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ABSTRACT

Structural changes in milk during gastric digestion are 
a key driving factor for the rate of digestion of nutrients 
in the gastrointestinal tract. Thus, the influence of gastric 
coagulation behavior on the kinetics of protein digestion 
of raw cow, goat, and sheep whole milk in the stomach 
was investigated using the 3-wk-old suckled male piglet 
as an animal model for human infants. Piglets received 
a single meal of fresh raw milk normalized for protein 
content, and were slaughtered at 0, 30, 90, 150, or 210 
min postprandially. Gastric chyme and cardiac blood 
samples were collected. Gastric pepsin activity, rate of 
protein hydrolysis, and gastric emptying of AA were 
determined along with how these changes influence the 
appearance of AA in the plasma. The disappearance rates 
of individual proteins (especially β-LG and αS-CN), total 
digested proteins entering the small intestine, as well as 
the gastric emptying of some AA (proline, leucine) were 
(or tended to be) greater for goat and sheep milk than for 
cow milk. Differences in plasma concentrations for some 
AA (e.g., leucine) were observed across milk types, but 
they did not directly reflect changes in gastric protein 
digestion and the gastric emptying of AA. In conclu-
sion, a combination of protein (and AA) composition, 
susceptibility of specific proteins to hydrolysis, and the 
nature of the curd structure formed influenced the diges-
tion behavior of milk proteins in the stomach and their 
subsequent release into the small intestine.
Key words: milk of different species, gastric protein 
digestion, gastric emptying of amino acids, appearance 
of blood amino acids, piglet model

INTRODUCTION

Cow milk accounts for ~81% of the world’s milk 
production, followed by milk from noncow species 
such as buffalo (~15%), goat (~2%), sheep (~1%), 
and camel (~0.4%; FAOSTAT, 2024). The demand for 
noncow milk such as goat and sheep milk is increas-
ing, likely due to consumer perceptions about ease of 
digestion and health benefits (Jandal, 1996; Haenlein, 
2004; Haenlein and Wendorff, 2006; Park et al., 2007; 
Park, 2006a,b; Crowley et al., 2017). However, little 
scientific information is available about the in vivo 
digestion of noncow milk. A deeper scientific under-
standing of noncow milk digestion behavior is needed 
because these milk types are potential options for the 
development of different milk products.

Milk proteins and lipids from all the mammalian spe-
cies undergo significant changes in their physicochemical 
and structural properties during digestion in the stomach, 
a first key step in the gastrointestinal digestion of milk. 
In our previous study (Roy et al., 2022), the comparative 
processes of gastric coagulation of raw cow, goat, and 
sheep whole milk in bottle-fed (suckled) piglets were 
investigated for the first time to understand the curd for-
mation and disintegration over time and the impact of 
these changes on nutrient (protein and lipid) delivery to 
the small intestine. The bottle-fed piglet was chosen as 
a model for the human infant, as previous studies have 
shown that piglets have a similar gastrointestinal tract 
anatomy and physiology to human infants (Moughan 
et al., 1990, 1991, 1992; Darragh and Moughan, 1995, 
1998; Rutherfurd et al., 2006; Guilloteau et al., 2010; 
Mudd and Dilger, 2017).

Our previous study observed faster gastric empty-
ing of proteins and lipids for goat and sheep milk than 
cow milk (Roy et al., 2022). This was attributed to the 
relatively softer curd consistency (measured using a rhe-
ometer) and the less fused protein networks (observed 
using transmission electron microscopy) of goat and 
sheep milk curds compared with cow milk curds in the 
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stomach (Roy et al., 2022). In the present work, it is 
hypothesized that the softer curd structures observed 
for goat and sheep milk compared with cow milk during 
gastric digestion (Roy et al., 2022) facilitate a greater 
flow of gastric pepsin into the curd matrix (structure), 
resulting in faster protein digestion and associated out-
comes, such as disappearance of the protein fractions 
and flow of digested protein and AA into the small intes-
tine. These differences in the kinetics of gastric protein 
digestion may further affect the concentrations of AA in 
the bloodstream during milk digestion.

MATERIALS AND METHODS

Animals, Dietary Treatments,  
and Experimental Design

All procedures involving animals were approved 
by the Massey University Animal Ethics Committee 
(MUAEC protocol 18/97). The researchers and techni-
cians involved in the study were aware of all the stages 
of the experiment starting from group allocation to data 
analysis. Any data related to the study are available upon 
request from the researchers of the study.

The animals, housing, dietary treatments, and experi-
mental design of the piglet study have been reported in 
detail in our previous study (Roy et al., 2022). Briefly, 60 
locally sourced Large White × (landrace × Large White) 
entire male piglets (7–8 d of age; mean BW on arrival 3 
kg) were housed in individual metabolism crates at the 
Animal Physiology Unit of Massey University (Palmer-
ston North, New Zealand).

The experimental dietary treatments were raw cow, 
goat, and sheep whole milk. Milk composition has been 
detailed in our previous paper (Roy et al., 2022) and 
provided in Supplemental Table S1 (see Notes). The 
piglets were allocated at random to the 3 dietary treat-
ments on arrival. The piglets were fed using a bottle 
with a rubber teat for 15 d exclusively with cow, goat, 
or sheep whole milk. The study duration of 15 d was 
selected because a 3-wk-old piglet has been reported 
as an appropriate animal model for studying aspects of 
digestion and absorption due to their similar develop-
mental patterns to a 3-mo-old human infant (Moughan 
et al., 1992; Guilloteau et al., 2010). Throughout the 
animal study, the piglets were monitored for their 
health, changes in BW, body temperature (~38–40°C), 
diet intake, meal refusals, any adverse signs such as de-
hydration and scouring, as well as defecation frequency 
and fecal consistency. The piglets were provided with 
clean toys and time to play with one another daily un-
der supervision, and they interacted with the research 
(or technical) staff involved to provide social contact. 
Any piglet that did not acclimatize by d 6 of starting 

the study was withdrawn from the study and rehomed 
as described previously (Roy et al., 2022).

On the last experimental day (i.e., d 15), fasted (18 
h) piglets of 21 to 22 d old were slaughtered at 0 min 
(before feeding meal) and at 30, 90, 150, and 210 min 
after feeding fresh raw cow, goat, and sheep whole milk 
based on an amount of equal protein (i.e., 2 g/kg of BW; 
Supplemental Table S2, see Notes) such that there were 
20 piglets per milk type (i.e., milk species) and 4 piglets 
per milk type × time point combination. The piglets were 
first anesthetized using Zoletil 100 (50 mg/mL each of 
zolazepam and tiletamine [Zoetis Inc., Parsippany-Troy 
Hills, NJ] reconstituted with 2.5 mL each of ketamine 
and xylazine [both 100 mg/mL]). Cardiac blood samples 
were drawn in tubes containing EDTA (BD Vacutainer; 
Franklin Lakes, NJ). Immediately after the blood col-
lection, the blood sample was centrifuged at 2,000 × g 
for 10 min at 4°C, and the plasma removed was stored 
at −80°C until required for further analysis. The piglets 
were then slaughtered with an intracardiac injection of 
sodium pentobarbitone.

Immediately after slaughter, the abdomen was opened, 
and the stomach was clamped and removed with minimal 
movement. The exterior surface was gently washed and 
dried, and the stomach was weighed full before being 
opened by an incision along the lesser curvature for re-
moval of the contents. The curd and liquid fractions of 
the gastric chyme were separated using a 1-mm sieve. 
Gastric curd and liquid samples were collected for vari-
ous analyses, and subsamples of each fraction were ei-
ther immediately frozen at –80°C or further freeze-dried, 
weighed, and ground. Freeze-dried ground samples were 
stored at –20°C until analysis. The chemical composition 
(DM, fat, protein [total nitrogen × 6.38], and ash) of each 
milk and gastric chyme sample was determined follow-
ing AOAC International (2005) protocols as described 
previously (Roy et al., 2022).

Potential Pepsin Activity of Gastric Chyme

Potential pepsin activity was measured in the gastric 
curd and liquid fractions (thawed frozen samples) fol-
lowing the protocol of Meisel and Hagemeister (1984) 
and Mulet Cabero (2018) with some modifications. 
Briefly, 0.2 g of chyme (homogenized inner and outer 
curd or liquid fraction samples) was mixed with 2 mL 
0.01 M HCl (pH 2). Then, 2.5 mL of hemoglobin solu-
tion (2.5%, wt/vol, bovine blood hemoglobin [Sigma-
Aldrich, ref: H2500], pH 2) was added, and the samples 
were incubated at 37°C for 10 min. After incubation, the 
samples were treated with 3.5 mL 15% tricarboxylic acid 
(TCA) and centrifuged at 3,800 × g for 30 min at room 
temperature (20°C). The absorbance of clear supernatant 
was measured at 280 nm using a spectrophotometer. The 

Roy et al.: GASTRIC PROTEIN DIGESTION OF 3 MILK TYPES



Journal of Dairy Science Vol. 108 No. 6, 2025

5600

blank for each sample received the same treatment as 
the sample, except that the addition of the sample was 
performed after the mixing of TCA and hemoglobin, and 
then the absorbance of the clear supernatant of the blank 
was measured at 280 nm. The potential pepsin activity 
was calculated per gram protein of the chyme fraction at 
each digestion time point as described in Supplemental 
Material section S2.1 (see Notes). Considering that the 
gastric chyme of the milk from different species varied 
in chemical composition and also that the chyme com-
position changed as the gastric digestion progressed, the 
potential pepsin activity was expressed per gram protein 
of the chyme fraction at each digestion time point.

Total Gastric Protein Digestion

Apparent degree of protein hydrolysis, the release of 
digested proteins into the small intestine, and the ap-
parent disappearance of individual milk proteins (using 
tricine SDS-PAGE) were determined in representative 
freeze-dried samples. In this study, we did not deter-
mine the free amino groups (NH2) and band intensity in 
SDS-PAGE gels of endogenous proteins (Montoya et al., 
2014). Thus, the apparent degree of hydrolysis and ap-
parent disappearance of individual milk proteins in the 
stomach are presented.

Apparent Degree of Protein Hydrolysis  
in Gastric Chyme

The apparent degree of protein hydrolysis was deter-
mined by measuring the free NH2 groups in each milk 
type, total gastric chyme, gastric curd and liquid frac-
tions, as well as the total NH2 in each milk type. The 
free NH2 of each sample was quantified using the o-
phthaldialdehyde method (Church et al., 1983; Montoya 
et al., 2014). To quantify the total NH2 in each milk 
type, samples were hydrolyzed for 24 h in 6 M HCl at 
110°C. The resulting hydrolyzed samples were dried us-
ing a vacuum evaporator, followed by 2 water washes to 
remove traces of HCl. The final dried samples were then 
analyzed for NH2 as described.

The apparent degree of protein hydrolysis may be 
calculated as the number of free NH2 in the chyme rela-
tive to the total NH2 in the milk. However, the chemical 
composition of the chyme changes over time during 
digestion as the components are released into the small 
intestine (Ahlborn et al., 2024). Thus, in the calcula-
tions, the total and free NH2 were expressed per gram 
protein of the chyme sample retained at each digestion 
time point (Ahlborn et al., 2024). Based on this, the ap-
parent degree of protein hydrolysis at each time point 
was calculated as described in Supplemental Material 
section S2.2 (see Notes).

Digested (or Hydrolyzed) Protein Entering  
the Small Intestine

The amount of protein emptied from the stomach con-
tained both digested (or hydrolyzed) and intact proteins. 
Thus, the gastric emptying of the digested proteins from 
the stomach was determined based on the amount of total 
protein emptied from the stomach and the apparent de-
gree of protein hydrolysis. Thus, the amount of digested 
protein entering the small intestine (or emptying from the 
stomach) was calculated as described in Supplemental 
Material section S2.3 (see Notes).

Apparent Disappearance of Individual Milk Proteins 
in Gastric Chyme Using Tricine SDS-PAGE

Both the apparent degree of hydrolysis and the amount 
of digested protein entering the small intestine are 
representative of overall gastric protein digestion. The 
quantitative estimation of the apparent disappearance 
of the individual milk proteins (αs2-CN, αs1-CN, β-CN, 
κ-CN, β-LG, and α-LA) from different species was fur-
ther determined by using a semiquantitative SDS-PAGE 
approach (Supplemental Figure S1, see Notes). As men-
tioned in the “Total Gastric Protein Digestion” section, 
the term apparent is used as endogenous proteins (e.g., 
pepsin) could migrate with milk proteins and affect the 
disappearance values.

Reducing tricine-SDS-PAGE gels were performed by 
loading equal protein quantities (20 µg) in each well of 
the gel for freeze-dried milk and gastric chyme (curd and 
liquid fractions separately) samples from each piglet as 
described and shown previously (Roy et al., 2022; Sup-
plemental Figure S1). De-stained gels were imaged using 
a GelDoc XR (Bio-Rad Laboratories Pty Ltd., Auckland, 
New Zealand), and ImageLab (software version 6.1, 
Bio-Rad Laboratories Pty Ltd.) was used for SDS-PAGE 
quantification by measuring the band intensities of pro-
tein bands horizontally in the milk and chyme fractions. 
Band intensities were considered as arbitrary density 
units (ADU). The apparent disappearance of individual 
proteins in total gastric chyme (curd + liquid) only are 
reported. However, it should be noted that the curd phase 
was mainly associated with the retention of caseins (due 
to casein coagulation), whereas the liquid phase com-
prised soluble whey proteins.

To calculate the disappearance of intact individual 
proteins from the whole chyme, the estimated total band 
intensity (ADU) of each individual protein present in the 
milk and the whole (or total) chyme (curd plus liquid 
fractions) was expressed per gram protein present in 
each sample (milk or whole chyme) and calculated as 
described in Supplemental Material section S2.4 (see 
Notes). The semiquantitative analysis of SDS-PAGE for 
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total gastric chyme was only reported for up to 150 min 
of gastric digestion, as insufficient replicates were avail-
able to complete statistical analysis for 210 min diges-
tion due to the small amount of gastric liquid fractions 
found in some piglets. Considering the limitations of the 
methodology (Montoya et al., 2014), the results of appar-
ent gastric disappearance of individual proteins should 
be interpreted with some caution.

AA Analysis and Gastric Emptying

Freeze-dried and ground chyme (solid and liquid frac-
tions) and milk samples were defatted using a diethyl-
ether/petroleum ether extraction method (Ahlborn et 
al., 2023b). Then, the defatted chyme and milk samples 
were analyzed for AA content following 24 h of HCl 
hydrolysis, and with o-phthaldialdehyde pre-column 
derivatization, followed by reverse-phase chromatogra-
phy (Rutherfurd et al., 2012). The physiologically rel-
evant AA groups (branched-chain AA [BCAA]; EAA; 
and NEAA) were calculated for each chyme and milk 
sample. The retention of each AA (and AA group) in the 
total chyme in the stomach (solid plus liquid fractions), 
relative to the total amount of protein consumed, was 
calculated as described in Supplemental Material sec-
tion S2.5 (see Notes). Endogenous proteins could affect 
the AA analysis of the chyme. However, in this study we 
did not have a protein free diet to determine and correct 
for endogenous AA.

Blood Plasma AA Analysis

The concentration of AA in plasma was quantified 
(AgResearch Analytical Laboratory, Palmerston North, 
New Zealand) using the Pico-Tag method (White et al., 
1986). A volume of 500 μL of each plasma sample was 
used for sample preparation, followed by HPLC analysis 
using the Pico-Tag C18 column (60 Å, 4 μm, 3.9 mm × 
300 mm; Waters Corporation, MA).

Statistical Analysis

Statistical analyses were conducted using SAS (ver-
sion 9.4; SAS Institute Inc., Cary, NC). Based on the 
power analysis for structural parameters, 3 to 4 replicates 
(i.e., piglets) at each time point per milk diet were needed 
to reach a power higher than 0.8, as described in detail 
in our previous paper (Roy et al., 2022). A linear model 
including milk type, time, and their interaction as fixed 
effects was used to analyze the potential pepsin activity, 
apparent degree of protein hydrolysis, blood plasma AA, 
and the apparent release of digested protein into the small 
intestine. Models using time as a categorical or numerical 
variable were tested and the model better describing the 

response was selected using the log-likelihood ratio test. 
Nonsignificant factors (P > 0.05) were removed from the 
model, except for each main factor.

For individual proteins (αS1-CN, αS2-CN, β-CN, κ-CN, 
β-LG, and α-LA), the gastric band disappearance half-
time (i.e., time taken for the intensity of each individual 
protein band in the milk to halve) was calculated using 
the Michaelis–Menten nonlinear model as described by 
Montoya et al. (2014), with αS2-CN as an example:

Gastric disappearanceαs2-CN (%) = α × time/(β + time),

where α is the maximum possible disappearance (i.e., 
100%), and β is the half-time of the fitted curve.

The power exponential model was used to analyze the 
retention of individual and grouped AA (mg AA/g pro-
tein consumed) in the stomach, as detailed by Montoya 
et al. (2014), with EAA as an example:

Gastric retentionEAA (mg) = α0 exp − (κ × time)β,

where the parameter α0 is the amount of AA (mg) in the 
milk as consumed, κ is the logarithmic slope of the curve 
(mg/min), β is a dimensionless index for the shape of the 
curve, and time is in minutes.

The parameters κ and β were then used to determine 
the half gastric emptying time (T1/2):

Gastric T1/2EAA (min) = (1/κ) × [log(1/0.5)](1/β).

For all nonlinear models, the full (i.e., individual model 
for each milk type) and the reduced model (i.e., a single 
model for all milk types) were fitted, and an F-test was 
used to identify the best-fitting model. The normal distri-
bution and the homogeneity of variance were evaluated 
for each statistical analysis. For the linear model where 
time was a categorical factor, means were compared 
using an adjusted Tukey test, whereas for the nonlinear 
models, the parameters (κ, β, and T1/2 for gastric AA re-
tention) were compared using a t-test, and the difference 
was declared significant at P ≤ 0.05.

RESULTS AND DISCUSSION

Potential Pepsin Activity of the Gastric Chyme

Because pepsin is a major protease in the stomach 
(Heda et al., 2019), its activity in the curd (Figure 1A), 
liquid fraction (data not shown), and total gastric chyme 
(Figure 1B) at its optimum pH (i.e., pH 2) was measured. 
Pepsin activity for the total gastric chyme and curd frac-
tion had a similar trend, both influenced (P ≤ 0.05) by 
the interaction between milk type and time (milk type 
× time). In contrast, the pepsin activity of the liquid 
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fraction was not influenced (P > 0.05) by any of the 
parameters of the model, with a mean activity of 1,676 
± 164 U for cow, 1,504 ± 284 U for goat, and 1,496 ± 
177 U for sheep milk. The curd and total chyme pepsin 
activity across milk from different species was similar 
at all postfeeding times except for 150 min postfeeding, 
at which time the pepsin activity was higher (P ≤ 0.05) 
for the piglets fed sheep milk compared with those fed 
cow and goat milk (Figure 1). In general, the curd pepsin 
activity was lower than the liquid pepsin activity, and 
this could be related to the limited retention as well as 
penetration of gastric juices (containing pepsin) in the 
curd network during digestion (Ye et al., 2016; Mulet 
Cabero, 2018; Roy et al., 2022).

The structure of the curd network changes (strength-
ens) during digestion of milk due to changes in pH, 
pepsin concentration, and gastric motility. This structural 
change leads to the removal of the liquid entrapped within 
the curd network, limiting penetration of gastric juices in 
the curd, as well as continuous curd breakdown (or pro-
tein hydrolysis) over time. Previous in vitro studies have 

reported that the pepsin activity or protein hydrolysis is 
higher at the external surface of the curd with little activ-
ity in the core inside of the curd (Ye et al., 2016; Mulet 
Cabero, 2018). Such differences in enzyme activity in 
different locations of the curd might have influenced the 
overall enzyme activity of the curd in this study.

Little in vivo information is available on pepsin activ-
ity in piglets fed milk or milk products, and the methods 
used to determine pepsin activity also vary, making com-
parisons difficult. Previous studies in piglets fed infant 
formulas with intact or hydrolyzed cow milk and isolated 
soybean protein reported low (198.52 ± 39.36 U/g of 
DM at 30 min postfeeding) and highly variable pepsin 
activity in gastric chyme, which was unaffected by the 
dietary treatment (Moughan et al., 1990, 1991). The total 
pepsin activity at 30 min postfeeding per gram of DM in 
this study was similar (154–419 U) to those reported by 
Moughan et al. (1990, 1991).

In the present study, pepsin activity was measured at 
its optimum pH (i.e., pH 2) for all digestion time points 
by adjusting the pH of the gastric chyme to 2. However, 
the pH of the gastric chyme ranged from 3.0 to 5.9 (Roy 
et al., 2022). The chief cells of the stomach are known 
to release pepsinogens that are converted to their ac-
tive form (i.e., pepsin) at pH <5 and optimally at pH 2 
(Herriott 1938). Thus, a limitation of the pepsin activity 
method used in this study is that the pepsinogens present 
in chyme at higher pH may have been activated when 
adjusting to pH 2. This change in pH could have led to 
overestimation of the pepsin activity in high-pH chyme 
samples. It is important to note that inherent milk prote-
ases (such as cathepsin D) could also autoactivate dur-
ing gastric digestion (at pH 3.5–5.0; Demers-Mathieu et 
al., 2018; Leite et al., 2023) and hydrolyze the substrate 
(proteins) used to determine pepsin activity, leading to an 
overestimation of pepsin activity.

Gastric Protein Digestion

Apparent Degree of Protein Hydrolysis. The apparent 
degree of gastric protein hydrolysis for the whole chyme, 
curd, and liquid fraction was (P < 0.05) or tended (P < 
0.01) to be influenced by the main factors (milk type and 
time; Figure 2), but we found no statistically significant 
interaction (milk type × time). The degree of hydrolysis 
at time 0 represented the free NH2 present in the milk 
before it was given to the piglets. For the whole chyme 
(Figure 2A) and the curd (Figure 2B), an increase in the 
apparent degree of protein hydrolysis at 30 min digestion 
time was observed for all milk types; however, the ap-
parent degree of protein hydrolysis remained at similar 
levels during the rest of the digestion, indicating that the 
major effect of protein hydrolysis occurred within the 
first 30 min. This initial increase in the apparent degree 
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Figure 1. Potential pepsin activity of the (A) gastric curd and (B) 
total gastric chyme of piglets fed cow (●), goat (▲), or sheep milk (■). 
Values are reported as mean ± SEM, n = 3 to 4 piglets per milk species 
and time combination. The best model describing the pepsin activity had 
the parameter time as categorical. Different symbols (#, *) represent 
significant differences among milk types at a given digestion time point 
(P ≤ 0.05). Different letters (a, b) represent significant differences over 
time within a particular milk type (P ≤ 0.05).
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of protein hydrolysis within the first 30 min was also 
observed for the liquid fraction (Figure 2C). As in the 
present study, others have reported an increase in milk 
protein hydrolysis in the gastric chyme of premature hu-
man infants (Demers-Mathieu et al., 2018).

In the whole chyme and the curd (Figure 2A, 2B), the 
degree of protein hydrolysis was higher for the piglets 
fed goat milk compared with cow and sheep milk, and 
this appears to be related to the higher free NH2 pres-
ent in the milk before digestion. In the liquid fraction, 
the apparent degree of hydrolysis also tended (P = 0.07) 
to be higher for goat milk compared with cow milk 
(Figure 2C). In general, during digestion, the apparent 
degree of hydrolysis for the curds was 12% to 15%, but 
for the liquid fractions, it was higher (7%–19% for cow, 
16%–19% for goat, and 12%–25% for sheep milk). This 

could be due to the better accessibility of the enzymes to 
the proteins (substrate) in the liquid phase of the chyme 
compared with the dense network of the curd. In addi-
tion, the pH of the liquid fractions during digestion was 
lower than the pH of the curds, as reported in our previ-
ous study (Roy et al., 2022), which might be a reason 
for the observed higher pepsin activity and hydrolysis in 
the liquid fractions compared with their respective curd 
fractions at different digestion times.

Apparent Amount of Total Digested Protein Entering 
the Small Intestine. The apparent amount of digested 
protein (in the form of peptides) entering the small intes-
tine (or emptying from the stomach) was dependent on 
both the apparent degree of protein hydrolysis and gastric 
emptying of protein, and was subject to a milk type × time 
interaction (P ≤ 0.05; Figure 3). The initial increase in the 
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Figure 2. Apparent degree of protein hydrolysis of (A) whole gastric chyme, (B) gastric curd, and (C) gastric liquid of cow (●), goat (▲), or sheep 
milk (■) during digestion in piglets. Values are reported as mean ± SEM, n = 3 to 4 piglets per milk species and time combination. For the whole and 
curd degree of protein hydrolysis, the best statistical model had time as a numerical factor, whereas for the liquid fraction, the best model had time 
as a categorical factor. Different symbols (#, *) represent a significant milk type effect (P ≤ 0.05) in the absence of interaction. Different letters (a–c) 
for each of the ovals represent statistically significant differences over time regardless of milk type. Q = quadratic effect.
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amount of digested proteins entering the small intestine 
could be related to the formation of curd and liquid phase 
that results in faster emptying of the proteins in the liquid 
phase (Roy et al., 2022; Ahlborn et al., 2024).

The amount of digested protein entering the small in-
testine for goat and sheep milk was higher than for cow 
milk throughout the gastric digestion (Figure 3). Because 
the apparent degree of protein hydrolysis for the whole 
chyme was found to be similar in milk from different 
species, the higher amount of digested protein for goat 
and sheep milk is likely mainly explained by the faster 
gastric emptying of goat and sheep milk proteins (Roy et 
al., 2022) compared with cow milk proteins. The differ-
ence in gastric emptying of proteins was related to the 
relatively softer curds formed by goat and sheep milk 
compared with cow milk curd (Roy et al., 2022). This 
indicates the relevance of gastric chyme structure and 
gastric protein emptying on the amount of total digested 
protein entering the small intestine. Although the amount 
of digested proteins entering the small intestine was 
higher for goat and sheep milk compared with cow milk, 
peptides (types and amounts) generated during gastric 
digestion of milk from different species could be similar 
(or different). Thus, further work to identify and quantify 
these peptides is warranted.

Gastric Disappearance of Individual Milk Proteins. 
The apparent disappearance of whey proteins and caseins 
from milk of different species during digestion is shown 
in Figure 4. Overall, higher proportions of whey proteins 
(Figure 4A and 4B) apparently disappeared from the gas-
tric chyme during digestion than casein proteins (Figure 
4C and 4D). As the SDS-PAGE at each digestion time was 

performed on equal protein concentrations, the apparent 
disappearance of the caseins and whey protein bands is 
expected to be mainly due to gradual hydrolysis as the 
digestion progressed; however, the structural changes in 
milk (curd and liquid phase), gastric contraction forces, 
and continuous gastric emptying would also have played 
a role in the apparent disappearance of proteins from the 
chyme fractions. For example, the faster disappearance 
of whey proteins could be explained by their solubility 
in the gastric environment and the fast emptying of the 
liquid fraction (compared with the caseins in the curd 
fraction; Roy et al., 2021a,b).

Among the whey proteins, α-LA (Figure 4A) had a 
faster apparent disappearance than β-LG (Figure 4B). 
For example, the time to reach T1/2 was 8.2 min for α-LA 
versus 47 to 89 min for β-LG. Although the apparent 
disappearance of α-LA was the same for all milk types, 
β-LG disappeared fastest for goat milk (e.g., T1/2 47 min 
for goat milk versus >60 min for sheep and cow milk). 
In vitro gastric digestion studies have shown that β-LG 
from goat milk (Almaas et al., 2006) and sheep milk (El-
Zahar et al., 2005) are more susceptible to hydrolysis 
than that of cow milk; however, the reasons for their 
greater susceptibility remain unclear.

Among caseins, κ-CN from all the milk species dis-
appeared completely within 30 min of gastric digestion, 
whereas β-CN did not disappear within 210 min (i.e., it 
was not hydrolyzed) for all milk species (based on the 
SDS-PAGE approach; data not shown). αS1-Casein (Fig-
ure 4C) and αS2-CN (Figure 4D) slowly disappeared (i.e., 
were hydrolyzed) over time (P ≤ 0.05) and disappear-
ances appeared to differ across milk types (e.g., for αS1-
CN, the rate of apparent disappearance was slower for 
piglets fed cow milk than those fed goat or sheep milk). 
However, these differences were not reflected in statisti-
cal differences for T1/2 due to the high variability in cow 
milk results. Differences in the apparent disappearance 
of αS-CN could be related to the relatively softer curd 
networks formed by goat and sheep milk compared with 
cow milk, as reported previously (Roy et al., 2022). 
In vitro gastric digestion studies have reported greater 
hydrolysis of goat milk caseins than cow milk caseins 
based on SDS-PAGE analysis (Hodgkinson et al., 2018; 
Ye et al., 2019). The authors also attributed the higher 
hydrolysis susceptibility of caseins from goat milk to its 
potential to form softer curds and smaller casein aggre-
gates compared with cow milk.

Gastric Emptying of AA

Differences in the gastric emptying of grouped and in-
dividual AA during digestion are shown in Figure 5 and 
Figure 6, respectively. Cow milk had a slower empty-
ing rate (κ, kappa) of grouped EAA (Figure 5A), NEAA 

Roy et al.: GASTRIC PROTEIN DIGESTION OF 3 MILK TYPES

Figure 3. Apparent amount of digested protein entering the small 
intestine at different postfeeding times for piglets fed cow (●), goat (▲), 
or sheep milk (■). Values are reported as mean ± SEM, n = 2 to 4 piglets 
per milk species and time combination. Cu = cubic effect.
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(Figure 5B), and BCAA (Figure 5C) compared with goat 
and sheep milk (P ≤ 0.05), both of which had similar 
emptying rates. These differences are related to the lon-
ger gastric retention of these grouped AA for cow milk 
(as observed from longer gastric half-emptying time, 
T1/2) followed by goat and sheep milk (P ≤ 0.05). Similar 
trends were observed for the gastric emptying of indi-
vidual AA across milk species (Figure 6; Supplemental 
Figures S2 and S3, see Notes). Differences in T1/2 (Figure 
6A) and kappa (Figure 6B) were observed across AA. For 
example, the T1/2 ranged between 153 min (alanine) and 
225 min (methionine) for cow milk, whereas it ranged 
between 72 min (alanine) and 138 min (tyrosine) for goat 
milk. Sheep milk AA had the lowest T1/2 (53–104 min).

To depict the effect of different curd structures on 
gastric emptying kinetics of AA from milk of different 
species, proline (an AA more dominant in casein; Ras-
mussen, 2008; Tang et al., 2009; Burd et al., 2012; van 
Eijnatten et al., 2024) was considered as an example. 

The emptying rate of proline AA from cow milk was 
significantly lower (P ≤ 0.05) than that of goat and sheep 
milk (Figure 6; Supplemental Figure S3F). The delayed 
emptying of cow milk proline could be related to the 
stronger curd network formed by the cow milk caseins 
(and lower hydrolysis tendency) compared with goat and 
sheep milk caseins (Roy et al., 2022). This emphasizes 
that the nature of the curd structure formed, as well as 
the susceptibility of specific proteins to enzyme hydro-
lysis, are important in determining the emptying rates of 
AA from the stomach. In addition, leucine, an AA that 
plays a crucial role in protein synthesis (Kimball and Jef-
ferson, 2006; Rasmussen, 2008; Tang et al., 2009), was 
found to have a faster rate of emptying from goat and 
sheep milk compared with that of cow milk (Figure 6; 
Supplemental Figure S2C), which may result in a faster 
delivery of leucine in the growing infant. In a previous in 
vivo study with the same animal model and milk types, it 
was found that at 210 min after feeding, piglets fed cow 

Roy et al.: GASTRIC PROTEIN DIGESTION OF 3 MILK TYPES

Figure 4. Changes over time in apparent gastric disappearance of (A) α-LA in total gastric chyme in piglets fed all types of milk (i.e., there was 
no difference across milk types), and (B) β-LG, (C) αs1-CN, and (D) αs2-CN in total gastric chyme in piglets fed cow (blue dots), goat (orange 
triangles), or sheep milk (gray squares). There was no difference (P > 0.05) in the disappearance of α-LA for piglets fed different milk types. Values 
are reported as the mean ± SEM, n = 2 to 4 piglets per milk species and time combination. T1/2 is half gastric emptying time (min), T1/2 values with 
different superscript letters (a, b) differ (P ≤ 0.05).
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milk had lower apparent small intestinal AA digestibility 
than those fed goat and sheep milk, and these differences 
were related to the differences in gastric retention of AA 
(Ahlborn et al., 2023a). In addition, previous studies us-
ing other types of foods have reported that the rates of 
digested protein entering the small intestine influence 
the rates of AA absorption in the first half of the small 
intestine (Montoya et al., 2018). Thus, it could also be 
expected that the piglets fed goat and sheep milk would 
have a faster rate of small intestinal AA absorption.

Appearance of Blood Plasma AA

The concentrations of AA in blood plasma over time 
were determined (Figure 7) as a proxy to determine the 
impact of gastric emptying on small intestinal absorption 
(Loveday, 2023; Milan et al., 2023; Mayar et al., 2024; 
van Eijnatten et al., 2024). We observed a significant (P 
≤ 0.05) interaction (time × milk) for the appearance of 
blood plasma total EAA (Figure 7A). At times greater 
than 60 min of digestion, the plasma EAA were lower for 
cow milk (Figure 7A), but not for NEAA (Figure 7B) and 
BCAA (Figure 7C), though for the BCAA, there was a 
significant (P ≤ 0.05) effect of milk type. For some indi-
vidual AA (Supplemental Figures S4 and S5, see Notes), 
the concentrations in plasma were higher for sheep and 

(or) goat (e.g., proline) across all postfeeding times (P ≤ 
0.05 milk effect), whereas for other AA, the concentra-
tions were higher for a specific milk at specific postfeed-
ing times (e.g., histidine at 30 min was higher for cow 
milk compared with other milk types). This indicates that 
the AA in blood plasma did not directly reflect (or follow) 
the differences observed in their gastric emptying rates. 
For example, blood plasma leucine concentration showed 
a significant interaction between milk type and time (P ≤ 
0.05; Supplemental Figure S4C), with a similar increase 
in leucine concentration for all milk types within the first 
30 min after feeding, but only the piglets fed sheep milk 
retained higher plasma leucine concentrations. However, 
for all postfeeding times, the amount of leucine entering 
the small intestine (i.e., the gastric emptying) was higher 
for piglets fed sheep and goat milk than those fed cow 
milk (Supplemental Figure S2C). Scant information has 
been published on the appearance of blood plasma AA 
concentrations in infant models. However, a study in 
adult humans found no differences in blood plasma leu-
cine concentrations after consumption of cow and goat 
protein–based milk drinks (Milan et al., 2018). In con-
trast, the same group also found that leucine concentra-
tions were higher in blood plasma after consumption of 
sheep milk compared with cow milk (reconstituted from 
the spray dried powders) in adults (Milan et al., 2020).

Roy et al.: GASTRIC PROTEIN DIGESTION OF 3 MILK TYPES

Figure 5. Gastric emptying of (A) total EAA, (B) total NEAA, and (C) total branched-chain amino acids (BCAA) in total gastric chyme for 
piglets fed cow (●), goat (▲), or sheep milk (■). Values are reported as the mean ± SEM, n = 3 to 4 piglets per species and time combination. Kappa 
is the slope of the curve (%/min × 10−3), and T1/2 is the time to reach half gastric emptying rate (min). Mean values of kappa and T1/2 with different 
superscript letters (a–c) differ (P ≤ 0.05).
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The postprandial appearance of AA in the blood is a 
dynamic process, with levels of AA in blood fluctuating 
depending on a combination of factors such as the com-
position (and structure) of the milk-based meals, the rates 
of protein digestion and absorption, and the metabolic 
demands of the body. Although studies have indicated 
that the appearance of AA in blood relates to AA gastric 
emptying (Boirie et al., 1997), our study shows that in-
terpretations based on blood plasma AA concentrations 
need to be made with caution.

Considering the results presented in the current study 
are from raw milk and infants do not consume raw milk, 
the results provide a fundamental mechanistic informa-
tion on the effect of curd structure on gastric protein 
digestion. Thus, further work to understand the effect 
of different milk processing treatments on infant gastric 
digestion is warranted.

CONCLUSIONS

Overall, physiological levels of gastric pepsin activ-
ity and apparent degree of protein hydrolysis in whole 
chyme were similar for piglets fed cow, goat, and sheep 
milk. However, the rate of disappearance of individual 
protein fractions (e.g., β-LG and αS-CN) were (or tended 
to be) greater for goat and sheep milk, indicating greater 
susceptibility to enzyme hydrolysis. In addition, AA 
gastric emptying was greater for goat and sheep milk 
compared with cow milk, emphasizing that a combina-
tion of protein composition, susceptibility of specific 
proteins to enzyme hydrolysis, and the nature of the curd 
structure formed may be a key mechanism influencing 
the emptying rates of AA from the stomach. However, 
the appearance of AA in blood plasma did not always 
reflect the differences observed in their gastric empty-

Roy et al.: GASTRIC PROTEIN DIGESTION OF 3 MILK TYPES

Figure 6. Gastric emptying of amino acids in total chyme in piglets fed cow (blue bars), goat (orange bars), or sheep (gray bars) milk: (A) gastric 
emptying half-time (T1/2) of AA; (B) gastric emptying rates (mg/min × 10−3) of AA. For an AA, different symbols (#, *, $) above bars represent 
significant differences across milk types (P ≤ 0.05). Different letters (a–e) above the mean values represent significant differences across AA within 
a particular milk type (P ≤ 0.05). Values are means ± SEM, n = 3–4.
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ing rates, indicating that the blood appearance of AA is 
a complex phenomenon and may not directly reflect the 
gastric emptying of AA.
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