ER chaperone and transportation has been studied with milk protein 
synthesis. Overexpression of GRP78 in bovine mammary epithelial cells increased 
milk protein synthesis [24]. In addition, the role of the Mammalian target of rapamy-
cin (mTOR) as the posttranscriptional regulation has been revealed regarding to milk 
protein synthesis [25]. Interestingly, mTOR has been shown in HeLa cells that could 
stimulate Hsp70 synthesis via heat shock transcription factor 1 (HSF1) [26]. The effect 
of HTa that increase milk protein may be related to the mTOR/HSF1/Hsp70 pathway 
that regulate the posttranslational process of casein. The casein subtype is another 
regulatory mechanism controlling the posttranslational casein synthesis pathway. 
Basically, casein is the milk protein complex known as casein micelle that is composed 
of 4 major subtypes; αS1-casein, αS2-casien, β-casein and κ-casein. Before the casein 
incorporation process that takes place at the Golgi apparatus, it is important that all 
casein subtype need to synthesize and transported from ER to the Golgi apparatus via 
the ER-Golgi transport route. It has been demonstrated in αS1-casein deficient goat 

Figure 5. 
The effect of high ambient temperature (HTa) on goat milk composition between winter and summer period. * 
the significant effect of season.
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that αS1-casein is required for the efficient transport of β-casein and κ-casein [27]. 
Furthermore, the membrane-associated form of αS1-casein at ER plays a key role 
during the early steps of casein transport. Whenever αS1-casein has been down-regu-
lation, the transport rate of other caseins to Golgi apparatus is highly decreased [28]. 
Taken together, it is interesting at this point that HTa could activate mTOR/HSF1/
Hsp70 pathway and subsequently influence ER-Golgi transport of the casein subtype.

6. Conclusion

In this chapter, we demonstrate that dairy goat and cow fed under tropical area 
were at the state of heat stress. In addition to the effect of HTa on the reduction in MY, 
we show the evidence that long-term HTa exposure apparently increased milk protein. 
The physiological mechanism that HTa could influence milk protein synthesis has 
been proposed in particular with the casein synthesis pathway. Specifically, long-term 
HTa exposure activates mTOR/HSF1/Hsp70 pathway and subsequently increases the 
 posttranslation process of casein synthesis via ER-Golgi casein transportation.

Figure 6. 
The diagram demonstrates a putative mechanism that high ambient temperature (HTa) increases casein synthesis. 
Under prolonged HTa conditions, heat shock protein 70 (Hsp70) is increased. The upstream pathway that 
activates Hsp70 may be related to the mammalian target of rapamycin (mTOR). An increase in Hsp70 chaperone 
of ER-Golgi transport of casein subtype is the putative target that enhances casein production. The transportation 
of casein by the ER-Golgi route requires coat protein complex (COP) machinery; COPII and COPI proteins 
which initiate at the ER exit site (ERES). The vesicular tubular cluster (VTC) is the final step that casein will be 
transported to Golgi.
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