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ABSTRACT 

Globally, milk is processed using heat and homogenisation to improve food safety and 

extend shelf life. These common processing techniques can alter the native structures 

present in milk, including protein structures. However, the impact of these processing-

induced changes on the digestion of milk protein and subsequent absorption of amino acids 

in the human body is not yet fully understood. 

The overall objective of this research was to understand how heat treatment and 

homogenisation affect milk protein coagulation and digestion in the stomach, and to 

investigate how changes to gastric coagulation (curd formation) influence amino acid (AA) 

absorption in the small intestine and AA concentrations in blood circulation. Due to the 

limited accessibility of the human gastrointestinal tract, pigs were used as a model of the 

human. 

An initial study using raw bovine (cow), caprine (goat), and ovine (sheep) milk established 

the role of gastric curd formation in small intestinal AA absorption in piglets at a single 

postprandial time point. Specifically, differences in the retention of AA in the gastric curd 

were responsible for differences in the small intestinal AA absorption across milk of 

different species.  
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A separate study using bovine milk as a milk model was then conducted to determine the 

effect of heat treatment and homogenisation on the kinetics of milk protein digestion and 

small intestinal AA absorption. The selected processing treatments were pasteurisation, 

ultra-high temperature treatment (UHT), and homogenisation. Raw milk was included as a 

comparator. In the stomach, heat treatment and homogenisation altered the strength and 

structure of the curd formed during gastric digestion, which in turn affected both milk 

protein hydrolysis and the rate of AA entering the small intestine. Differences in the release 

of digested protein and AA into the small intestine were reflected in the kinetics of AA 

absorption of the processed milk types. For example, UHT milk had both a faster rate of 

AA entering the small intestine and a faster rate of AA absorption. Processing also altered 

the appearance of some AA in blood circulation; however, these differences were not 

directly reflective of the differences observed in their small intestinal absorption kinetics. 

In conclusion, this PhD research demonstrated that the rate of small intestinal AA 

absorption was modulated by gastric curd formation, indicating that milk processing could 

be used as a strategy to modulate protein digestion and AA absorption in the 

gastrointestinal tract. 
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CHAPTER 1. 

INTRODUCTION 

Since the early domestication of milk-producing animals, milk has remained an integral 

part of the human diet and an important source of nutrition for many cultures world-wide. 

The continued universality of milk consumption is partially driven by its nutritional value, 

in terms of both quality and quantity. However, much of the milk consumed today is heat 

treated and/or homogenised, which can alter the native structures of nutrients present in 

milk. For example, heat treatment partially denatures whey proteins, resulting in the 

formation of protein aggregates (Anema & Li, 2003), whereas homogenisation restructures 

the milk fat globule, resulting in the adsorption of proteins to the new fat droplet surface 

(Lee & Sherbon, 2002; Ye et al., 2004).  

Once consumed, milk coagulates in the stomach forming a cheese-like solid (curd), which 

is mainly comprised of protein and lipid (Roy et al., 2021). Various characteristics of the 

curd, such as structure and strength, are influenced by processing-induced changes to milk 

nutrient structures (Li et al., 2022; Mulet-Cabero et al., 2019; Ye et al., 2017; Ye et al., 

2019). Further, processing has been shown to increase gastric hydrolysis of milk protein in 
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vitro (Mulet-Cabero et al., 2019; Ye et al., 2016), which could be expected to influence the 

degree of digestion of protein released into the small intestine. However, a comprehensive 

understanding of the gastric protein digestion and gastric emptying of processed milk has 

been limited to mostly in vitro studies.  

Studies in pigs have demonstrated that the gastric release of total nitrogen can influence 

small intestinal absorption (Gaudichon et al., 1994; Montoya et al., 2018). Therefore, it 

could be expected that the altered gastric curd formation and digestion reported for 

different milk types may have implications for the gastric release of protein into the small 

intestine, with subsequent effects on small intestinal amino acid (AA) absorption. 

However, detailed literature discussing the in vivo digestion of processed milk beyond the 

gastric stage is also lacking. 

Despite the nutritional importance of the absorption process, the small intestinal absorption 

of AA from milk is rarely reported. This knowledge gap may be partially due to limitations 

associated with various small intestinal models: in vitro digestion models do not 

sufficiently emulate the processes occurring in the human, in vivo studies using animal 

models are complex, expensive, and variable in terms of result translation to humans, and 

clinical studies often require ileostomates, who are difficult to recruit. In addition, to 

understand the digestion of milk protein and absorption of AA (and some peptides), it is 

essential to determine the effects of each dynamic stage of the digestive process leading up 

to absorption, which further adds to the scale of study required.  

In the context of nutritional research, the pig is generally accepted as one of the best models 

for the human at various life stages, due to the close anatomical and physiological similarity 
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2.1. Introduction 

Evidence recording the continued human consumption of milk from various ruminant 

sources dates back as far as 400 BC, indicating that milk has long been a key source of 

nutrition for human beings. As a result of large production volumes and widespread 

availability, bovine milk is now the most consumed milk worldwide.  

From a protein perspective, milk is an excellent source of nutrition, both in terms of 

quantity and quality. For example, milk protein (36 g/L) contains all essential amino acids 

(EAA) in a readily bioavailable form, which are required for various metabolic processes 

in the human body, such as protein synthesis. However, despite the long history and 

globality of bovine milk consumption, the human digestion of whole milk protein only 

began gaining attention in the mid-1900s. More recently, research efforts have focussed on 

understanding the behaviour of whole milk, milk products and milk components in the 

stomach. In particular, the elucidation of the impact of common commercial processes on 

the native structures of bovine milk protein and lipid has motivated researchers to 

investigate the influence of processing-induced structural changes on the digestion and 

absorption of these nutrients in the human gastrointestinal tract. Despite this attention, and 

the importance of milk for human nutrition, knowledge of the digestion of processed milk 

beyond the gastric stage is lacking. 

As a highly valuable protein source, the digestion of processed bovine milk and subsequent 

absorption of nutrients are important to understand. Therefore, to determine gaps in the 

current literature and to place this PhD dissertation research within the existing knowledge 

field, this chapter reviews the relevant literature published to date. While this review is 

centred on the digestion of bovine milk protein and absorption of amino acids (AA), 
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act immunogenically to protect the gastrointestinal mucosa against pathogens, although, in 

colostrum, the immunoglobulins also exist to transfer passive immunity to the neonate. 

Lactoferrin acts as an antioxidant in the gastrointestinal lumen (Mulder et al., 2008) and 

also improves the bioavailability of iron (Walzem et al., 2002). In contrast, the function of 

bovine serum albumin is unclear, although it may have a role in lipid synthesis due to its 

propensity for fatty acid (FA) binding (Morrisett et al., 1975).  

The presence of a further proteinaceous fraction in milk, the proteose peptone, comprising 

entirely of peptides, has been partially accredited to the action of indigenous plasmin (O' 

Mahony et al., 2013). However, some portion of this peptide fraction is indigenous to the 

milk (Fox & Kelly, 2003). In addition to the casein and whey fractions and the proteose 

peptone, around 3 - 5% of the total nitrogen in bovine milk consists of non-protein nitrogen 

(NPN) (i.e., urea, creatine, uric acid, and AA such as taurine) (Goulding et al., 2019).  

Due to their low concentration in bovine milk, immunoglobulins, lactoferrin, bovine serum 

albumin, proteose peptone, and NPN fractions are thought to have minimal contribution to 

the overall physicochemical properties of milk (Goulding et al., 2019) and thus are not 

discussed in further detail in this review. 

2.2.2.  Amino acids 

In the context of protein nutrition, the superior value of milk is related to both the quantity 

and quality of the protein present. While bovine milk contains all EAA, it also provides 

excellent levels of non-essential AA (NEAA) (Lucey et al., 2017) (Table 2.2).   
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Table 2.2. Amino acid composition of bovine milk1  

1 Adapted from Claeys et al. (2014), Jenness (1980), and Jenness et al. (1956). 

  

Essential amino acids, mg/100 mL milk (mg/g protein) 

Histidine 100 (29.3) 

Isoleucine 140 (41.0) 

Leucine 290 (85.0) 

Lysine 270 (79.1) 

Methionine 60 (17.6) 

Phenylalanine 160 (46.9) 

Threonine 150 (44.0) 

Tryptophan 50 (14.7) 

Valine 160 (46.9) 

  

Non-essential amino acids, mg/100 mL milk (mg/g protein) 

Alanine 100 (29.3) 

Arginine 110 (32.2) 

Aspartate 260 (76.2) 

Cysteine 20 (5.9) 

Glycine 60 (17.6) 

Glutamate 770 (225.7) 

Proline 320 (93.8) 

Serine 160 (46.9) 

Tyrosine 150 (44.0) 

  

Total essential amino acids 1380 (404.5) 

Total non-essential amino acids 1950 (571.6) 

Total amino acids 3330 
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Further, as an animal protein source, milk protein is readily bioavailable and highly 

digestible (Gaudichon et al., 1994), which means the AA content of milk can be almost 

fully utilised for various roles within the human body, including as neurotransmitters or in 

protein synthesis (Wu, 2009). 

To measure protein quality, the digestible indispensable AA score (DIAAS) coefficients 

are generally used, and protein sources with a DIAAS coefficient over 0.75 are considered 

sufficient for the provision of all AA for the six-month- to three-year-old growing child, as 

the population with the highest protein demand (FAO, 2011). The DIAAS coefficients of 

skim milk, milk protein concentrate, and whey protein concentrate are reported as greater 

than 1.00 (Maathuis et al., 2017; Mathai et al., 2017)), indicating that milk protein can 

supply the AA requirements of humans with the highest AA demand. Further, in terms of 

meeting global nutritional requirements, a model which considers both quantity and 

bioavailability of AA from 98 common dietary foods has indicated that bovine milk is the 

main dietary item contributing to the delivery of lysine (Smith et al., 2022). The same 

modelling also suggested that bovine milk is the second greatest provider of the EAA 

threonine and leucine, and the third greatest provider of histidine, methionine, and 

tryptophan (Smith et al., 2022). These findings indicate that milk is an essential source of 

nutrition. 

2.2.3.  Lipids 

Lipids in milk are secreted in globules and coated by the milk fat globule membrane 

(MFGM). The MFGM comprises proteins, phospholipids, glycoproteins, enzymes, and 

trace elements. Within the globule in bovine milk, 98% of the lipids exist as 















 

24 

2.3.2. Homogenisation 

2.3.2.1. Changes to milk fat globule characteristics 

Homogenisation is typically used after pasteurisation to standardise the distribution and 

size of fat globules throughout the milk by disrupting the MFGM (Figure 2.3). This 

disruption reduces fat globule size to around 1 µm and creates a new oil-water interface, 

which a portion of the caseins in milk adsorbs to, stabilising the new smaller fat globules 

(MacIerzanka et al., 2012; Sarkar et al., 2009). The combination of heat and 

homogenisation incorporates whey proteins into the restructured MFGM, which has been 

reported using sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

(Figure 2.4) (Garcia et al., 2014; Lee & Sherbon, 2002; Ye, Singh, Taylor, & Anema, 

2004). The restructured globules show increasing levels of milk protein adsorption as the 

homogenisation pressure increases, which creates a larger surface area (Lee & Sherbon, 

2002). Increasing heating temperature and time also increases the amount of whey protein 

adsorption (Ye, Singh, Taylor, & Anema, 2004). The specific protein composition of the 

stabilised milk fat globule also varies with homogenisation and heat treatment conditions 

utilised (Sharma et al., 1996; Ye, Singh, Taylor, & Anema, 2004).  
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2.4. Digestion and absorption of bovine milk proteins and lipids in the 

gastrointestinal tract  

Although some minor digestion begins in the mouth by lingual lipase, the majority of milk 

digestion begins in the stomach, where muscular peristaltic contractions mix the milk with 

acidic gastric juice and lingual and gastric enzymes, forming a chyme. Pepsin begins 

hydrolysing protein, releasing peptides and AA, whereas lipids are hydrolysed by lingual 

and gastric lipases, releasing FA. Particles smaller than ~ 2 µm are continuously emptied 

into the small intestine. However, the gastric emptying of chyme depends on its caloric 

content and rheological properties (Marciani et al., 2001). Peristaltic contractions transit 

the chyme along the small intestine, defined by three main segments: the duodenum, 

jejunum, and ileum. During small intestinal transit, the hydrolysis of protein, lipid, and 

peptides continues under the action of chymosin, trypsin, elastase, and lipase released from 

the pancreas. Digested products (AA and/or peptides (di- or tripeptides), monoglycerides, 

FA, and glycerol) diffuse through the mucus layer lining the epithelial wall, are further 

hydrolysed by brush border enzymes secreted by the microvilli, and then passively or 

actively absorbed by enterocytes in the intestinal epithelial layer (Kiela & Ghishan, 2016; 

Wang et al., 2013). Some passive diffusion of SCFA into enterocytes also occurs. 

Numerous neural and hormone-mediated feedback mechanisms regulate the release of 

chemical and enzymatic secretions throughout the gastrointestinal tract, as well as gastric 

motility and meal transit (Boland, 2016).  

Once dietary protein digestion products are absorbed, they are subjected to metabolism in 

the splanchnic bed (stomach, intestinal, liver, pancreatic, and spleen tissue) before entering 

the systemic blood circulation (Stoll & Burrin, 2006). Depending on their size and polarity, 
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dietary lipid digestion products are transported into the portal vein or lymph fluid and 

released into the circulation. Nutrients which remain unabsorbed at the end of the small 

intestine (i.e., the terminal ileum) transit into the large intestine, where they are partially 

utilised by the resident microbiota as substrates for metabolism. Figure 2.5 provides a 

visual summary of human gastrointestinal digestion and absorption. 

 

 

Figure 2.5: A graphical summary of digestion and absorption in the human 

gastrointestinal tract relevant to milk digestion. 

Figure created with Biorender.com.  
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One major factor which impacts the digestion of milk is the structural differences in protein 

(casein vs whey; native vs processed) and their resulting different behaviours in the 

stomach and small intestine. Thus, the following sections discuss the gastric digestion of 

milk protein and lipid and the small intestinal absorption of milk AA and FA. The influence 

of processing on milk protein digestion, lipid digestion and AA and FA absorption is also 

reviewed.  

Various aspects of digestion and absorption can be difficult to assess in human nutritional 

research, which is often carried out using human digestion models. The more common of 

these models are also evaluated in the following sections.  

2.4.1. Human digestion and absorption models 

Human gastrointestinal digestion and absorption are dynamic, complex, feedback-

mediated processes. The most accurate approach for investigation of human digestion and 

absorption is through the use of clinical studies. However, the determination of most 

aspects of postprandial gastric digestion and small intestinal absorption requires sample 

collection directly from the gastrointestinal tract and is thus invasive and ethically 

burdensome. In addition, the high level of inter-individual variation for a set primary 

outcome between humans means that the effect size required to have an adequately 

powered study often demands many participants, for which recruitment can be challenging. 

As a result, nutritional research is often carried out using in vitro, in vivo, and ex vivo 

human models. These approaches tend to be less labour-intensive, less expensive, more 

rapid and have greater repeatability than clinical studies. However, each human model also 

has specific limitations, and as such, the physiological relevance of each model varies. 
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2.4.1.1. In vivo animal models 

In terms of relevance to human gastrointestinal digestion and absorption, the non-human 

primate and the pig are considered two of the gold standard models. While non-human 

primates are physiologically closer to humans than pigs, they are prohibitively expensive 

to acquire and maintain, and limited numbers are available for study (Havel et al., 2017). 

As a result, non-human primates are rarely used for nutritional research. 

As the porcine gastrointestinal physiology and functionality are similar to that of the 

human, the pig is often used as the next most realistic human gastrointestinal model 

(Guilloteau et al., 2010; Miller & Ullrey, 1987; Moughan et al., 1992; Odle et al., 2014; 

Roura et al., 2016; Sciascia et al., 2016). In addition, pigs are omnivores and adapt readily 

to meal feeding (Moughan et al., 1992; Rowan et al., 1994). As a result of the size of the 

pig, the volume of sample collected from each gastrointestinal location is generally 

sufficient for multiple concurrent analyses, which allows for a more thorough 

understanding of the interrelated digestive and/or absorptive processes occurring in each 

location. 

Nevertheless, the pig model also has limitations. Depending on the age (i.e., piglet vs 

growing pig vs mature pig) and breed of the pig used, the physical size and rapid growth 

can result in challenges accommodating large numbers of animals for long periods. In 

addition, as with clinical studies, pig experiments are also time-consuming, logistically 

challenging, labour-intensive, and costly. 

Rodents (typically rats or mice) are also considered acceptable models for human 

gastrointestinal digestion and absorption, particularly for protein digestion (Deglaire & 
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model was developed, which provides standardised static in vitro digestion parameters 

relevant to healthy adult humans (Brodkorb et al., 2019; Minekus et al., 2014). Despite the 

limitations of the static model, Egger et al. (2017) and Egger et al. (2019) showed that milk 

protein hydrolysis determined in the INFOGEST model was comparable with hydrolysis 

results reported in the adult pig model. These comparisons indicate that the static 

INFOGEST model can be useful to investigate fundamental aspects of food digestion in 

specific gastric conditions. 

The gradual addition of gastric secretions throughout the simulated digestion period, the 

introduction of gentle mixing, and a constant emptying of digesta into the small intestinal 

phase, as described by Mulet-Cabero, Egger, et al. (2020), creates a semi-dynamic in vitro 

model. While this approach brings static digestion models closer to human digestion, 

aspects such as stomach physiology, peristaltic movements, and the influence of food 

physicochemical properties on gastric emptying are not addressed. 

To this end, several dynamic in vitro models have been developed, which, in addition to 

continuous secretion, typically incorporate a variety of flexible vessels, pumps, rollers, 

stirrers, and external pressure systems to simulate the dynamic physical and chemical 

aspects of human gastrointestinal digestion. Complex computer systems often control the 

dynamic parameters of these models. 

The more commonly used dynamic in vitro models for gastric digestion are the human 

gastric simulator (HGS) (Kong & Singh, 2010), the dynamic gastric model (DGM) 

(Wickham et al., 2012), and the gastric digestion simulator (GDS) (Kozu et al., 2014). 

Continuous models simulating the behaviour of food in both the stomach and small 
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intestinal include the TNO gastrointestinal model (TIM) (Minekus, 2015), the in vitro 

dynamic system (DIDGI) (Ménard et al., 2014; Ménard et al., 2015), and the engineered 

stomach and small intestinal system (ESIN) (Guerra et al., 2016). These models add a filter 

membrane system to remove small molecules from the simulated duodenal and jejunal 

sections by dialysis. The TIM-2 (Bellmann et al., 2016), the simulator of the human 

intestinal microbial system (SHIME) (van de Wiele et al., 2015) and the simulator of the 

gastrointestinal tract (SIMGI) (Barroso et al., 2015) models also incorporate a large 

intestinal simulation by the addition of further vessels and microbial fermentation stages.  

A major limitation of these models is that they still lack the morphological and anatomical 

structures (e.g., small intestinal microvilli) of the gastrointestinal tract. Further, dynamic 

in vitro models do not account for the gastrointestinal regulatory processes (i.e., hormonal 

and nervous system feedback control mechanisms), longitudinal enzymatic gradients, and 

mucosal cell activity. Small intestinal nutrient absorption and nutrient transport kinetics 

cannot be assessed. 

Another approach for assessing intestinal epithelial cell absorption uses cellular models, 

including Caco-2 cell lines, cell monolayers, two-dimensional multiple-cell models, and 

self-assembling three-dimensional organoid models (Barnett et al., 2021; Barnett et al., 

2023; Jung & Kim, 2022). Some authors have used cell culture approaches coupled to in 

vitro models to include epithelial cell-nutrient interactions, which can more accurately 

simulate some aspects of small intestinal absorption secondary to gastric digestion (Déat 

et al., 2009; Vors et al., 2012). Similarly, ex vivo systems paired with in vitro models have 

been shown to produce gastrointestinal protein digestion and AA disappearance kinetic 
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Figure 2.7: Confocal microscopy images of gastric curd formed from unheated 

homogenised milk, pasteurised and homogenised milk (72 °C for 15 s), and UHT 

homogenised milk (140 °C for 4 s) during digestion in the rat (Ye et al., 2019).  

Protein networks are stained green, whereas fat globules are stained red. For all images, 

scale bars are 20 µm. Image reproduction permission granted by Elsevier for thesis 

inclusion only.  

Pasteurised milk
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Further, in heated, homogenised milk, the adsorption of milk protein to the restructured 

milk fat globule, combined with some heat-induced unfolding of the protein near the 

interface layer, has been suggested to further increase the susceptibility of the milk protein 

to pepsin hydrolysis in vitro (MacIerzanka et al., 2012; Sarkar et al., 2009). In terms of 

milk lipid, it is understood that homogenisation may increase the digestion of milk lipid by 

destroying the MFGM, allowing for an increased rate of hydrolysis by gastric lipase 

(Gallier et al., 2013a; Gallier et al., 2012; Lee & Sherbon, 2002).  

Despite the processing-induced differences in gastric curd disintegration and hydrolysis, 

the gastric emptying of processed bovine milk protein and lipid is rarely reported. An in 

vivo pig study by Meisel and Hagemeister (1984) reported that heat treatment and 

homogenisation increased the release of dry matter from the stomach, although curd 

disintegration was not reported. While this result suggests that processing could alter 

gastric emptying of protein and/or lipid, this study used one mini-pig, and thus could be 

considered observational. In another study, Scanff et al. (1991) used two cannulated pre-

ruminant calves as a monogastric model to investigate the gastric release of protein and 

AA from raw and pasteurised milk into the small intestine over a 12 h period. Despite 

similar gastric emptying of casein and whey protein of pasteurised milk and raw milk, the 

authors reported that the AA profile of the digesta at the beginning of the duodenum was 

altered by pasteurisation, suggesting processing could result in differences in the gastric 

release of AA. However, these results should be interpreted cautiously due to the small 

sample size and the large variability observed in that study. Further, despite the 

monogastric properties of the pre-ruminant calf, various physiological and enzymatic 

characteristics of the bovine gastrointestinal tract vary from that of the human (i.e., 
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Contrary to the rapid peak in circulatory AA levels seen as a response to whey protein 

intake, casein intake results in a lower maximum AA concentration, with elevated 

peripheral blood AA concentration sustained over a longer period (Dangin et al., 2001; 

Lacroix et al., 2006). Overall, based on the indirect measures of peripheral blood AA 

concentrations, it has been proposed that the different gastric emptying rates of casein and 

whey fractions in milk affect the rate of protein digestion and AA absorption in the small 

intestine. However, to date, there is no study investigating the link between whole milk 

gastric protein emptying, small intestinal AA absorption, and circulatory AA appearance 

in humans.  

Based on an in vitro study which investigated gastric curd composition and breakdown, Ye 

et al. (2016a) postulated that the release of milk lipid into the small intestine for lipolysis 

is dependent on the disintegration behaviour of the curd protein network. Once in the small 

intestinal luminal environment, milk fat globules are rapidly hydrolysed. However, the 

composition-related surface properties of the MFGM determine the rate of lipolysis by 

pancreatic enzymes (Gallier & Singh, 2012; Ye et al., 2011). 

When hydrolysed, milk fat globules release polar and non-polar lipids which are absorbed 

by small intestinal enterocytes and transported into the portal vein and lymphatic system 

(Dixon, 2010; Iqbal & Hussain, 2009; Michalski, 2009). However, milk fat globules resist 

lipolysis in the small intestine unless they are first exposed to gastric lipase (Gallier et al., 

2012; Gallier et al., 2013b). This is due to the need to accumulate FA at the surface of fat 

globules to accommodate the binding of pancreatic lipase (Gallier et al., 2013a). 
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2.4.5. The influence of heat and homogenisation on small intestinal 

absorption of amino acids from bovine milk and appearance in 

peripheral blood  

Based on studies using other protein sources, it is possible that processing-induced 

differences in the gastric release of total protein, digested protein, and AA could have 

implications for the small intestinal absorption of AA and FA. Studies in pigs have 

highlighted the modulatory role of the gastric release of total nitrogen on small intestinal 

absorption of AA (Gaudichon et al., 1994; Montoya et al., 2018). Gaudichon et al. (1994) 

showed that the gastric emptying rate of total nitrogen in whole milk was strongly 

positively correlated to the absorption rate of total N in the small intestine. More recently, 

Montoya et al. (2018) demonstrated in pigs fed beef protein that both the rate and the 

amount of digested protein entering the small intestine can influence AA absorption. In 

addition, the extent of hydrolysis of protein entering the small intestine has been shown to 

influence the location of absorption within the small intestine (Montoya et al., 2018), as 

well as the time needed for their absorption, as a result of the time required for intestinal 

hydrolysis (Koopman et al., 2009). Thus, it is expected that processing could modulate the 

small intestinal AA absorption kinetics of milk protein due to differences in gastric curd 

formation and hydrolysis and the possible subsequent effect on the gastric emptying 

kinetics of digested protein and AA.  

While no studies to date have determined the effect of heat treatment and homogenisation 

on AA absorption in the small intestine, studies investigating the postprandial peripheral 

plasma appearance of AA from heated and homogenised milk have suggested relationships 

between curd formation, AA absorption and plasma AA appearance. A link between gastric 
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curd characteristics and AA absorption has been suggested by Kaufmann (1984), who 

found a softer gastric curd and higher blood AA concentration in mini-pigs fed UHT 

compared to those fed pasteurised milk. The gastric emptying rate was not reported in that 

study. This finding was later supported by another study by Barbé et al. (2013), in which 

mini-pigs consumed unheated and heated milk. They found that the stiffer curd formed by 

unheated skimmed milk delayed gastric emptying in mini-pigs and suggested a link to 

lower AA concentration in the small intestinal digesta. Lacroix et al. (2008) suggested that 

a greater increase in postprandial AA appearance in the circulatory system of humans after 

consuming bovine UHT milk, compared to pasteurised milk was due to the effect of heat 

treatment on small intestinal absorption. In contrast, a recent study in older adults found no 

difference between the postprandial peripheral EAA appearance after UHT or pasteurised 

milk consumption. The same study reported that removal of the milk lipid fraction 

(skimmed vs whole milk) slowed the appearance of AA (Horstman et al., 2021). However, 

this study used a direct steam process to UHT treat the milk, which is a milder UHT 

treatment than the typically used indirect heating method. Direct steam heating results in a 

lower level of whey protein denaturation compared to indirectly heated UHT milk (Lyster 

et al., 1971) and thus could be expected to form a firmer curd. This effect has been 

demonstrated in rennet-coagulated UHT milk, which was processed under varying 

conditions (Perkin et al., 1973). The firmer curd could be expected to result in slower 

gastric protein emptying characteristics, which, based on the links suggested by Barbé et 

al. (2013) and Kaufmann (1984), may slow small intestinal AA absorption and could 

partially explain the result observed by Horstman et al. (2021). 
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It is important to note that AA concentrations in the circulatory system are influenced by 

protein metabolism in the gastrointestinal epithelium and the liver and may not accurately 

represent postprandial dietary AA absorption. Thus, while published evidence using 

postprandial circulatory AA appearance suggests that heat-induced changes to milk 

coagulation behaviour could influence the absorption of milk AA, the impact of heat 

treatment and homogenisation on AA absorption in the small intestine remains to be 

investigated.  

As evidenced above, the milk matrix is a complex system containing a heterogeneous mix 

of components with differing structures. However, some studies discussed above have 

reported the postprandial gastric digestion and peripheral blood AA appearance when 

human volunteers consumed extracted casein and whey protein as individual ingredients 

(Boirie et al., 1997; Boulier et al., 2023; Farup et al., 2016; Hall et al., 2003; Koopman et 

al., 2009; Trommelen et al., 2020). Thus, while studies using milk ingredients make an 

important contribution to the fundamental understanding of the behaviour of these milk 

proteins in the human gastrointestinal tract, it is important to note that, due to the role of 

the whole milk matrix in nutrient interactions during digestion, care must be taken when 

translating these results to the protein consumed in whole milk. 

2.4.6. Large intestinal fermentation 

The gastric digestion of milk protein and lipid and the small intestinal absorption of AA 

and FA are important for the nutritional value of milk, as the absorption of dietary nutrients 

can be considered complete at the end of the small intestine (Moughan, 2003; Stein et al., 

2007). Nutrients which remain unabsorbed at the end of the terminal ileum transit into the 
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large intestine, where they are partially utilised by the resident microbiota as substrates for 

metabolism (Wong et al., 2012). The consumption of whole milk, milk protein, and lipid 

has been shown to alter the composition of the caecal microbiota in the rat model (Bai et 

al., 2016) and the faecal microbiota in humans (Fernandez-Raudales et al., 2012), which 

could have implications for the production of nutritionally beneficial fermentation end-

products, such as short-chain FA (Ahlborn et al., 2020). Considering that the majority of 

milk nutrients are mostly digested by the end of the small intestine (Gaudichon et al., 1994), 

the contribution of the end-products of microbial fermentation to the nutritional outcomes 

of milk consumption has been suggested in a review to be minimal (Horstman & Huppertz, 

2022). 

2.5. Concluding remarks  

In summary, the impact of processing on bovine milk protein and lipid structures and 

gastric digestion has been researched using in vitro digestion models. However, whether 

the reported differences in gastric milk coagulation, curd structure and protein hydrolysis 

persist in vivo remains to be determined. Further, in the context of processed bovine milk, 

there is limited knowledge on the impact of an altered gastric curd structure on emptying 

digested protein, lipid, FA, and AA into the small intestine. Finally, studies conducted in 

humans have shown that processing influences the appearance of AA in peripheral blood, 

and some authors have proposed that this result is due to the modulation of small intestinal 

AA absorption as a result of processing. However, there is currently no research 

investigating the small intestinal absorption of AA from processed bovine milk. As a result, 

the small intestinal absorption of AA from processed bovine milk and their subsequent 

transport to the circulatory systems are poorly understood.  
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1. How do processing-induced changes to native milk protein and lipid structures 

influence gastric curd structure, and how does this affect the gastric emptying of 

milk protein? 

2. What do processing-induced changes to gastric curd structure and gastric emptying 

mean for milk protein hydrolysis in the stomach, and does this influence the 

digested protein and AA released from the stomach? 

3. In the context of milk, how do processing-induced differences in the release of 

digested protein and AA from the stomach alter the kinetics of small intestinal AA 

absorption? 

Based on existing knowledge, the main hypothesis was that the altered gastric curd 

formation and digestion reported for different milk types could have implications for the 

gastric release of protein and AA into the small intestine, with subsequent effects on small 

intestinal AA absorption, which could link to the appearance of AA in blood. It is important 

to note that in the context of AA, disappearance from the small intestine is assumed to 

equate to absorption (Holmes et al., 1974). Thus, throughout this thesis the outcomes of 

AA disappearance are reported as absorption. 

2.7. Dissertation structure 

To test the hypothesis and answer the research questions posed by the literature review, 

data from two pig studies were used to determine how gastric curd formation and emptying 

modulate the small intestinal AA absorption of milk in a human model. The research 

approach described in this section is visually summarised in Figure 2.10. 
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kinetics of various aspects of digestion and absorption. Based on the availability to the 

general population, the selected processing techniques were heating (pasteurisation and 

UHT treatment) and homogenisation. Raw milk was also included as a comparator.  

To begin the processed bovine milk protein digestion section of the research, Chapter 4 

investigated the gastric curd formation and kinetics of macronutrient emptying of each 

bovine milk type. The impact of heat treatment and homogenisation on curd strength, curd 

and liquid macro- and micro-structure, gastric pH, and the gastric emptying of dry matter, 

total protein, and total lipid was determined in the growing pig.  

Chapter 5 determined the effect of heat treatment and homogenisation of bovine milk on 

the kinetics of apparent gastric degree of protein hydrolysis, the gastric disappearance of 

individual proteins, and the release of digested protein and AA into the small intestine of 

the growing pig.  

In Chapter 6, the influence of heat treatment and homogenisation on the kinetics of AA 

absorption of bovine milk was investigated in the growing pig. The true small intestinal 

AA absorption of the differently processed milk types was determined. The link between 

gastric emptying and small intestinal AA absorption was also investigated. As a final 

physiological outcome, the postprandial plasma concentration of AA in the portal vein over 

time and in the peripheral blood of pigs fed each milk type was compared.  

Chapter 7 provided a general discussion of the thesis research findings by considering the 

results from each chapter in the context of the existing literature. The limitations of the 

research were discussed, and suggestions for future research based on the overall 

conclusion of the thesis research were made. 
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Figure 2.10: A visual summary of the thesis structure and content.  
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intestinal AA absorption at 210 min postprandially was different for piglets fed bovine, 

caprine, and ovine milk. When corrected for gastric AA retention, the differences in 

apparent absorption across species largely disappeared. The apparent AA absorption 

differed across small intestinal locations. 
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ovine and caprine milk has a different protein structure (Li et al., 2022), and the curd is 

also softer (Roy et al., 2021; Tagliazucchi et al., 2018) than in raw bovine milk. The softer 

curd formed by the raw caprine and ovine milk results in a faster gastric emptying of protein 

from the piglet stomach (Roy et al., 2022). These results for raw milk are consistent with 

in vitro results observed for caprine and bovine milk-based infant formulas (Hodgkinson 

et al., 2018; Maathuis et al., 2017). 

During the gastric digestion of milk, a continuous flow of whey proteins, partially digested 

casein components (peptides), and AA is expected to enter the small intestine, where the 

proteins are further digested, and the AA are absorbed. Montoya et al. (2018) showed that 

the digestion and absorption of AA in both the proximal and medial small intestines were 

positively correlated to the extent of gastric emptying. Similarly, Gaudichon et al. (1994) 

showed that in mini-pigs fed either yoghurt or milk, the kinetics of dietary nitrogen 

absorption were controlled by the kinetics of dietary nitrogen flow into the small intestine.  

Thus, based on the softer curd structure and faster protein emptying rate of ovine milk and 

caprine milk compared to bovine milk (Roy et al., 2022), it is hypothesised that there are 

differences in the amounts of AA taken up throughout the small intestine in piglets 

consuming caprine and ovine milk, compared to those consuming bovine milk. However, 

the absorption of AA from raw whole bovine, caprine, and ovine milk from the small 

intestine has not yet been reported.  

This study aimed to determine the apparent absorption of AA from bovine, caprine, and 

ovine milk in different small intestinal regions of piglets at 210 min postprandially. This 

time point was selected to align with a similar accompanying study where piglets were fed 
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the same milk types, and different gastric digestion and emptying parameters were analysed 

(Roy et al., 2022). Absorption refers to the disappearance of an AA from the digestive tract 

and is assumed to equate with the uptake of the AA (Holmes et al., 1974). The piglet is a 

common animal model for the human digestion of milk and infant formula, based on 

digestive and absorptive similarities from the mouth to the terminal ileum of both species 

(Guilloteau et al., 2010; Moughan et al., 1992; Odle et al., 2014; Rowan et al., 1994). 

Because of their significance for various aspects of human health (Shimomura & Kitaura, 

2018; Volpi et al., 2003; Wu, 2009), the absorption of physiologically relevant AA groups 

(essential AA (EAA), branched-chain AA (BCAA), non-essential AA (NEAA), and long 

neutral AA (LNAA)) was also quantified. 

3.3. Materials and methods 

3.3.1. Animals, housing, and dietary treatments  

This study was approved by the Massey University Animal Ethics Committee (protocol 

no. MUAEC 18/97). Locally sourced Large White × Landrace entire male piglets (n = 12, 

7 days of age, weight 5.17 ± 0.16 kg, mean ± SEM) were selected from seven different 

sows, and were housed in individual plastic metabolism crates at the Animal Production 

Unit of Massey University, Palmerston North. The room was temperature-controlled (28 ± 

2 °C) and operated under a 16 h:8 h light:dark cycle. There was daily socialisation for 1 h, 

and toys were provided to enrich the experimental conditions for the animals. After arrival, 

the piglets underwent a 12-day acclimatisation period to adapt to bottle-feeding (suckling 

from a rubber teat), feeding frequency, and feed volume. The piglets received reconstituted 

spray-dried bovine, caprine, or ovine milk during the adaptation period. On day 13, the 

piglets received the experimental diets (Figure 3.1). The experimental diets were fresh raw 
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apparent AA absorption in the first three-quarters of the small intestine. The terminal ileal 

samples represented the apparent absorption over the entire small intestine. 

3.3.3. Chemical analyses 

During the study, three batches of fresh raw milk were collected and analysed for 

macronutrient and AA contents. Each raw milk type, gastric solid fraction, gastric liquid 

fraction, PSI, DSI, terminal ileal, caecal, and colonic contents were analysed for DM 

(AOAC 990.19 (AOAC, 2006)) and TiO2 (Short et al., 1996). Each milk type, the gastric 

solid and liquid fractions, and small intestinal digesta were also analysed for AA content 

(24 h HCl hydrolysis, o-phthaldialdehyde pre-column derivatisation, followed by reverse-

phase chromatography (Rutherfurd et al., 2012)). For the milk types, the cysteine and 

tryptophan contents were analysed by performic acid oxidation and alkaline hydrolysis, 

respectively.  

Figure 3.2. Diagram showing the small intestinal sections.  

The small intestine was dissected into the proximal and distal small intestine (PSI and 

DSI), and terminal ileum, and the entire digesta from each section were collected. The 

amino acid (AA) and titanium oxide (TiO2) contents of the PSI and DSI digesta were 

determined, and it was assumed that they represented the values in the middle of each 

small intestinal location. Thus, the PSI and DSI values are assumed to represent the AA 

absorption in the first quarter (25%) and the first three-quarters (75%) of the small 

intestine. The terminal ileal values represent the complete small intestine (100%). 

/ /

PSI DSI TI

1st quarter of 

SI (25%)

1st three quarters of SI (75%)

Full SI (100%)
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The milk types were analysed in triplicate for the AA content, and the gastrointestinal 

contents were analysed in duplicate. Sulphur AA and tryptophan were not analysed, as 

sample volumes were limited. Before the HCl hydrolysis for AA analysis, the gastric 

samples were defatted using a diethyl ether/petroleum ether extraction (Appendix 1: Figure 

A1.1). 

3.3.4. Calculations 

On average, 15, 12, and 13% of the TiO2 reached the large intestine at 210 min for the 

bovine, caprine, and ovine milk groups (Table 3.2). However, only three piglets (two fed 

bovine milk and one fed caprine milk) had enough terminal ileal digesta to analyse both 

TiO2 and AA contents. As smaller amounts of digesta are required for AA analysis 

compared to the TiO2, only the AA analysis was conducted for the other nine piglets with 

insufficient terminal ileal sample amounts. The mean TiO2 content of the terminal ileal 

digesta of the two piglets fed bovine milk was used to calculate the amount of AA released 

into the large intestine for the piglets fed bovine milk with small terminal ileal samples. 

The same calculation was used for piglets fed caprine and ovine milk, except that for ovine 

milk, the mean of the three piglets with sufficient terminal ileal digesta was used. Thus, 

AA absorption at the terminal ileum was calculated using mean values across species as 

detailed below, but the results are presented only as indicative values in the Supplementary 

material. 
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Table 3.2. TiO2 content recovered in the gastrointestinal tract of piglets fed raw whole 

bovine, caprine, or ovine at 210 min postprandially1.  

 

  Bovine Caprine Ovine 

 mg 

(% consumed) 

Consumed 
113.8 ± 13.4 

(100%) 

114.3 ± 14.8 

(100%) 

122.7 ± 10.5 

(100%) 

Stomach 
54.9 ± 4.8 

(49%) 

67.0 ± 8.3 

(59%) 

59.3 ± 12.7 

(47%) 

Proximal small intestine 
11.0 ± 1.0 

(10%) 

8.0 ± 0.8 

(7%) 

11.4 ± 1.2 

(10%) 

Distal small intestine 
28.1 ± 4.7 

(24%) 

24.1 ± 6.9 

(21%) 

33.1 ± 6.3 

(28%) 

Terminal ileum2
 

2.3 ± 0.6 

(2%) 

1.3 ± 0.5 

(1%) 

2.9 ± 0.8 

(2%) 

Cecum 
1.7 ± 0.3 

(2%) 

1.5 ± 0.8 

(1%) 

3.4 ± 1.0 

(3%) 

Proximal colon 
11.5 ± 4.1 

(9%) 

10.0 ± 2.5 

(9%) 

11.6 ± 3.2 

(10%) 

Distal colon 
4.1 ± 2.4 

(3%) 

2.3 ± 1.1 

(2%) 

1.1 ± 0.3 

(1%) 

Recovered 
113.5  

(99.7%) 

114.2  

(99.9%) 

122.8  

(100%) 

1 Values are means ± SEM, n = 4 piglets. There were no differences (P > 0.05) in the amount of TiO2 

recovered from piglets fed each milk type in any location. 
2 The TiO2 recovered from the terminal ileum of piglets fed each ruminant milk was estimated using the 

TiO2 recovered from the terminal ileal digesta of two piglets fed cow milk, and one fed goat milk. 
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No correction for endogenous AA was made; thus, only apparent absorption values are 

reported. The amount of TiO2 in each gastrointestinal location, the amount of AA present 

prior to the small intestinal location of interest, the amount of AA in the location of interest, 

and the amount of AA released post the small intestinal location of interest were considered 

to calculate the apparent AA absorption in each small intestinal location. The amount of 

TiO2 that appeared in and was released from each location was calculated as follows (PSI 

and the first quarter of the small intestine as an example): 

TiO2 content PSI (g on DM basis) = Total content PSI digesta (g DM) × TiO2 concentration PSI 

digesta (% DM) / 100 

TiO2 content until PSI = TiO2 content Stomach + TiO2 content PSI 

TiO2 content after PSI = TiO2 content DSI + TiO2 content Terminal ileum + TiO2 content Large intestine 

The amount of AA present prior (stomach) and in the location of interest (PSI) and released 

after the location of interest was calculated as follows: 

AA content Stomach (mg on DM basis) = AA concentration Stomach (%) × Total content 

Stomach (g DM) / 100 

AA content PSI (mg on DM basis) = AA concentration PSI (%) × Total content PSI (g DM) / 

100 

AA content released after 1st quarter small intestine (mg) = (AA content PSI × TiO2 content after PSI) 

/TiO2 content PSI digesta 
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The apparent absorption of physiologically important AA groups (EAA, BCAA, NEAA 

and LNAA) were calculated using the sum of the AA amounts for each type of AA, 

followed by the same calculations as the individual AA.  

3.3.5. Statistical analyses 

The present animal experiment was carried out as part of a larger animal study designed to 

investigate the gastric curd formation of raw bovine, caprine, and ovine milk as a primary 

outcome. Based on other studies reporting the kinetic parameters of curd formation in pigs 

(Gaudichon et al., 1994; Montoya et al., 2018; Tari et al., 2018), four pigs were required to 

detect a difference in mean values powered over 80% at P < 0.05. There were no previous 

studies reporting apparent small intestinal AA absorption in pigs, which limited the ability 

to carry out power calculations for this outcome. However, as the main study found 

differences in curd formation between milk types with a sample size of four pigs (Roy et 

al., 2018), it was expected that these differences could be translated to differences in 

apparent small intestinal AA absorption in the small intestine. 

For apparent AA absorption, statistical analyses were conducted using the PROC MIXED 

statement of SAS (version 9.4; SAS Institute Inc., Cary, NC, USA; RRID:SCR_008567). 

A linear mixed model was used to test the effect of milk species (bovine, caprine, and 

ovine) and small intestinal location (first quarter, first three-quarters, and whole) and the 

interaction between milk species and small intestinal location as fixed effects on individual 

AA absorption and total EAA, BCAA, NEAA and LNAA absorption. The pig was used as 

a random effect. The most appropriate covariance structure (simple, autoregressive, and 

unstructured) was selected after fitting the model by the restricted maximum likelihood 
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3.5. Discussion 

This study is the first to report the apparent absorption of AA from raw bovine, caprine, 

and ovine milk throughout the small intestine. As hypothesised, differences in apparent 

AA absorption at 210 min postprandially were observed between piglets fed the different 

milk types, with generally greater apparent absorption observed in the first quarter of the 

small intestine compared to the subsequent 50% of the small intestine. At 210 min post-

feeding, the entire milk meal had not yet transited the whole small intestine, so the current 

values do not represent the apparent extent of AA absorption in the small intestine overall 

but rather a single time point in the kinetics of apparent AA absorption.  

On average, 13% of the TiO2 was recovered in the large intestine across all animals, which 

indicates that part of the meal had transited the small intestine. The estimated apparent AA 

absorption in the small intestine was similar to that in the first three-quarters of the small 

intestine. However, the apparent AA absorption for the small intestine should be cautiously 

considered as the amount of digesta collected at the terminal ileum was often too small to 

accurately measure the AA and TiO2 concentrations. Calculations based on mean TiO2 

values (across species) rather than the actual individual TiO2 values could have 

exaggerated or masked any individual differences in the TiO2 content in the terminal ileum, 

which in turn could have affected the apparent AA absorption estimates calculated over the 

small intestine. The small amount of terminal ileal digesta collected could be explained by 

the highly digestible nature of milk nutrients (Rutherfurd & Moughan, 2005).  

In this study, on average, 73%, 52%, and 39% of the AA consumed by piglets fed raw 

bovine, caprine, or ovine milk, respectively, remained in the stomach at 210 min post-

feeding, while the gastric TiO2 retention was 49%, 59% and 47%, respectively. A study 
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using the same animal model and diets as the present study found residual material from 

the pre-washout milk meal in the stomach of 16 h fasted piglets (Roy et al., 2022). The 

piglets fed bovine milk retained 25% and 12% more of the protein consumed than those 

fed caprine and ovine milk, respectively (Roy et al., unpublished). Thus, the high level of 

inconsistency between the gastric retentions of the TiO2 and the dietary AA in piglets fed 

bovine milk could be explained by a larger proportion of the protein from the pre-washout 

milk meal remaining in the stomach at 210 min.  

In the same piglet study discussed previously, Roy et al. (2022) showed that the gastric 

emptying rate of dietary protein was faster for piglets fed raw caprine and ovine milk than 

bovine milk (7.1 and 8.2 vs 3.6% dietary protein/min × 10-3, respectively). The gastric 

emptying of protein was associated with the structure (protein and lipid) and the strength 

of the gastric curd formed by each milk type. A similar association was observed between 

curd structure and curd strength with the gastric protein emptying rate in a study of growing 

pigs fed processed bovine milk (Chapter 4; Ahlborn et al., 2023). Thus, the greater 

proportion of AA remaining in the stomach of piglets fed bovine milk likely remained 

entrapped in the denser and firmer gastric curd.  

As expected, the AA gastric retention at 210 min (mean across milk types) was inversely 

correlated (r = -0.97) to apparent AA absorption in the first three-quarters of the small 

intestine. Thus, the greater gastric emptying of caprine and ovine milk proteins compared 

to bovine milk protein partially explains their higher apparent AA absorption at 210 min. 

It has been demonstrated in pigs fed beef muscle protein that the amount of digested 

nitrogen entering the small intestine correlates positively to the apparent AA digestion and 

absorption in the first half of the small intestine (Montoya et al., 2018).  
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To better understand the absorption of milk proteins, the AA retained in the stomach were 

subtracted from those consumed to calculate the apparent absorption of AA that entered 

the small intestine (AA available for uptake). Based on correlations reported elsewhere 

(Montoya et al., 2018), the apparent absorption of AA entering the small intestine was used 

as a proxy for the degree of gastric protein hydrolysis to estimate whether the degree of 

hydrolysis of the milk proteins entering the small intestine differed across ruminant milk 

types. Proteins with a greater degree of gastric hydrolysis are expected to have greater 

apparent AA absorption. The small differences across milk types (species) and the lack of 

significant interactions between raw milk type and small intestinal location for the apparent 

absorption of AA available for uptake suggest that the protein of the different milk types 

entered the small intestine with a similar degree of hydrolysis after transiting the stomach.  

Taken together, the differences in gastric AA retention and similarities in apparent 

absorption of available AA suggest that when the same amount of protein was consumed 

(2 g/kg BW), the differences observed in apparent AA absorption across piglets fed the 

different milk types are mainly ascribed to the amounts of AA retained in the stomach. It 

is important to note that the current results apply to infants and cannot be extrapolated to 

adult humans as the infant gastrointestinal tract is still comparatively immature (Grand et 

al., 1976; Henning & Kretchmer, 1973). Further, the current results cannot be extrapolated 

to consuming the same volume of each ruminant milk type, as the protein content across 

milk types differs. Further research is warranted to determine the rate of apparent AA 

absorption across milk types and in adult humans. 

The results from the present study, together with those reported by Roy et al. (2022), show 

that the structural changes of milk in the stomach result in differences in the rate of release 
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of protein into the small intestine, which in turn affects the apparent absorption of AA. 

These findings corroborate the suggestions raised in preclinical and clinical human studies, 

where it is proposed that gastric emptying and small intestinal uptake are related to 

differences in the appearance of blood plasma AA over time across milk types and dairy 

products (Barbé et al., 2013; Boirie et al., 1997; Dangin et al., 2001; Milan et al., 2020). It 

is important to note that in terms of the rate of plasma AA appearance, other mechanisms 

(e.g., splanchnic metabolism) can also influence the relationship between AA uptake and 

appearance in the peripheral circulation (Remesy et al., 1978; Rérat et al., 1992), so more 

research is required to understand this relationship in the context of milk from different 

ruminant species.  

The amounts of AA absorbed apparently absorbed at 210 min were, in general, higher for 

piglets fed raw ovine milk than for those fed bovine milk. Based on other studies, it could 

be expected that the differences in the amounts of AA apparently absorbed at 210 min, 

have implications for various aspects of protein metabolism in infants. The present results 

point to differences across the ruminant milk types in the kinetics of AA absorption from 

milk, and it remains to be established whether such differences translate to differences in 

overall small intestinal AA absorption. 

For example, other aspects of protein metabolism observed in adult humans, such as 

postprandial protein deposition (Dangin et al., 2001), are also expected to be modulated by 

the amount of AA absorbed in infants. In addition, the hippocampal gene expression of 

some receptors of the neurotransmitter gamma-aminobutyric acid was higher in piglets fed 

raw ovine milk compared to those fed raw bovine milk (Jena et al., 2022), which has 
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implications for infant brain development and early cognitive function (Fleming et al., 

2020; Lin et al., 2019). 

It should be pointed out that in reporting apparent AA absorption, the endogenous losses 

for each protein were assumed to be similar and attempts to calculate the true AA 

absorption of the milk types by using reported endogenous losses in the stomach and small 

intestine were limited by a lack of appropriate literature. It is recommended that the true 

absorption of AA from bovine, caprine and ovine milk is investigated, as differences in 

small intestinal endogenous AA flows may influence the apparent absorption results 

presented here.  

The presently reported results were collected using raw milk; however, as milk is usually 

processed to improve safety and preservation, raw milk is not commonly consumed. Thus, 

further research is warranted to determine the effect of processing on various parameters 

such as gastric emptying and AA absorption. Information on small intestinal AA absorption 

patterns across milk types and processing methods is expected to provide evidence to 

develop dairy products with benefits for specific aspects of human metabolism. 

3.6. Conclusions 

The present study found that at 210 min post-feeding, on average, 22%, 38%, and 46% of 

the AA consumed apparently absorbed within the first three-quarters of the small intestine 

of piglets fed bovine, caprine, and ovine milk, respectively. For most AA, at least two-

thirds of the apparent AA absorption occurred in the first quarter of the small intestine. In 

general, the apparent small intestinal absorption of AA at 210 min was higher for piglets 

fed ovine milk than bovine milk, but similar between pigs fed ovine or caprine milk. The 
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difference in the apparent AA absorption was related to the amount of AA remaining in 

the stomach. When comparing the apparent absorption of the AA entering the small 

intestine, there were no differences in apparent small intestinal AA absorption across 

species for most AA.  

This study provides a new understanding of the AA absorption following consumption of 

raw bovine, caprine, and ovine milk in the small intestine of infants. However, considering 

that milk is commonly processed before consumption or in preparation for dairy product 

production, further research is needed to understand the effect of processing on AA 

absorption throughout the small intestine.  
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CHAPTER 4. 

HEAT TREATMENT AND HOMOGENISATION OF 

BOVINE MILK LOOSENED GASTRIC CURD 

STRUCTURE AND INCREASED GASTRIC 

EMPTYING IN GROWING PIGS AS AN ADULT 

HUMAN MODEL 
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4.1. Abstract 

During gastric digestion, bovine milk forms a curd, which consists largely of protein and 

lipid. However, it is unknown how processing-induced changes to curd structure affects 

the gastric emptying of milk protein and lipid. This study aimed to determine the impact 

of heat treatment and homogenisation on gastric curd formation and gastric emptying of 

dry matter (DM), protein, and lipid from bovine milk fed to pigs as a human model. 

Growing pigs (n = 180, mean ± standard error of the mean (SEM) bodyweight 22.4 ± 0.13 

kg) consumed raw, or pasteurised non-homogenised (PNH), or pasteurised homogenised 

(PH), or ultra-high temperature treated homogenised (UHT) milk diets. A protein-lipid-

free lactose (PLFL) solution was also fed as a test diet. At 0, 20, 60, 120, 180 and 300 

min postprandially the entire gastrointestinal tract was dissected out. The gastric chyme 

(curd and liquid) fractions were collected after separation using a mesh screen. The DM, 

protein, and lipid contents of these fractions were quantified. Confocal, transmission 

electron microscopy, cryo-scanning electron microscopy and rheological analyses were 

conducted to determine the micro- and macrostructure of the curd. Overall, both heat 

treatment and homogenisation influenced the in vivo gastric curd structure formed of 

bovine milk, although to different extents. The gastric emptying of DM, protein, and lipid 

increased with the extent of processing. Gastric emptying rates of DM and protein 

followed the pattern UHT > PH > PNH = raw, while emptying rates of lipid also differed 

between PNH and raw milk. Curd structure was the main gastric parameter affected in 

PNH milk. 

Keywords: bovine milk, processing, gastric curd formation, gastric emptying, curd 

microstructure  



 

119 

4.2. Introduction 

Milk has been a nutritional staple in the human diet for thousands of years and is 

consumed worldwide from infancy to adulthood. While milk from caprine and ovine 

species are popular in some Asian, African and Mediterranean areas, bovine milk is the 

most widely consumed milk in Western countries (Food and Agriculture Organisation of 

the United Nations: FAOSTAT Statistical Database, 2022). Bovine milk is an excellent 

source of nutrition, typically providing around 30 g/L of protein, 35 g/L of fat, calcium, 

and other minerals (Eigel et al., 1984; Jensen et al., 1991). Before consumption, 

commercial milk is often processed to improve safety, typically through heat treatment 

(pasteurisation and ultra-high temperature (UHT) treatment) and homogenisation. 

Processing induces various changes to the native milk protein and lipid structures present 

in milk (Corredig & Dalgleish, 1999; Dalgleish, 1990; Elfagm & Wheelock, 1978; Meisel 

& Hagemeister, 1984; Tunick et al., 2016; Wada & Lönnerdal, 2014; Ye et al., 2016b; 

Ye et al., 2004b). For example, during heat treatment, structural changes to the whey 

proteins result in denaturation and association with caseins (Ye et al., 2016a). 

Homogenisation disrupts the milk fat globule membrane and restructures the milk fat 

globule, resulting in smaller fat droplets and the adsorption of casein and whey proteins 

onto the surface of the droplets (Lee & Sherbon, 2002). 

During gastric digestion, milk forms a curd, which consists mainly of protein and lipid 

(Roy et al., 2021). In vitro digestion studies with milk have shown that the formation and 

structure of the gastric curd were influenced by processing, due to changes in native 

protein and lipid structures as described above (Li et al., 2022; Mulet-Cabero et al., 2019; 

Ye et al., 2017; Ye et al., 2019). For example, heat-induced aggregation can disrupt 

gastric curd formation by restricting the ability of proteins to form a network (Ye et al., 
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2016b, 2017). Such aggregation and subsequent effects on curd formation are greater in 

UHT-processed bovine milk than in pasteurised bovine milk (Ye et al., 2019). In addition, 

the adsorption of caseins and whey proteins onto the surface of homogenised fat droplets 

allows for incorporation of the fat droplets into the gastric curd matrix (Gallier et al., 

2013; Ye et al., 2017). It is unknown if the structural changes in the gastric curd caused 

by milk processing can influence the gastric emptying rate of dry matter (DM), protein, 

and lipid into the small intestine. Such a relationship has been suggested in a recent review 

by Huppertz and Chia (2021). However, such a relationship still needs to be proven in a 

valid in vivo model.  

These observations led to the hypothesis that heat-treated and homogenised bovine milk 

exhibit faster gastric emptying rates of DM, protein, and lipid due to forming a softer curd 

with a more open protein network. This study aimed to quantify the gastric emptying of 

DM, protein, and lipid of heat-treated and homogenised bovine milk along with the 

associated curd formation in a growing pig model of human metabolism. Bovine milk 

was selected as a milk model as the effects of heat treatment and homogenisation on its 

native protein and lipid structures have been well characterised (Anema & Klostermeyer, 

1997; Elfagm & Wheelock, 1978; Guyomarc'h et al., 2003; Lee & Sherbon, 2002; Morr, 

1989; Oldfield et al., 1998; Smits & Van Brouwershaven, 1980; Wada & Lönnerdal, 

2014; Ye et al., 2004a). The growing pig was selected as a model for humans based on 

the digestive and physiological similarities of the gastrointestinal tract between both 

species (Rowan et al., 1994).  
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4.3. Methods 

4.3.1. Animals, housing, and dietary treatments 

This study was approved by the Massey University Animal Ethics Committee 

(application no. 19/83). Locally sourced Large White × Landrace entire male pigs (n = 

180; 36 pigs per experimental diet; six pigs per experimental diet x time point 

combination), bodyweight 22.4 ± 0.13 kg, mean ± standard error of the mean (SEM)) 

were housed in individual metabolic crates at the Animal Production Unit of Massey 

University, Palmerston North. 

The experimental treatments were raw, pasteurised non-homogenised (PNH), pasteurised 

homogenised (PH), or UHT bovine milk. The PH, PNH, and UHT milk types were 

commercially available processed products (Table 4.1), while the raw milk was locally 

sourced (Gorge Fresh Organics, Palmerston North, New Zealand).  

Table 4.1: Processing conditions and source of the milk types and protein-lipid-free 

lactose solution used in the pig study. 

Diet 
Processing 

conditions 
Source and diet preparation 

Raw N/A Local supplier; consumed as sourced 

Pasteurised non-

homogenised (PNH) 
75°C, 15 s 

Commercially available trim milk mixed 

with commercially available fresh cream1 

 

Pasteurised 

homogenised (PH) 

75°C, 15 s, 

160 bar 

Commercially available; consumed as 

sourced 
 

Ultra-high temperature 

homogenised (UHT) 

140°C, 4 s, 

160 bar 

Commercially available; consumed as 

sourced2 

 

Protein-lipid-free 

lactose (PLFL) 

12% lactose in 

distilled water 

Commercially available powdered lactose; 

solution prepared on-site 
1 Identical process was used to pasteurise the skim milk and cream.  
2 A preheating step (95°C, 90 s) was used to stabilise protein before UHT processing. 
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The raw, PH and UHT milk diets were fed as sourced, whereas PNH was prepared using 

simple manual agitation to combine pasteurised trim milk with pasteurised cream to the 

same lipid content as the PH milk. Another treatment included in the study was a protein-

lipid-free lactose (PLFL) solution, which consisted of 12% lactose in distilled water. The 

PLFL treatment was included to allow correction for endogenous gastric luminal 

materials (Moughan & Rutherfurd, 2012), and for chyme remaining from the previous 

meals based on other studies showing some residual meal after an overnight fast (Roy et 

al., 2022). 

4.3.2. Experimental design 

A human-type meal (Table 4.2) was formulated based on the USDA's chemical 

composition data to meet the NRC nutrient requirements for growing pigs (NRC, 1998). 

The human-type diet and meal times were also designed to reflect typical Western meal 

composition and consumption patterns. On arrival, pigs were randomly allocated to each 

of the five dietary treatments. Over the first three days, the experimental treatments were 

gradually introduced by replacing the commercial diet provided on the farm (day 1; 33% 

experimental diet, 66% farm diet; day 2; 66% experimental diet, 33% farm diet; day 3 

100% experimental diet) (Figure 4.1). On arrival, two meals (12:00 and 16:00 hours) were 

equally fed at a daily DM level of 4% based on individual body weight. 

After the dietary transition, the pigs consumed their treatments at 09:00 hours (500 mL 

of raw, PH, PNH, UHT or PLFL) and human-type meals at 12:00 hours and 16:00 hours 

for seven days (Figure 3.1; Table 3.2). The pigs in the PLFL group received UHT milk 

for the first three days after the dietary transition, followed by the PLFL treatment for the 

final four days, as the PLFL diet for seven days would not provide sufficient nutrition. 





https://ndb.nal.usda.gov/
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Figure 4.1: Experimental diagram of the pig study.  

Pigs were gradually transitioned from the farm diet to the experimental diet in one-third 

increments over three days. The experimental diet was then consumed for seven days. 

On day 10, pigs consumed their milk diets and were euthanised at various time points. 

The entire gastric chyme was collected. Wt, weight; PNH, pasteurised non-

homogenised; PH, pasteurised homogenised; UHT, ultra-high temperature treated 

homogenised; PLFL, protein-lipid free lactose solution. 
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TEM availability limited the number of samples which could be imaged. Thus, milk and 

fresh curd samples from pigs that represented a milk type and post-feeding times of 20, 

120, and 180 min were randomly selected throughout the six periods of the study. 

Selected samples were prepared and stored until analysis. However, PH milk and curd 

samples were accidentally discarded before being analysed. Sample preparation was 

carried out as described by Li et al. (2021) and imaged with a Tecnai G2 Spirit BioTWIN 

(FEI Company, Czech Republic) paired with a Veleta TEM camera (Olympus SIS 

Germany). 

Cryo-SEM was conducted at the MacDiarmid Institute for Advanced Materials and 

Nanotechnology (Victoria University, Wellington, New Zealand). Randomly selected 

raw, PH, and UHT curd samples at 20 min and 180 min were snap-frozen in nitrogen 

slush directly after collection. Limited microscope availability did not allow for the 

analysis of all curd samples. Based on other imaging carried out in this study, the PNH 

curd samples were not imaged using cryo-SEM. The frozen samples were loaded into a 

cryo unit Gantan Alto 2500 (Gatan Inc., Pleasanton, CA, USA) and fitted onto the 

electron microscope at -120 °C. The fractured surfaces of the curds were sputter-coated 

with platinum under a current of 10 mA for 240 s. They were then inserted into a JEOL 

6500F scanning electron microscope (JEOL Ltd, Tokyo, Japan) for imaging with 

accelerating voltages of 6 and 8 kV and a probe current of 22 nA. Multiple images were 

collected for each sample, and a representative image is presented in the results section.  
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4.3.5.  Chemical compositional analysis 

The milk types, curd, and liquid fraction samples were analysed for DM (AOAC 990.19 

(AOAC, 2006)) and protein (nitrogen × 6.38) content (Koletzko & Shamir, 2006) using 

the Dumas method (AOAC 968.06 (AOAC, 2006)). The lipid content of a representative 

sample set (milk, liquid fraction, and curd fraction) was quantified using the Mojonnier 

method (AOAC 989.05 (AOAC, 2006)) and a modified petroleum ether/diethyl ether 

extraction. A significant correlation between both methods to determine lipid content was 

observed (r = 0.998, Appendix 2: Figure A2.1). Based on this high correlation, the 

remaining samples (350) were quantified using the modified method. 

4.3.6. Modified petroleum ether/diethyl ether lipid defatting 

Freeze-dried and ground curd and liquid fractions were weighed (1 g) in a glass tube 

before mixing with 5 mL petroleum ether and 5 mL diethyl ether. Solvents were added, 

vortexed for 30 s, stood for 5 min and centrifuged at 3,000 rpm for 7 min at room 

temperature. The solvent fraction was then discarded after removal using a water aspirator 

system (approximately 10 torrs). The complete procedure was repeated twice to remove 

residual lipid. The fraction remaining in the tube was left for 16 h at room temperature. 

The samples were then vortexed to help loosen the remaining material and incubated at 

105 °C for one hour to remove solvent residues. The samples were then cooled for one 

hour in a desiccator and weighed to calculate the lipid content. 
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4.3.7. Statistical analyses 

The present animal experiment was designed to investigate the gastric digestion of milk, 

as well as the small intestinal absorption and the appearance of amino acids (AA) in the 

circulatory system. Thus, it was important to cater to the greatest required number of 

animals. Based on previous studies with similar outcomes (Butteiger et al., 2013; Chen et 

al., 1962; Gaudichon et al., 1994; Montoya et al., 2018), six pigs were required to detect 

a difference in mean values powered over 80% at P < 0.05. 

Statistical analyses were conducted using SAS (version 9.4; SAS Institute Inc., Cary, NC, 

USA). First, a two-factor linear model including milk, time (as either a categorical or a 

numerical variable), and their interaction as fixed effects, was used to assess curd 

strength. For the pH of the proximal and distal chyme, a linear mixed model, including 

the fixed factors described above, and the pig (as repeated measures in space) included as 

a random effect, was used. Next, the log-likelihood ratio test was used to select the best 

polynomial model, and then compare models with time as numerical (selected 

polynomial) and categorical variables. The best model had time as a numerical variable 

for all response parameters. 

In some pigs, part of the meal at 16:00 hours (human-type diet) on day 9 remained in the 

stomach on day 10, despite the 16 h fasting period. Where the gastric content did show 

more than 10% of the human-type diet remained, these samples were excluded from DM 

and protein analyses of the chyme, as the fibrous remnant material could influence the 

curd (e.g., formation, structure, and degradation) and subsequent gastric emptying 

(Bornhorst et al., 2014). Gastric contents with less than 10% of the human-type diet were 

corrected using average DM and protein contents found in the PLFL group for each post-
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Figure 4.2: Representative images of fresh gastric curd (solid) collected at different 

post-feeding times from growing pigs fed different processed bovine milk types.  

PNH, pasteurised non-homogenised; PH, pasteurised homogenised; UHT ultra-high 

temperature treated homogenised.   
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Figure 4.4: Changes to the protein to lipid ratio of the gastric solid (curd) collected at 

different post-feeding times from growing pigs fed different processed bovine milk 

types. 

For each ratio the starting values (t = 0) are the ratio of protein to lipid in the milk. 

PNH, pasteurised non-homogenised; PH, pasteurised homogenised; UHT ultra-high 

temperature treated homogenised. n = 5 or 6 for each treatment and time point 

combination. 
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4.4.2. Structural changes in gastric contents of processed bovine milk 

After 20 min of gastric digestion, a protein network was formed for all milk types with 

differences in density, structure, and lipid distribution as measured using confocal 

microscopy (Figure 4.5) or TEM (Figure 4.6). In the liquid fraction, the average size and 

amount of lipid droplets appeared visually lower in the PH and UHT milk types, 

compared to the raw and PNH milk types (Figure 4.7).  

After 20 min, the raw and PNH curds formed a tight, more continuous protein network 

with larger, less distributed pores, whereas the PH and UHT curds were looser and 

crumblier, with a less dense network (Figure 4.5). For the raw, PNH and UHT curds, 

TEM in Figure 4.5 supported this observation. Although the PNH curd was looser than 

the raw curd, after 120 min, larger empty areas were observed within the network formed 

in the raw curd (Figure 4.6).  

At 300 min of digestion, the raw curd continued to be tight, whereas the protein network 

of the PNH curd began loosening (Figure 4.5). Throughout digestion, the UHT curd 

network remained fragmented and open (Figures 4.5 and 4.6). In contrast to pigs fed PH 

and UHT milk, separated fat globules appeared to be suspended around, rather than 

inside, the protein network in the curd of pigs fed raw and PNH milk (Figure 4.5). As a 

result, the lipid in the raw and PNH curds formed comparatively large conglomerations, 

while the lipid in the PH and UHT curds showed minimal and smaller lipid 

conglomerations (Figure 4.5). This pattern continued up to 120 min of digestion. After 

180 min of digestion, the lipid conglomerations in the curd of pigs fed the raw milk 

remained large and intact, but the lipid conglomerations in the curd of the pigs fed PNH 

were reduced in size and amount (Figure 4.5).  
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The cryo-SEM images further confirmed differences between the curd protein network 

formed by the digestion of raw, PH and UHT milk (Figures 4.8 and 4.9). For instance, at 

20 and 180 min, the raw curds had fat globules embedded within pockets in the protein 

network, whereas the PH and UHT curds had smaller fat droplets bound to the protein 

network (Figure 4.9). At 180 min of digestion, the protein network around the fat globules 

in the raw milk curd was tighter compared to 20 min, with less space and smaller cavities 

visible (Figure 4.8). Over the digestion, the thickness of the protein network formed by 

the PH and UHT milk curds appeared to increase. However, the apparent density of the 

network appeared to increase for the PH curd and decrease for UHT milk curds (Figure 

4.8). Up to 120 min of digestion, the liquid fraction of the raw and PNH milk chyme 

contained a high amount of lipid and larger lipid conglomerations, which decreased 

thereafter, especially for PNH (Figure 4.7). In contrast, the liquid fraction of the PH and 

UHT chyme showed small lipid conglomerations widely distributed throughout the 

sample, which remained over time (Figure 4.7).  
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Figure 4.5: Representative confocal scanning microscopy images of milk and gastric 

curd (solid) collected at different post-feeding times from growing pigs fed different 

processed bovine milk types.  

Protein appears green, while lipid appears red. PNH, pasteurised non-homogenised; PH, 

pasteurised homogenised; UHT, ultra-high temperature treated homogenised. 1NA, no 

available curd sample remained at 300 min. The scale bar is 25 µm.
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Figure 4.6: Transmission electron microscopy images of milk and gastric curd (solid) 

collected at different post-feeding times from growing pigs fed different processed 

bovine milk types.  

Protein appears in the dark area, while lipid appears in the light grey area. PNH, 

pasteurised non-homogenised; UHT, ultra-high temperature treated homogenised. 

  Raw PNH UHT 

M
ilk

 

 
  

20
 m

in
 

   

12
0 

m
in 

   

18
0 

m
in 

   



 

142 

 

Figure 4.7: Representative confocal scanning microscopy images of milk and gastric 

liquid fraction collected at different post-feeding times from growing pigs fed different 

processed bovine milk types.  

Protein appears green, while lipid appears red. PNH, pasteurised non-homogenised; PH, 

pasteurised homogenised; UHT, ultra-high temperature treated homogenised. 1NA, no 

available curd sample remained at 300 min.
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Figure 4.8. Cryo-scanning electron microscopy images of the protein network of gastric curd (solid) collected at selected post-feeding times 

from growing pigs fed different processed bovine milk types.  

PH, pasteurised homogenised; UHT, ultra-high temperature treated homogenised.  
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Figure 4.9: Cryo-scanning electron microscopy images of milk fat globules (raw) and restructured milk fat droplets (PH, UHT) in gastric curd 

(solid) collected at selected post-feeding times from growing pigs fed different processed bovine milk types.  

White arrows indicate a fat globule (raw) or fat droplet (PH and UHT). Fat droplets could not be identified in the UHT 180 min curd. PH, 

pasteurised homogenised; UHT, ultra-high temperature treated homogenised. 
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metabolism. The UHT milk treatment had the greatest impact on gastric emptying of DM and 

protein: it was faster with UHT treatment, followed by PH and PNH treatments, compared to raw 

milk. In addition, the gastric emptying of lipid was also faster in the pigs fed the PNH treatment 

than the raw milk treatment. 

The differences in gastric emptying of DM, protein and lipid between processing treatments were 

ascribed to differences in the structure of the curds formed and their disintegration. In particular, 

heat treatments resulted in a looser protein network, and homogenisation led to the incorporation 

of restructured lipid droplets into the curd matrix. 

This study provided a new understanding of the gastric emptying of processed bovine milk DM, 

protein, and lipid. Whether these effects can improve nutrient absorption in the small intestine and 

subsequent release into the systemic circulation for metabolism remains to be confirmed. 
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5.1. Abstract  

Globally, milk is processed to extend shelf life and presentation. Processing influences the structure 

of the curd formed during gastric digestion, which may alter gastric milk protein hydrolysis and 

impact amino acid (AA) release into the small intestine. The present study hypothesised that a 

weaker, looser curd formation could increase gastric protein hydrolysis, and lead to a faster gastric 

emptying of digested protein and AA into the small intestine. Nine-week-old growing pigs (n=180) 

consumed either raw, pasteurised non-homogenised (PNH), pasteurised-homogenised (PH), or 

ultra-high-temperature homogenised (UHT) bovine milk for ten days. Gastric solid and liquid 

fractions were collected at 0, 20, 60, 120, 180, and 300 min postprandially. The apparent degree of 

gastric protein hydrolysis, apparent gastric disappearance of individual proteins, and the gastric 

emptying of digested protein and AA were determined. During the first 60 min, the rate of gastric 

protein hydrolysis was fastest for pigs fed UHT milk (0.29%/min vs on average 0.07%/min for 

pigs fed raw, PNH and PH milk). Differences in the degree of gastric protein hydrolysis were 

reflected in the rate of digested protein entering the small intestine. The AA gastric half-time was 

generally shorter for pigs fed PH and UHT milk than pigs fed raw and PNH milk. For example, the 

gastric release of total essential AA was more than two-fold faster (P<0.01) for pigs fed PH and 

UHT milk compared to pigs fed raw or PNH milk. In conclusion, although heat and 

homogenisation influenced the gastric protein digestion parameters, homogenisation was the main 

process affecting the rate of AA entering the small intestine.  

Keywords: bovine milk, processing, gastric hydrolysis, gastric protein digestion, amino acids 
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ether/petroleum ether extraction method described elsewhere (Chapter 4; Ahlborn et al., 2023a). 

Samples were stored at -20 °C until analysis.  

5.3.2. Apparent degree of total gastric protein hydrolysis 

The apparent degree of total gastric protein hydrolysis was determined by measuring the free amino 

groups in the total gastric chyme and gastric solid and liquid fractions. The free and total amino 

groups present in each milk type were also measured. All samples were defatted. No correction for 

the endogenous production of free amino groups was made; thus, only the apparent degree of total 

gastric protein hydrolysis is reported. 

The free amino groups in the chyme fractions were then quantified using the o-phthaldialdehyde 

method (Church et al., 1983; Montoya et al., 2014). To quantify the total amino groups in each 

milk type, samples were hydrolysed for 24 h in HCl 6 M at 110°C. The resulting hydrolysed 

samples were dried using a vacuum evaporator, followed by two water washes to remove traces of 

HCl. The final dried samples were then analysed for amino groups as described above.  

5.3.3. Amino acid analysis  

Defatted chyme and milk samples were analysed for AA content by 24 h hydrochloric acid 

hydrolysis with o-phthaldialdehyde pre-column derivatisation, followed by reverse-phase 

chromatography (Rutherfurd et al., 2012). Because of their role in human health, the 

physiologically relevant AA groups (branched-chain AA (BCAA); long neutral AA (LNAA); 

essential AA (EAA); non-essential AA (NEAA); total AA (TAA)) were also calculated for each 

chyme and milk sample.  
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5.3.5. Calculations  

In some pigs, part of the pre-fast meal (human-type diet) remained in the stomach despite the 16 h 

fasting period. Pigs with gastric chyme which contained more than 10% of the pre-fast meal at 

sample collection were excluded from all analyses, as the remnant material could alter the curd 

(e.g., formation, structure, and digestion) and subsequent gastric emptying (Bornhorst et al., 2014). 

Based on this, 19 pigs were removed (raw, five pigs; PNH, one pig; PH, six pigs; UHT, seven 

pigs).  

The formation, strength, and structure of the gastric curd have been shown to impact the gastric 

emptying of total protein from processed bovine milk, as a large portion of the protein from 

processed milk is retained in the gastric curd during digestion (Chapter 4; Ahlborn et al., 2023a; 

Ye et al., 2019). Thus, it is important to understand the disappearance of individual proteins and 

AA from the gastric curd as well as the total chyme. Therefore, the degree of gastric hydrolysis, 

apparent gastric individual protein disappearance, and gastric AA emptying of the curd and total 

chyme are reported. The AA content and gastric protein disappearance in the liquid fraction were 

also measured and used in the results of the total chyme only, as the rapid gastric emptying of the 

liquid phase did not allow reliable modelling of the gastric AA emptying and the disappearance of 

individual proteins from the stomach. The degree of gastric hydrolysis of the liquid fraction is also 

reported. 

The apparent degree of gastric protein hydrolysis was calculated as the number of free amino 

groups (free NH2) in the chyme relative to the total amino groups (total NH2) in the milk. However, 

over time, the chyme is released into the small intestine and its chemical composition changes. 

Thus, in the calculations, the total and free NH2 were expressed per g protein of the chyme sample. 
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5.5. Discussion 

This study is the first to compare in vivo gastric protein hydrolysis, milk protein disappearance 

from the stomach, gastric AA emptying, and release of digested protein into the small intestine of 

heat treated and/or homogenised whole bovine milk, using the growing pig as a model for the adult 

human. The results support the hypothesis that heat-treatment combined with homogenisation 

increased the amount of both digested protein in the stomach and AA emptying from the stomach. 

Homogenisation (PNH vs PH) did not impact the apparent degree of gastric protein hydrolysis in 

the total chyme over time. In contrast, heat treatment (raw vs PNH, PH vs UHT) appeared to impact 

the apparent degree of total gastric protein hydrolysis over time, although the extent varied with 

the intensity of treatment. However, at 300 min, the overall apparent degree of protein hydrolysis 

in the total chyme was similar for the raw and the mild heat-treated milk types. As the effect of 

gastric protein emptying was removed by adjusting the apparent degree of hydrolysis for protein 

retention, this result indicates that, for raw, PNH, and PH milk, a similar proportion of total protein 

had been apparently hydrolysed by 300 min. Similar degree of hydrolysis results have been 

reported for heat-treated and homogenised bovine milk in vitro (Mulet-Cabero et al., 2019).  

When the degree of hydrolysis was corrected for the free amino groups remaining from the milk at 

each time point, the differences between milk types generally did not change, indicating that, 

overall, the milk free amino groups did not influence the apparent degree of protein hydrolysis 

result observed previously.  

Previous in vivo studies showed that the gastric curd formed by processed bovine milk became 

softer and more fractionated as the extent of processing increased (raw > PNH > PH > UHT milk) 

(Chapter 4; Ahlborn et al., 2023a; Ye et al., 2019). It is expected that a more open curd structure 
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would provide an increased surface area for enzymatic activity (Van Hooydonk, 1987), as well as 

allowing further ingress of gastric fluid containing pepsin and hydrochloric acid (Kalantzi et al., 

2006), which may increase gastric protein hydrolysis. Thus, for pigs fed UHT milk, the relatively 

high apparent degree of protein hydrolysis could be partially explained by the generally softer, 

more open curd structure formed by UHT milk. In comparison, the tighter curd structure reported 

for raw, PNH, and PH milk (Chapter 4; Ahlborn et al., 2023a) may have trapped the free amino 

groups in the curd, resulting in a slower release into the liquid phase. A similar curd effect has been 

reported in previous research by Mulet-Cabero et al. (2019) during the in vitro digestion of 

similarly processed milk. In addition, between 20 min and 60 min, an approximately 30-fold slower 

corrected apparent rate of gastric protein hydrolysis was observed for pigs fed raw milk compared 

to those fed the processed milk types. The slow apparent initial rate of gastric protein hydrolysis 

for pigs fed raw milk suggests some curd-related hindrance towards the early protein digestion of 

raw milk; possibly partially a result of the tighter curd structure formed by raw milk (Ye et al., 

2016b).  

Besides curd structure, the apparent degree of gastric protein hydrolysis results may also be 

influenced by differing protease activities in pigs fed different milk types. An in vitro study has 

shown that native milk proteases played a greater role on the digestion of milk proteins than pepsin 

(Leite et al, unpublished). Processing could change native milk protease activity (France et al., 

2021; Leite et al., 2021), and this could be one of the factors influencing the degree of gastric 

protein hydrolysis observed here.  

It has been previously hypothesised that the more open curd structure formed by UHT milk and 

the increased release of hydrolysed protein from the curd could result in a faster emptying of 

digested protein from the stomach, compared to raw, PNH and PH milk (Ye et al., 2019). The 
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liquid phase, compared to homogenised milk (Chapter 4; Ahlborn et al., 2023a). Therefore, the 

slower emptying of AA from pigs fed non-homogenised milk could be partially influenced by the 

stomach-gut-brain feedback loop acting to regulate nutrient flows into the small intestine (McHugh 

& Moran, 1979), as discussed previously. 

Overall, the disappearance of individual proteins was mainly affected by high heat treatment 

combined with homogenisation, whereas the apparent gastric hydrolysis of bovine milk protein 

was influenced by both mild (raw vs PNH) and strong heat treatment (PH vs UHT). The difference 

in the effect of processing on the degree of gastric protein hydrolysis and individual protein 

disappearance from the stomach suggests that gastric emptying contributes strongly to the results 

reported for individual protein disappearance, both here and reported elsewhere in the literature. 

Despite the influence of heat treatment on the apparent disappearance of individual protein, the 

emptying of AA from the stomach was mainly influenced by homogenisation (PNH vs PH, PNH 

vs UHT), rather than heat treatment (raw vs PNH; PH vs UHT). From a physiological perspective, 

the release (rate and amount) of AA into the small intestine can be considered as the final stage of 

gastric protein digestion. Thus, the findings from the present study, when taken together, indicate 

that homogenisation plays an important role in controlling the outcomes of gastric protein digestion 

of processed bovine milk. The differing responses of the various protein digestion parameters to 

the different processing treatments reported here highlights the need to fully understand each aspect 

of gastric protein digestion and emptying in the context of milk processing. 

It could be expected that the differences in gastric protein hydrolysis and AA emptying observed 

throughout the gastric digestion time in the present study will impact small intestinal AA absorption 

kinetics. Recently, an in vivo study reporting the apparent small intestinal AA absorption at 210 

min post-feeding of raw bovine, caprine and ovine milk in the infant model showed that the gastric 
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retention of AA was the main driver of their digestibility (Chapter 3; Ahlborn et al., 2023b). A 

study in mini-pigs feeding 15N labelled bovine milk and yoghurt suggested that the kinetics of milk 

protein absorption are largely controlled by gastric retention of total nitrogen (Gaudichon et al., 

1994). In addition, a study feeding beef muscle protein showed that both the rate of release of 

protein from the stomach and the amount of digested protein released has an impact on small 

intestinal absorption (Montoya et al., 2018). The modulation of small intestinal AA absorption may 

have further implications for the appearance of AA in the circulation, with impacts on human body 

function, such as muscle protein synthesis (Dangin et al., 2003; Hamarsland et al., 2019). Thus, 

further research determining the influence of heat treatment and homogenisation on both the small 

intestinal rate and location of absorption of milk protein would be valuable and could contribute to 

the development of processing treatments which optimise gastric digestion and subsequent 

nutritional outcomes.  

When taken together with the previously reported differences in curd characteristics, the results 

reported here suggest that differences in the gastric digestion and AA emptying of differently 

processed bovine milk could be attributed to differences in the curd structures described in Chapter 

4. While curd structure was impacted by both heat treatment and homogenisation, the present study 

highlights the role of homogenisation in the emptying of AA as the final outcome of gastric 

digestion. It is important to note that these results relate to processed bovine milk, and it cannot be 

assumed that the digestion of processed milk from other sources (e.g., non-bovine ruminants) 

would result in the same observations. In addition, other processing techniques (e.g., spray-drying 

for formula production) may alter the results reported here.  
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5.6. Conclusions 

The present study demonstrated the impact of common bovine milk processing techniques (heat 

treatment and homogenisation) on the total gastric protein hydrolysis, the individual protein 

disappearance, and the release of digested protein and AA into the small intestine in the growing 

pig as a model for the adult human. Differences observed between pigs fed raw, PNH, PH, and 

UHT milk were related to the different processing treatments of the consumed milk. 

Overall, while high heat treatment combined with homogenisation (UHT) had the greatest impact 

on individual protein disappearance, both mild (PNH and PH) and strong heat treatment (UHT) 

impacted the apparent degree of total protein hydrolysis in the stomach, and the rate of digested 

protein entering the small intestine. The release of AA into the small intestine was mainly impacted 

by homogenisation. This study provides a new understanding of how processing treatments affect 

protein digestion (total protein hydrolysis and individual protein disappearance) in the stomach, 

altering the release of AA into the small intestine. Further research is needed to understand the 

effect of these findings on the small intestinal AA absorption and blood circulation AA appearance. 
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CHAPTER 6. 

HEAT TREATMENT AND HOMOGENISATION OF 
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plays a key role in the determination of absorption. The postprandial plasma concentration of AA 

in the portal and peripheral blood over time did not reflect the true small intestinal AA absorption. 

In conclusion, homogenisation was the main process affecting the true absorption kinetics of AA 

in the small intestine in pigs fed differently processed bovine milk.  

Keywords: bovine milk, processing, true amino acid absorption, plasma amino acid concentration, 

pigs, small intestine 
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AA absorption, resulting from the increased gastric hydrolysis of whey proteins after UHT 

treatment (Barbé et al., 2013). However, the influence of heat treatment and homogenisation of 

bovine milk on the kinetics of AA absorption in the small intestine has not yet been investigated. 

Differences in small intestinal absorption also have implications for a number of metabolic 

processes throughout the body, such as skeletal muscle protein synthesis (Dangin et al., 2002; 

Koopman et al., 2009b; Tang et al., 2009) 

Based on the processing-induced increase in gastric milk protein hydrolysis, and the resulting faster 

release of AA and digested protein into the small intestine, it was hypothesised that the heat 

treatment and homogenisation of bovine milk would result in a higher rate and extent of AA 

absorption (disappearance) in the small intestine. The aim of this study was to investigate the 

impact of heat treatment and homogenisation of bovine milk on the true small intestinal AA 

absorption kinetics and the concentration of AA in the portal and peripheral blood plasma using 

the growing pig as a model for the adult human.  

To determine true small intestinal AA absorption, a dietary AA recovery approach was used, with 

AA flow corrected for any AA recovered between the stomach and terminal ileum which did not 

originate from the final milk meal (i.e., residual AA from the previous meal, and endogenous AA 

not reabsorbed in the small intestine) (Fuller & Tome, 2005; Moughan, 2023). As small intestinal 

AA absorption is considered complete at the end of the terminal ileum (van der Wielen et al., 2017), 

the true absorption determined in the present study was considered a measure of overall small 

intestinal AA absorption.  

Due to the extensive similarities between the pig and human gastrointestinal tract, as well as their 

feeding habits (Guilloteau et al., 2010; Moughan et al., 1992; Sciascia et al., 2016), the pig was 
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selected as a model for the adult human. Further, the pig has been shown to be an excellent predictor 

of the extent of ileal AA absorption of different foods with varying digestibility in the human 

(Hodgkinson et al., 2022). Although rates of absorption have not been compared between pigs and 

human, the pig can be considered the optimal in vivo model for the determination of absorption in 

the human. 

6.3. Materials and Methods 

6.3.1. Animals, dietary treatments, and experimental design 

This study was approved by the Massey University Animal Ethics Committee (approval no. 19/83). 

The animals, housing, dietary treatments, and experimental design of the pig study have been 

reported previously (Chapter 4) (Ahlborn et al., 2023a). In brief, 180 9-week-old locally sourced 

Large White × Landrace entire male pigs (bodyweight 22.4 ± 0.13 kg, mean ± standard error of the 

mean (SEM)), were housed in individual metabolic crates at the Animal Production Unit of Massey 

University, Palmerston North, New Zealand. 

The experimental treatments were raw, pasteurised non-homogenised (PNH), pasteurised 

homogenised (PH), or UHT bovine milk. A protein- and fat-free (PFF) solution was included as a 

fifth treatment to allow for the correction of endogenously released AA, as well as residual AA 

remaining from the previous (evening) meal. The PH, PNH, and UHT milk were commercially 

available processed products, while the raw milk was purchased locally (Gorge Fresh Organics, 

Palmerston North, New Zealand). The raw, PH, and UHT milk were fed as sourced, whereas PNH 

was prepared using simple gentle manual agitation to combine pasteurised trim milk with 

pasteurised cream to the same lipid content as the PH milk. A human-type meal was also 

formulated to emulate a typical Western diet, using the USDA's chemical composition data of each 
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intestine. The small intestine was uncoiled and the terminal ileal section (approximately 20 cm 

before the ileal-caecal junction) was isolated using clamps. The proximal and distal small intestinal 

sections were identified and separated by evenly clamping the remaining section in half. The 

complete digesta from the stomach, each small intestinal section, and the entire large intestine were 

collected as described previously (Chapter 3) (Ahlborn et al., 2023b; Montoya et al., 2022), and 

immediately frozen, freeze-dried, weighed, and ground. Freeze-dried and ground contents were 

stored at -20 °C until analysis. 

Throughout the study, samples from each milk type, as well as the PFF solution, were collected 

and freeze-dried for AA analysis (Chapter 4) (Ahlborn et al., 2023a). 

6.3.2. Chemical analyses of gastrointestinal samples 

The freeze-dried stomach and small intestinal contents were analysed for AA concentration by 24 

h hydrochloric acid hydrolysis with o-phthaldialdehyde pre-column derivatisation, followed by 

reverse-phase chromatography (Rutherfurd et al., 2012). Due to a high fat content, the stomach 

chyme was defatted prior to hydrolysis (Chapter 4) (Ahlborn et al., 2023a). The stomach, small 

intestinal, caecal, and colonic contents were also analysed for TiO2 concentration (Short et al., 

1996). 

6.3.3. Amino acid analysis of plasma samples 

The plasma samples were prepared and analysed for AA concentration by the Liggins Institute, 

Auckland, New Zealand. The automated AA sample preparation for ultra performance liquid 

chromatography (UPLC) assays was performed using the EpMotion 5075 platform (Eppendorf, 
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Hamburg, Germany). This process involves two primary procedures: protein precipitation 

(procedure 1) and fluorescent tagging (procedure 2).  

In each well of a 1.2 mL 96-well deep plate, 160 µL of 0.04 M sulphuric acid (Scharlau, Barcelona, 

Spain) containing 15 µM L-Nor-Valine (Sigma-Aldrich, Saint Louis, MO, USA) as internal 

standard was added using a TM 1000-8 eight-channel pipetting tool, followed by 20 µL of plasma 

sample, quality control one (human plasma provided by Auckland Biobank, NZ) or quality control 

two (300 µM Metabolomics AA Mix Standard (Cambridge Isotope Laboratories, Tewksbury, MA, 

USA)) by a TS 50 single-channel pipettor. After 2 min of shaking, 20 µL of 10% sodium tungstate 

(Acros Organics (Thermo Fisher Scientific), Waltham, MA, USA) was added to precipitate the 

protein, utilising the TM 1000-8 tool. The mixture was shaken for 3 min, held at 4 °C for 3 min, 

and shaken for an additional 3 min. The plate subsequently centrifuged at 1000 g for 10 min at 4 

°C.  

A tagging plate was prepared by adding 140 µL of 0.2 M borate buffer (pH 8.8 (Sigma-Aldrich, 

Saint Louis, MO, USA) adjusted with fresh 5 M NaOH) to each well of a new 1.2 mL 96-well deep 

plate, using the TM 1000-8 pipetting tool. Next, 20 µL of each of 5 standards, QC or the supernatant 

from the previous procedure were dispensed into the tagging plate using a TM 50-8 eight-channel 

pipetting tool. After 3 min of shaking, 10 µL of 6-aminoquinolyl-N-hydroxysuccinimidyl 

carbamate reagent (2.8 mg/mL in acetonitrile) (Cohen & Michaud, 1993) were added to the plate 

for fluorescent tagging purposes by the TM 50-8 pipettor, followed by an immediate 5 min of 

shaking. The plate was then sealed and heated at 55 °C for 10 min before being subjected to UPLC 

assay, as described by Prodhan et al. (2018).  
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Figure 6.2: Total amino acids (AA) in the gastrointestinal tract (GIT; stomach plus small 

intestine) at different postprandial time points of pigs fed a protein-fat free solution.  

The amount of individual AA followed a similar pattern. Values are means ± SEM, n = 6 for each 

postprandial time. 
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Figure 6.3: Postprandial concentrations of total amino acids (TAA) in portal and peripheral 

blood plasma of pigs fed a protein and fat free solution.  

Values are means ± SEM, n = 6 for each postprandial time. 
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6.5. Discussion  

This study is the first reporting the influence of heat treatment and homogenisation of bovine milk 

on true small intestinal absorption kinetics and plasma concentrations of AA. As hypothesised, PH 

and UHT treatment influenced the true small intestinal AA absorption. Further, this study 

demonstrated that portal and peripheral plasma AA concentration as a proxy for true absorption 

does not provide reliable conclusions. 

For most AA, the separation between the non-homogenised (i.e., raw and PNH) and homogenised 

(PH and UHT) milk treatments was clearly visible in the rates of absorption throughout the linear 

phase of the curve, which typically occurred between 60 min and 180 min for most AA. For most 

AA, the rates of absorption in the linear phase were faster for pigs fed PH or UHT milk, than for 

those fed raw or PNH milk. For example, between 60 and 180 min, the rate of absorption of TAA 

was 0.31%/min and 0.27%/min in pigs fed raw and PNH milk respectively, compared to 0.48%/min 

and 0.53%/min in pigs fed PH and UHT milk, respectively. 

 Generally, homogenisation (PH and UHT) increased the extent of true AA absorption in the small 

intestine. For instance, the extent of true absorption of BCAA, EAA, LNAA and TAA was 38%, 

40%, 40%, and 28% higher for pigs fed PH milk than those fed PNH milk, respectively. However, 

the extent of absorption of BCAA, EAA, LNAA, NEAA and TAA did not differ between pigs fed 

PH and pigs fed UHT milk, or between pigs fed raw milk and pigs fed PNH milk, which suggests 

that heat treatment alone has minimal effect on the extent of absorption in the small intestine. 

Despite this result, differences in the extent of absorption of some AA between pigs fed PH milk 

and pigs fed UHT milk approached significance, suggesting that stronger heat treatment of milk 

may have some effect on the extent of absorption. 
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The clear separation of the true small intestinal AA absorption kinetics between the non-

homogenised (raw and PNH) and homogenised (PH and UHT) milk treatments indicated that 

homogenisation resulted in a greater amount of AA absorbed comparatively earlier in the 

postprandial period for pigs fed PH or UHT milk, compared to those fed raw or PNH milk. This 

was reflected in the time taken to reach a true absorption of 50% (T50). For example, the T50 of 

most AA in pigs fed raw or PNH milk was similar and greater than the T50 observed in pigs fed PH 

or UHT milk. Previous research in pigs fed the same milk treatments reported a faster gastric 

release of BCAA, EAA, NEAA and TAA into the small intestine of pigs fed PH or UHT milk than 

for pigs fed raw or PNH milk (Chapter 5). 

In addition, the same study described in Chapter 5 demonstrated that in pigs fed PH or UHT milk, 

a greater amount of digested protein was released into the small intestine at a faster rate than in 

pigs fed raw milk. Protein which is already partially hydrolysed on entry into the small intestine 

requires less time for absorption, as less breakdown is required in the small intestine (Koopman et 

al., 2009b). Further, the rate and amount of digested protein entering the small intestine have been 

shown to influence the rate of absorption in the proximal and medial small intestine (Montoya et 

al., 2018). Therefore, it is expected that the increased small intestinal AA absorption observed for 

pigs fed PH or UHT milk could be explained by increased rates and amounts of digested protein 

and AA released into the small intestine. 

Differences in the release of digested protein and AA into the small intestine were accredited to 

processing-induced differences in the structure of the curd formed in the stomach (Chapter 5). For 

example, the curd of pigs fed UHT milk was softer with a loose structure, which appeared to 

promote rapid curd disintegration, greater protein hydrolysis, and a faster rate of AA release into 

the small intestine, compared with the curd of pigs fed raw or PNH milk. As such, it is proposed 



 

233 

that the differences in AA absorption kinetics observed for the processed milk treatments were 

linked to initial differences in gastric curd structure, and the effect of this on gastric digestion and 

emptying. Such a relationship between gastric transit and postprandial AA absorption kinetics has 

also been previously postulated in a review by Horstman and Huppertz (2022). 

To add to the importance of the effect of gastric emptying on AA absorption, when only the AA 

available for uptake were considered, the differences in small intestinal AA absorption kinetics 

between milk treatments mostly disappeared, indicating that the gastric retention of AA is one of 

the main determinants of both the extent and the kinetics of AA absorption. This effect is consistent 

with a previous single time point study by Ahlborn et al. (2023b) (Chapter 3), which reported a 

similar influence of gastric retention on the apparent absorption of AA in piglets fed from raw 

bovine, caprine, or ovine milk. Thus, the results from the present study, taken together with that of 

the aforementioned piglet study, confirm the modulatory role of gastric retention on both the 

kinetics and the extent of absorption of milk AA.  

The influence of the processing and time interaction on portal AA concentration was characterised 

by a maximal concentration of AA at 20 min in pigs fed PNH milk, which was not observed in pigs 

fed raw, PNH, or UHT milk until 60 min. For example, at 20 min, the portal BCAA concentration 

in pigs fed PNH milk was 38% higher than that in pigs fed raw, PH, or UHT milk. Considering the 

kinetics of true absorption in pigs fed the different milk treatments, this early peak in portal AA 

concentration for pigs fed PNH was unexpected, and the reasons behind this observation are 

unclear. However, previous research in piglets fed raw bovine, caprine, and ovine milk has shown 

that at 210 min, 67% of AA absorption occurring in the small intestine occurred in the first quarter 

of the small intestine (Chapter 3) (Ahlborn et al., 2023b). Despite a large proportion of absorption 

occurring in the proximal region of the small intestine, differences in absorption detected in the 
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proximal small intestine may not necessarily be detectable in later regions of the small intestine, as 

demonstrated in a study reporting AA absorption in beef-fed pigs (Montoya et al., 2018). Thus, it 

could be possible that differences in absorption occurring early in the small intestine are not 

detected through determination of the whole true absorption.  

The peripheral blood plasma concentrations of histidine, methionine, phenylalanine, threonine, 

asparagine, glycine, tryptophan, tyrosine, EAA, and LNAA were influenced by the interaction 

between processing and time. In the peripheral blood plasma, the concentration curves for these 

AA were typically characterised by a higher maximum concentration for pigs fed raw or UHT milk 

than pigs fed PNH or PH milk. The result for pigs fed raw and UHT milk aligns with a study in 

mini-pigs receiving either unheated or heated skim milk, which found similar EAA concentrations 

over time for each milk type (Barbé et al., 2013). It is important to note that in that study, all milk 

treatments used were reconstituted from powdered form. Thus, the drying treatment could have 

altered the protein structures in the milk (Singh, 2007), which could in turn have affected the 

peripheral blood plasma AA concentration over time (Le Feunteun et al., 2014). In contrast to the 

present results, a study by Horstman et al. (2021) showed that consumption of full-fat PH or full-

fat UHT milk standardised for volume and protein content resulted in similar maximum or time of 

maximum postprandial peripheral serum concentrations of EAA in humans. However, as with the 

present study, no intrinsic AA labelling was used for either of the aforementioned studies, so the 

results are influenced by whole-body metabolism, as well as the circulatory presence of 

endogenous and residual dietary AA and should be interpreted with caution. 

In both the portal and peripheral blood plasma, the AA concentrations of pigs fed the different milk 

treatments generally stabilised at similar levels after 120 min. This result may be partially explained 

by the similar, slower rate of absorption observed for most available AA for all milk treatments 
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after 120 min. It is expected that this observation could be the direct result of a reduced flow of 

digested protein and AA into the small intestine after 120 min, as reported in Chapter 5. 

In the pigs fed the PFF solution, an increase in AA concentration in portal and peripheral blood 

plasma was seen at 20 min, followed by a decrease at 60 min. It is expected that this observation 

is a result of the physiological response to an anticipated feed, which includes a release of enzymes 

such as lipase and pancreatic polypeptides, which are subsequently reabsorbed (Power & Schulkin, 

2008). Thus, it could be assumed that a portion of the plasma AA concentration at 20 min 

postprandially could be ascribed to endogenous AA production specific to that time point for pigs 

fed differently processed bovine milk. Further, the peripheral blood plasma also contains AA of 

microbial origin (Metges et al., 2006), which can be up to 20% of total body input, as is the case 

for leucine (Raj et al., 2008). Therefore, the effect of intestinal luminal metabolism and the 

contribution of non-dietary AA to both portal and peripheral blood plasma AA concentrations 

should not be neglected. These limitations restrict the conclusions that can be drawn from portal 

and peripheral blood AA concentrations. 

Some studies attempt to use the concentration of AA in the blood circulation as a proxy for the 

estimation of small intestinal absorption. However, while the results from the present study show 

processing does affect postprandial AA concentration in the blood plasma over time, they also 

demonstrate that, in the context of milk, AA concentration patterns in plasma were not consistently 

reflective of small intestinal AA absorption. In addition, the present study draws attention to the 

importance of AA metabolism in the small intestinal tissue, and highlights the needs to use tracer 

methodology, such as isotopically labelled AA described by de Lange et al. (1990); Engelen et al. 

(2014); Hess et al. (1998); Moughan (2023) to relate absorption with circulatory AA flows.   
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6.6. Conclusions  

This study is the first to report the impact of pasteurisation, UHT treatment and homogenisation of 

bovine milk on the true absorption of AA in the small intestine in the growing pig as an adult 

human model. Homogenisation increased the rate and extent of true absorption of most AA, 

resulting in a greater amount of AA being absorbed comparatively earlier in the postprandial period 

for pigs fed PH or UHT milk, compared to those fed raw or PNH milk. Heat treatment also had an 

effect on true AA absorption, although the influence of heat treatment was less pronounced than 

that of homogenisation.  

The results from the present study aligned with patterns previously reported for the gastric release 

of digested protein and AA from processed bovine milk into the small intestine. Further, the results 

demonstrate that, in the context of milk digestion, both the rate and amount of AA released from 

the stomach have a key role in determining small intestinal AA absorption. However, the 

differences in small intestinal AA absorption across the various processed milk treatments did not 

consistently reflect the concentrations of AA in the portal or peripheral blood plasma, indicating 

that plasma AA concentration alone is not representative of absorption. 

This study provided new knowledge on the true absorption of AA from heat treated and 

homogenised bovine milk. Whether these differences translate to indicative differences in protein 

metabolism (e.g., protein synthesis) remains to be confirmed.  
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Figure 7.1: An overview of the dissertation research outcomes.  
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7.1. Key findings 

The present thesis research began with an exploratory study to establish whether the consumption 

of raw bovine, caprine and ovine milk with known differences in gastric curd formation and protein 

emptying would result in detectable differences in small intestinal AA absorption at 210 min 

postprandially. For this purpose, the apparent small intestinal absorption of AA was determined in 

piglets as an in vivo model of the human infant (Chapter 3). This research showed that raw bovine, 

caprine, and ovine milk had different apparent small intestinal absorption at 210 min 

postprandially. However, the differences in apparent small intestinal AA absorption between milk 

types were dependent on gastric AA retention, likely resulting from differences in gastric curd 

structure. Chapter 3 also highlighted the modulatory effect of gastric protein behaviour on the in 

vivo small intestinal AA digestibility of raw milk. In addition, the research in Chapter 3 

demonstrated that, as expected, for most AA at least two-thirds of the apparent AA absorption at 

210 min occurred within the first quarter of the small intestine. 

Based on the importance of the relationship between gastric protein behaviour and the small 

intestinal digestibility of milk protein shown in Chapter 3, the processed bovine milk protein 

digestibility section of the thesis research began by investigating the effect of pasteurisation, UHT 

treatment, and homogenisation on the in vivo gastric curd formation and dry matter (DM), protein, 

and lipid macronutrient emptying (Chapter 4). Both heating and homogenisation altered the 

structure of the gastric curd which became progressively more fractionated and porous as the extent 

of processing increased. Further, homogenisation (pasteurised homogenised (PH) and UHT treated 

milk) resulted in smaller fat globules incorporated into the protein network, whereas the rigid 

protein matrix of the unhomogenised milk (raw and pasteurised non-homogenised (PNH) milk) 

contained large groups of coalesced milk fat globules. Based on the existing literature, the 
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differences in curd structure could be explained by processing-induced changes to native casein 

micelles, whey protein and milk fat globules structures (Anema & Li, 2003; Corredig & Dalgleish, 

1999; De Kruif et al., 2012; Lee & Sherbon, 2002; Ye et al, 2004a; Ye et al, 2004b). 

The more fractionated curd structure formed by PH and UHT milk resulted in a softer curd, 

compared to raw and PNH milk. The softer, more open protein network formed by the PH and 

UHT milk was hydrolysed more rapidly than that of raw and PNH milk, which in turn resulted in 

a faster gastric emptying of DM, protein and lipid. In contrast, the mild heat treatment 

(pasteurisation) of milk without the addition of a homogenisation step did not influence the curd 

strength, or gastric emptying of DM or total protein from the curd or the total chyme, compared to 

raw milk. However, mild heat treatment alone did increase the gastric release of lipid from the total 

gastric contents, and from the curd.  

Other studies have suggested that the release of lipid from gastric curd is coupled to curd protein 

release (Roy et al., 2022; Ye et al., 2016). In the present study, a strong positive linear correlation 

(r = 0.94) was observed between the release of protein and lipid from the gastric curd of pigs fed 

each milk treatment (Chapter 4) (Figure 7.2). This correlation suggested that the relationship 

between curd protein network disintegration, and lipid release into the gastric liquid phase also 

persisted for processed bovine milk treatments. 

While both heat treatment and homogenisation altered the protein to lipid retention ratio of the 

gastric curd, strong heat treatment combined with homogenisation (UHT) resulted in an inverse 

protein to lipid retention ratio, compared to mild heat treatment (PNH) or mild heat treatment 

combined with homogenisation (PH). The difference in protein to fat ratio of the curd formed from 

UHT milk compared to the other milk treatments is likely explained by the loose initial curd 
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structure, and more rapid lipid emptying kinetics observed for pigs fed UHT milk, as described in 

Chapter 4.  

Differences in gastric curd structure, and the release of DM, protein, and lipid from the curd were 

reflected in the emptying of total gastric contents, whereas the gastric liquid phase had minimal 

impact on these overall outcomes of gastric digestion. Thus, this thesis research showed that the 

emptying of the total gastric content was determined by the curd disintegration and emptying 

behaviours. 

 

 

 

 

 

 

 

Figure 7.2: Correlation between the amount of total protein and total lipid retained in the 

stomach solid (curd) of pigs fed raw, pasteurised non-homogenised, pasteurised homogenised, or 

ultra-high temperature treated bovine milk, as sampled at 20, 60, 120, 180, and 300 min 

postprandially.  

Fitted means for each treatment and time point combination are shown, n = 5 or 6 for each 

treatment and time point combination.   

r = 0.94
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The altered curd structure and gastric emptying characteristics caused by heat treatment and 

homogenisation had subsequent effects on the gastric protein digestion, and the flow of digested 

protein and AA into the small intestine (Chapter 5). Both heat treatment and homogenisation 

increased the apparent degree of gastric protein hydrolysis, the gastric disappearance of individual 

proteins, and the release of digested protein into the small intestine. However, the rate and amount 

of most AA entering the small intestine, which could be considered as the final outcomes of gastric 

digestion, were mainly increased by homogenisation. In contrast, heat treatment had a less 

pronounced effect on gastric AA emptying.  

The influence of homogenisation on the flow of AA into the small intestine was directly reflected 

in the true small intestinal AA absorption kinetics (Chapter 6). In the small intestine, faster 

absorption kinetics were observed for most AA from the homogenised milk treatments, compared 

to those from the non-homogenised milk treatments. Homogenisation also increased the extent of 

true small intestinal AA absorption. Similar to the gastric release of AA, the effect of heat treatment 

on the rate and extent of true small intestinal AA absorption was less obvious. 

Across the differently processed bovine milk types, a strong negative linear correlation was 

observed between the rate of AA entering the small intestine and the rate of true small intestinal 

AA absorption (r = -0.94) (Chapter 6) (Figure 7.3). This finding supported the results of Chapter 

3, which showed that the absorption of milk AA in the small intestine was influenced by the release 

of AA from the stomach.  

When considering the relationship between curd structure and gastric emptying discussed in 

Chapters 4 and 5, in conjunction with the correlation of small intestinal AA absorption with gastric 

AA release, it is clear that differences in AA absorption are the result of differences in gastric milk 
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coagulation. For example, the slower true small intestinal AA absorption kinetics observed for pigs 

fed raw and PNH milk could be explained by the slower release of AA into the small intestine, 

compared to pigs fed PH and UHT milk. The slower AA gastric emptying kinetics for these pigs 

was explained by the dense and strong curd formed during gastric digestion. 

Similarly, the plateaued rate of absorption observed after 180 min for most AA in pigs fed UHT 

can be explained by the reduced rate of AA entering the small intestine, as a result of the small 

amount of the consumed protein remaining in the stomach at 180 and 300 min; a scenario which 

arose due to the rapid protein emptying over the postprandial digestion period. 

 

Figure 7.3: Correlation between the gastric retention of total amino acids (TAA) in the total 

gastric contents, and the true overall absorption of TAA in the small intestine of pigs fed raw, 

pasteurised non-homogenised, pasteurised homogenised, or ultra-high temperature treated bovine 

milk, as sampled at 20, 60, 120, 180, and 300 min postprandially.  

Fitted means for each treatment and time point combination are shown, n = 5 or 6 for each data 

point.  

r = -0.94



 

253 

Boirie et al. (1997), Horstman and Huppertz (2022), and Boulier et al. (2023) have proposed that 

the gastric emptying kinetics determined by curd structure could be the main modulator of small 

intestinal absorption kinetics. However, this thesis research is the first to demonstrate this 

relationship, by linking gastric curd characteristics with gastric protein digestion, gastric protein 

and AA emptying, and true small intestinal AA absorption.  

Research by Roy et al. (2022) reported different curd structure formation and protein emptying 

kinetics for piglets fed raw bovine, caprine, and ovine milk. The single time point study described 

in Chapter 3 showed a correlation between the apparent small intestinal absorption of raw ruminant 

milk and gastric AA retention. Thus, when this correlation and the results of Roy et al. (2022) are 

taken with the findings from Chapter 6, it could be proposed that a similar dependent relationship 

between gastric curd formation and small intestinal AA absorption kinetics might also be observed 

for raw bovine, caprine, and ovine milk. 

As a final physiological outcome, the postprandial plasma concentration of AA in the portal vein 

and in peripheral blood of pigs fed each processed milk treatment was compared. As expected, the 

effect of processing on plasma AA concentration was more visible in the portal vein than in 

peripheral blood. However, the clear effect of homogenisation on true small intestinal AA 

absorption kinetics was not reflected in plasma AA concentrations. Thus, the findings from Chapter 

6 demonstrate that plasma AA concentration is an inaccurate proxy for gastric AA emptying or 

small intestinal AA absorption, and as such this area remains to be investigated. Together with the 

strong relationship between gastric AA release and small intestinal AA absorption, these results 

suggest that, in the absence of tracer methodologies, the gastric AA emptying is a better indicator 

of AA absorption than plasma concentrations. However, the limitation of this approach is that 
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Another strength was the scale of the study carried out. The use of a sufficiently large sample size 

(180 pigs; n = 6 per treatment and time point combination) for the outcome with the lowest 

detectable difference (small intestinal AA absorption and AA plasma concentration) powered at an 

appropriate level (80%), means that the conclusions drawn from the results can be expected to be 

reliable. 

The inclusion of a protein-fat-free solution as an experimental meal allowed for the samples 

collected from the processed-milk fed groups to be corrected for endogenous AA, as well as 

residual AA from the pre-fast meal. Furthermore, some pigs had residual pre-fast meal remaining 

in the stomach, which could be corrected for using the amount and composition of pre-fast meal 

retained in some of the pigs fed the protein-fat free solution.  

A further strength of the growing pig study was that the gastrointestinal content and blood samples 

were collected from the same animals in the same study. This allowed for an in-depth 

understanding of the links between each of the digestion and absorption stages. In addition, this 

approach ensured consistency of factors such as milk composition, milk processing conditions, 

milk storage, animal demographics, feeding routines, and animal handling throughout the study, 

thus avoiding the effects of uncontrolled extraneous variables on the outcomes from each 

gastrointestinal section.  

In terms of application of the thesis research, the pigs in the processed bovine milk study consumed 

commercially available processed bovine milk, which can be easily accessed through supermarkets 

in most Western countries. With the exception of the PNH milk, which was prepared by combining 

skim milk with cream, the milk was consumed as purchased, which makes the present findings 

relevant to the standard Western household consumer.  
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7.3. Limitations 

During the thesis research some limitations were identified. While the effects of the limitations on 

the results were minimised as much as possible, some aspects remain to be considered. 

While determining the apparent small intestinal AA absorption of raw bovine, caprine, and ovine 

milk in the piglet model, the smaller physical size of the animal limited the amount of terminal 

ileal digesta that could be collected, which meant that some estimations were required, based on 

two animals. As a result, the overall small intestinal AA absorption could not be determined. In 

addition, the small group size (n = 4) means that the reported results could be influenced by intra-

individual variation.  

The study used for the determination of small intestinal AA absorption of raw bovine, caprine, and 

ovine milk did not include a protein fat free treatment to correct for endogenous and pre-fast dietary 

AA. Thus, the results were not solely representative of dietary AA, and only apparent AA 

absorption could be determined.  

The milk consumed by the piglets was standardised for protein content, which resulted in the 

consumption of differing volumes, due to differences in nutrient composition of bovine, ovine, and 

caprine milk. As volume can affect gastric emptying, it is possible that this could in turn have 

affected the release of AA into the small intestine, which could subsequently have impacted the 

apparent AA absorption. 

Blood collected from the portal vein over the study time course contains the AA transported from 

the whole gastrointestinal tract, although these AA concentrations have been influenced by 

gastrointestinal epithelial cell metabolism (Stoll et al., 1998). In contrast, blood collected from the 

inferior vena cava vein can be considered peripheral blood, as the circulating AA concentrations 
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have already been additionally influenced by liver metabolism, which altogether can metabolise 

close to 60% of dietary nitrogen (Fouillet et al., 2003). Besides dietary AA, the presence of AA 

from endogenous origin contributes to the circulating AA. Therefore, the use of portal and 

peripheral blood for the estimation of dietary AA appearance is not an accurate approach. In 

addition, blood flow was not measured, which meant that blood AA fluxes could not be determined.  

During the collection of portal and peripheral blood of pigs fed differently processed bovine milk, 

the pigs were deeply anaesthetised by the intravenous administration of a drug cocktail containing 

ketamine, xylazine, zolazepam, and tiletamine. There is some in vivo evidence that the use of 

intravenous anaesthetics, including ketamine and xylazine, could have vasodilatory properties 

(Irwin et al., 2023; Yamazaki et al., 1995), which may result in an increased splanchnic blood flow 

(Harper & Chandler, 2016). The use of these drugs could have affected the concentrations of AA 

in the portal and peripheral blood at each time point, which is especially important for the relevance 

of these measures to the postprandial peripheral blood collection from non-anaesthetised humans. 

However, this relationship has not been consistently reported in vivo or in humans.  

Some anaesthetic drugs are reported to impact aspects of gastrointestinal digestion, such as gastric 

emptying. However, there is minimal research on the effects of anaesthesia by ketamine, xylazine, 

zolazepam, and tiletamine on the gastrointestinal function relative to digestion and absorption. In 

any case, for both pig studies all gastrointestinal sample collection was carried out within 10 min 

of full anaesthetisation. Thus, in pigs sampled at least 60 min postprandially the effect of 

anaesthesia on the gastrointestinal transit of the milk meal is expected to be minimal, due to the 

short sampling timeframe relative to the postprandial time point. In pigs sampled at 20 min 

postprandially, the gastric results showed that the milk meal had not yet been released from the 
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stomach. As such any potential effect of anaesthesia on gastrointestinal motility should not have 

affected the results. 

Finally, it is important to note that the thesis research was carried out in the pig as a model for the 

human. While the morphological and functional aspects of gastrointestinal digestion are similar 

between the two species, it cannot be guaranteed that the effects of heat treatment and 

homogenisation on the digestion and absorption of bovine milk protein observed here will be 

replicated in the human. 

7.4. Future directions 

The research presented in this dissertation has highlighted various aspects of processed milk 

digestion and absorption which warrant further investigation. These aspects are described in the 

following suggestions, which might guide future research on the digestion and absorption of 

processed milk. 

1. The differences in the apparent amount of AA absorbed from raw bovine, caprine, and 

ovine milk at 210 min suggest that the raw ruminant milk types each have differing small 

intestinal AA absorption kinetics. However, this aspect has not yet been investigated. 

Therefore, a study determining the rates of small intestinal AA absorption of raw bovine, 

caprine, and ovine milk is warranted. This study should include a protein-fat-free 

treatment, to allow for the correction of endogenous and residual dietary AA. 

2. The research in Chapter 3 demonstrated that the majority of raw milk AA absorption 

occurred in the first quarter of the small intestine. However, for heat treated and 

homogenised bovine milk, only the overall small intestinal AA absorption of processed 
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bovine milk was determined. Thus, it could be expected that AA absorption in different 

locations of the small intestine could also be influenced by processing, as a result of 

differences in gastric emptying kinetics. Therefore, it is suggested that the small intestinal 

AA absorption kinetics of differently processed bovine milk in different locations 

throughout the small intestine is investigated.  

3. Other factors which could influence gastric protein emptying were not investigated in this 

study. For example, the semiquantitative approach used to estimate individual protein 

emptying in this thesis suggests that the processing influenced the disappearance of casein 

and whey protein fractions, which might indicate the individual proteins from differently 

processed bovine milk could have differing rates of release into the small intestine. 

However, this observation is a combination of the gastric digestion and gastric emptying, 

and the influence of processing-induced structural changes of individual proteins on 

gastric digestion and gastric emptying remains to be quantified. To this end, the analysis 

of peptide kinetics in the stomach and small intestine after the consumption of processed 

bovine milk is warranted.  

4. The use of portal and peripheral blood for the estimation of dietary AA appearance is an 

inaccurate approach. Thus, to accurately determine the postprandial blood plasma 

concentrations and flows of AA from heat treated and homogenised milk it is suggested 

that a study determining the blood flow and AA appearance kinetics of isotope-labelled 

proteins of processed milk is carried out.  

5. Extracted dairy proteins with differing absorption rates resulting in altered plasma AA 

concentrations have been shown to differentially affect various metabolic processes 
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throughout the body, such as skeletal muscle protein synthesis (Koopman et al., 2009; 

Tang et al., 2009). Therefore, a study to determine the metabolic effect of the processed 

bovine milk treatments is warranted. When used with the present results, a metabolic study 

(i.e., investigating postprandial protein metabolism markers in the circulatory system) 

could be valuable for the design of processing treatments and products which enhance the 

nutritional outcomes of dairy consumption, especially for specific populations with 

modified protein needs, such as the elderly (Moore et al., 2015). 

6. Extensive research efforts should be made to understand the relevance of the current 

knowledge of milk protein digestion and AA absorption in the pig model to the human. 

Alongside confirming the persistence of the observed results in humans, such validation 

could provide a valuable basis for the future use of digestion outcomes determined in 

humans (i.e., blood AA appearance) as indicators for changes occurring during the 

gastrointestinal digestion (i.e., gastric AA emptying). However, it is expected that this 

research could be challenging, due to the limitations associated with invasive human 

sample collection. 

7. While this thesis research focussed on protein digestion and AA absorption, Chapter 4 

showed that heat treatment and homogenisation also altered the behaviour of milk lipid in 

the stomach and increased the rate of release of lipid into the small intestine. Based on the 

altered plasma concentrations of fatty acids after the consumption of pasteurised and UHT 

treated bovine milk (Nuora et al., 2018), it could be expected that different gastric lipid 

emptying could affect lipid absorption in the small intestine. Samples were collected for 

these analyses, however the impact of Covid-19 on the thesis timeline meant that the 

analyses could not be included. Therefore, the investigation of the impact of processing 
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on milk lipid small intestinal digestion and absorption kinetics, and appearance in the 

lymph and blood circulatory systems remains to be determined. 

8. In the context of nutritional research, the pig is generally accepted as the best model for 

the human at various life stages (Roura et al., 2016). The animal model plays a particularly 

essential role in scenarios where conducting the same research in the human would result 

in a loss of detail (i.e., due to sample collection limitations), or where dynamic 

physiological processes cannot be sufficiently simulated in vitro. In this way, the pig 

makes valuable contributions to the advancement of scientific knowledge. However, an 

increasing ethical pressure to avoid animal models in research scenarios has become 

apparent, and reliable alternative approaches must be identified. Currently, in vitro gastric 

models have been shown to accurately simulate the in vivo gastric digestion of differently 

processed bovine milk, but dynamic small intestinal models which incorporate a 

physiologically relevant simulated absorption aspect still need to be developed. Therefore, 

a concerted research effort should be made to develop accurate, repeatable in vitro small 

intestinal absorption models. These gastrointestinal in vitro models should be validated 

against both the pig and the human for various foods with different compositions and 

structural matrices. This development and validation would provide the detail necessary 

to create a thorough understanding of gastrointestinal digestive behaviour when other test 

foods are applied, without a reliance on animal models. A further alternative to the use of 

animals in nutritional research is the application of mathematical models, such as those 

developed by Strathe et al. (2008) and Le Feunteun et al. (2014). However, these rely on 

the input of various fixed parameters (i.e., gastric retention time) specific to the food of 
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interest. To this end, it is suggested that the current thesis research could be used to inform 

and refine such mathematical models for the application to other processed dairy products. 

9. This research used the growing pig as a model for the healthy adult. However, the findings 

from the present research are especially relevant for the development of milk-based 

products which can meet specific protein-related nutritional needs. Thus, efforts should 

be made to understand the translation of the current results to demographic groups with 

altered protein requirements, such as the elderly. While the use of an older pig as a model 

for the elderly human would provide fundamental knowledge, such research efforts should 

also be validated in the elderly human. 

7.5. Conclusions 

Overall, this thesis showed that both heat treatment and homogenisation influenced the digestion 

of protein and absorption of AA in the growing pig as a model for the adult human fed whole milk. 

Further, this thesis is the first research to demonstrate that the true small intestinal AA absorption 

in these pigs is modulated by gastric retention, as a result of differences in curd structures.  

The heat treatment and homogenisation of bovine milk altered the curd structures formed during 

in vivo gastric digestion, which increased the gastric emptying of DM, protein, and lipid. However, 

the release of digested protein and AA into the small intestine was mainly increased by 

homogenisation, with minimal effect observed for heat treatment. This pattern was reflected in the 

small intestinal AA absorption kinetics, where homogenisation increased the rate and extent of 

milk AA absorption. Heat treatment also had a less pronounced effect of small intestinal AA 

absorption. Differences in small intestinal AA absorption kinetics of pigs fed the different bovine 

milk processing treatments were dependent on gastric AA retention. The influence of gastric AA 
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retention on small intestinal AA absorption was also consistent for raw bovine, caprine and ovine 

milk in piglets as a human infant model. 

The differences in small intestinal AA absorption between differently processed bovine milk types 

were not consistently reflected in the concentration of AA in the peripheral and portal blood 

plasma. This finding indicated that plasma AA concentration alone is not representative of the true 

small intestinal AA absorption in pigs fed processed bovine milk. Based on the outcomes of the 

thesis research, it is suggested that, in the absence of tracer methodology, the gastric AA emptying 

is a better predictor of small intestinal AA absorption than plasma AA concentrations. 

Overall, homogenisation of bovine milk had a strong effect on the overall protein digestion and 

AA absorption outcomes in the pig as an adult human model. Heat treatment had a less pronounced 

effect. The manipulation of curd structure through processing is an approach for the modification 

of the small intestinal AA absorption kinetics of bovine milk but not of circulatory AA 

concentrations. The new knowledge gained through this research could be used to design milk 

products which optimise the delivery of milk protein and AA to the small intestine. It is not yet 

clear whether these differences translate to indicative differences in blood AA appearance kinetics, 

and subsequently whole-body or tissue-specific protein metabolism (e.g., protein synthesis). 
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Method A1.1. Gastric chyme defatting 

 

Freeze-dried and ground gastric curd (solid fraction) and liquid fraction were weighed (1 

g) in a glass tube before addition of petroleum ether and diethyl ether at a 1:5:5 ratio. 

Solvents were added, vortexed for 30 s, stood for 5 min, and centrifuged at 3,000 rpm for 

7 min at room temperature. The solvent fraction was removed using a water-vacuum 

system. The same procedure was repeated twice to remove residual solvent. The samples 

were then incubated at 105 °C for one hour, cooled, and the remaining lipid-free sample 

material was weighed. 
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Figure A2.1: Correlation between Mojonnier and petroleum/diethyl ether lipid extraction 

methods for a representative sample set of milk (4) and curd (6) collected at different 

post-feeding times of growing pigs fed different processed bovine milk types. 

  

r = 0.998
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EAA 

0  940.5 ± 77.5 945.3 ± 77.5 1064.7 ± 77.5 1047 ± 84.9  

- <0.01 <0.01 

20  1685.2 ± 84.9 2130.3 ± 94.9 1556.7 ± 94.9 1487.8 ± 94.9  
60  1917.4 ± 84.9 1737.3 ± 77.5 1825.8 ± 77.5 2022.6 ± 84.9  
120  1133.9 ± 77.5 1138.4 ± 84.9 981.2 ± 94.9 1281.8 ± 71.7  
180  1071.1 ± 77.5 1119.9 ± 77.5 1093.7 ± 84.9 1158.0 ± 77.5  
300  1085.1 ± 84.9 1071.3 ± 77.5 1087.3 ± 77.5 1050.8 ± 77.5  

Ala 

0  286.0 ± 50.3 273.6 ± 51.9 272.9 ± 43.4 254.1 ± 58.8  

- <0.01 - 

20  575.2 ± 50.3 661.0 ± 51.9 528.8 ± 47.6 533.7 ± 53.7  
60  774.3 ± 50.3 626.6 ± 51.9 796.3 ± 43.4 849.9 ± 53.7  
120  479.1 ± 50.3 452.6 ± 51.9 521.4 ± 43.4 514.2 ± 49.7  
180  380.6 ± 50.3 369.4 ± 51.9 364.1 ± 43.4 415.8 ± 53.7  
300  379.7 ± 50.3 353.3 ± 51.9 301.0 ± 43.4 385.6 ± 53.7  

Arg 

0  105.4 ± 13.8 119.7 ± 19.8 121.3 ± 16.5 128.1 ± 21.1  

- <0.01 - 

20  172.8 ± 13.8 218.3 ± 21.7 178.4 ± 18.0 190.9 ± 19.3  
60  169.6 ± 13.8 174.7 ± 19.8 155.1 ± 16.5 206.6 ± 19.3  
120  100.0 ± 13.8 112.9 ± 19.8 115.9 ± 16.5 103.1 ± 17.9  
180  96.9 ± 13.8 108.1 ± 19.8 103.0 ± 16.5 109.0 ± 19.3  
300  101.8 ± 13.8 111.7 ± 19.8 99.2 ± 16.5 93.6 ± 19.3  

Asp 

0  43.6 ± 9.6 43.2 ± 9.6 49.2 ± 9.6 51.2 ± 10.6  

- <0.01 <0.01 

20  100.4 ± 9.6 152.9 ± 9.6 94.6 ± 10.6 114.7 ± 9.6  
60  139.8 ± 9.6 116.7 ± 9.6 126.1 ± 9.6 156.6 ± 9.6  
120  72.2 ± 9.6 69.4 ± 9.6 80.1 ± 9.6 76.4 ± 8.9  
180  51.7 ± 9.6 58.1 ± 9.6 57.6 ± 9.6 64.3 ± 9.6  
300  52.3 ± 9.6 50.4 ± 9.6 44.8 ± 9.6 48.9 ± 9.6  

Asx 

0  19.4 ± 2.1 16.8 ± 2.1 17.2 ± 2.1 16.7 ± 2.3  

- <0.01 <0.01 

20  23.6 ± 2.1 29.4 ± 2.1 22.3 ± 2.3 20.4 ± 2.1  
60  30.8 ± 2.1 23.7 ± 2.1 33.2 ± 2.1 32.9 ± 2.1  
120  16.9 ± 2.1 20.2 ± 2.1 17.8 ± 2.1 20.7 ± 1.9  
180  17.0 ± 2.1 16.8 ± 2.1 20.5 ± 2.1 16.7 ± 2.1  
300  16.7 ± 2.1 16.3 ± 2.3 18.0 ± 2.1 18.2 ± 2.1  
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Cit 

0  69.2 ± 4.6 73.4 ± 4.6 76.6 ± 4.6 76.2 ± 4.7  

- <0.01 <0.01 

20  78.3 ± 3.8 82.5 ± 3.7 85.7 ± 3.8 85.3 ± 3.8  
60  87.5 ± 4.3 91.7 ± 4.2 94.9 ± 4.3 94.4 ± 4.2  
120  84.9 ± 4.0 89.1 ± 3.9 92.3 ± 4.0 91.8 ± 3.9  
180  72.7 ± 4.7 76.9 ± 4.7 80.1 ± 4.7 79.6 ± 4.7  
300  64.4 ± 5.0 68.6 ± 4.9 71.8 ± 5.0 71.3 ± 4.9  

Gln 

0  349.5 ± 28.1 373.4 ± 28.1 361.8 ± 30.8 375.3 ± 30.8  

- <0.01 - 

20  471.5 ± 28.1 535.8 ± 30.8 458.6 ± 30.8 501.4 ± 28.1  
60  544.5 ± 28.1 532.4 ± 28.1 523.6 ± 28.1 622.7 ± 28.1  
120  407.6 ± 28.1 390.8 ± 28.1 440.8 ± 28.1 429.0 ± 26.1  
180  377.6 ± 28.1 390.3 ± 28.1 384.1 ± 28.1 400.4 ± 28.1  
300  341.0 ± 28.1 337.8 ± 28.1 325.1 ± 28.1 318.7 ± 28.1  

Glu 

0  193.3 ± 17.4 146.2 ± 17.4 170.2 ± 17.4 153.6 ± 19.0  

- <0.01 - 

20  183.0 ± 17.4 207.5 ± 17.4 188.9 ± 19.0 190.8 ± 17.4  
60  284.0 ± 17.4 247.5 ± 17.4 283.3 ± 17.4 291.8 ± 17.4  
120  172.9 ± 17.4 194.2 ± 17.4 175.9 ± 17.4 178.1 ± 17.4  
180  198.5 ± 17.4 172.4 ± 17.4 201.7 ± 17.4 168.6 ± 17.4  
300  185.4 ± 17.4 208.6 ± 17.4 213.6 ± 17.4 185.8 ± 17.4  

Gly 

0  701.3 ± 48.0 788.5 ± 48.0 790.0 ± 48.0 780.8 ± 52.5  

- <0.01 <0.01 

20  805.3 ± 48.0 971.4 ± 48.0 780.0± 52.5 812.8 ± 48.0  
60  851.5 ± 48.0 720.2 ± 48.0 772.3 ± 48.0 959.9 ± 48.0  
120  769.7 ± 48.0 654.2 ± 48.0 757.4 ± 48.0 703.2 ± 44.4  
180  655.1 ± 48.0 754.1 ± 48.0 720 ± 48.0 761.2 ± 48.0  
300  653.8 ± 52.5 695.0 ± 48.0 644.4 ± 48.0 690.6 ± 48.0  

Orn 

0  42.3 ± 4.7 43.8 ± 4.7 41.8 ± 4.7 40.9 ± 5.2  

- <0.01 - 

20  59.0 ± 4.7 57.0 ± 4.7 53.5 ± 5.2 53.0 ± 4.7  
60  69.9 ± 4.7 66.1 ± 4.7 66.3 ± 4.7 71.4 ± 4.7  
120  52.2 ± 4.7 60.1 ± 4.7 56.7 ± 4.7 55.4 ± 4.4  
180  46.3 ± 4.7 49 ± 4.7 55.5 ± 4.7 47.6 ± 4.7  
300  45.1 ± 4.7 39.1 ± 4.7 49.9 ± 4.7 38.6 ± 4.7  
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Table A4.5. Postprandial concentration of individual and grouped amino acids in peripheral blood plasma of pigs fed raw, pasteurised 

non-homogenised (PNH), pasteurised homogenised (PH), and ultra-high temperature treated (UHT) bovine milk. 

 
   

     
 

   Raw PNH PH UHT  P 
   µmol/L  Diet Time Diet x time 

Ile  

0  117.2 ± 9.3 106.4 ± 8.5 113.9 ± 8.5 109.5 ± 9.3 
 

-  <0.01  -  

20  137.2 ± 8.5 155.5 ± 8.5 166.0 ± 8.5 144.0 ± 8.5 
 

60  184.1 ± 8.5 175.1 ± 8.5 162.4 ± 8.5 188.9 ± 8.5 
 

120  105.1 ± 8.5 121.9 ± 8.5 109.1 ± 8.5 118.0 ± 7.9 
 

180  115.5 ± 8.5 116.6 ± 8.5 114.1 ± 8.5 114.2 ± 8.5 
 

300  121.7 ± 8.5 121.5 ± 8.5 120.0 ± 8.5 120.6 ± 8.5 
 

Leu  

0  140.6 ± 14.2 119.1 ± 13.0 147.7 ± 13.0 145.3 ± 14.2 
 

-  <0.01  -  

20  191.7 ± 13.0 239.8 ± 13.0 224.8 ± 13.0 194.3 ± 13.0 
 

60  254.1 ± 13.0 243.3 ± 13.0 228.6 ± 13.0 260.6 ± 13.0 
 

120  141.4 ± 13.0 167.0 ± 13.0 148.3 ± 13.0 162.2 ± 12.0 
 

180  148.5 ± 13.0 155.2 ± 13.0 154.9 ± 13.0 157.4 ± 13.0 
 

300  171.8 ± 13.0 162.6 ± 13.0 169.4 ± 13.0 162.1 ± 13.0 
 

Val  

0  287.9 ± 17.3 261.5 ± 15.8 286.3 ± 15.8 278.1 ± 17.3 
 

-  <0.01  -  

20  317.0 ± 15.8 354.8 ± 15.8 359.0 ± 15.8 319.3 ± 15.8 
 

60  379.3 ± 15.8 362.5 ± 15.8 348.5 ± 15.8 388.0 ± 15.8 
 

120  264.0 ± 15.8 285.3 ± 15.8 276.3 ± 15.8 288.8 ± 14.6 
 

180  269.1 ± 15.8 284.0 ± 15.8 271.1 ± 15.8 283.3 ± 15.8 
 

300  289.0 ± 15.8 267.1 ± 15.8 273.9 ± 15.8 281.5 ± 15.8 
 

BCAA  

0  545.7 ± 39.1 487.0 ± 35.7 547.9 ± 35.7 532.9 ± 39.1 
 

-  <0.01  -  

20  645.9 ± 35.7 750.1 ± 35.7 749.7 ± 35.7 657.6 ± 35.7 
 

60  817.5 ± 35.7 780.9 ± 35.7 739.5 ± 35.7 837.4 ± 35.7 
 

120  510.4 ± 35.7 574.2 ± 35.7 533.6 ± 35.7 569.0 ± 33.1 
 

180  533.1 ± 35.7 555.8 ± 35.7 540.0 ± 35.7 554.8 ± 35.7 
 

300  582.5 ± 35.7 551.1 ± 35.7 563.3 ± 35.7 564.1 ± 35.7 
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