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ABSTRACT: This study aimed to investigate the digestion and absorption properties of caprine milk serum proteins in comparison
to human and bovine species by using rat pups to mimic preterm infants. The results indicate that caprine lactoferrin (LTF) had a
shorter retention time in the intestine and released a greater number of fragments, resembling human milk LTF more closely. In
contrast, caprine immunoglobulins (Igs) were similar to bovine Igs and both exhibited a longer retention time in the intestine. For
absorption, caprine Igs could be absorbed intact, which was similar to human and bovine Igs, whereas caprine LTF fragments were
found in jejunum but not in plasma of rat pups. This is similar to bovine LTF but differed from human LTF as human LTF could be
absorbed intact in plasma of rat pups at 20 min. In addition, the absorption rate of peptides and amino acids from caprine milk
serum was similar to that of human milk serum, which was higher than that from bovine milk serum. This study aimed to enhance
our understanding of the differences in bioavailability of LTF and Igs derived from caprine, human milk, and bovine milk, thereby
offering guidance for selecting protein sources for premature infants.

KEYWORDS: milk serum protein, lactoferrin, immunoglobulins, in-vivo rat pups, digestion and absorption

B INTRODUCTION Milk serum proteins, the predominant proteins in human

The World Health Organization (WHO) defines preterm birth 21 ilk, ﬁféla}’t a c.rufciatl r1041§ Iiél Ero:iiing Vit?i;‘i:t;itionﬁl an.d health
as a birth occurring before 37 weeks of gestation. This enetits to ;n ands.. h acto ?ﬁ(ﬂn Jrd Ry 1r§ mdgne
condition represents a significant public health challenge, component found in human milc serum, is an iron-binding

accounting for an estimated 10% of births globally." Breast glycoplfotei.n with diYerse bi919gica1 ﬁ,mCtioTls Suc_h 2
milk is recognized as the optimal source of nutrition for enhancing iron absorption, exhibiting antibacterial, antiviral,

premature infants.” However, when breastfeeding is not jantioxidant, and anti-i.nﬂammato?y prioperties.”. A.nother vital
feasible, infant formulas that utilize bovine or caprine milk as 1mrpune—re1ate§ protein preser}t mn milk serum 1s immunoglo-
a protein source can provide a suitable alternative for bulin (Ig), which confers passive 1.mmltsm1ty. to infants throu.gh
delivering essential nutrition to preterm infants.” Preterm p laf:ental transfer and ].areastf‘eedu'ug. Milk ser}lm contains
infants have considerably higher protein requirements than Yarlous types .Of Igs, including _1mmunoglobu_hn A (IgA )
their full-term counterpar‘cs,4 and their gastrointestinal systems 1mmun0globuhn' G (IgG), and 1mmunoglobu.hn M (IgM).
are not yet fully developed, resulting in a diminished capacity Notably, approximately 90% of the Igs present in human milk

2 . 18 . . .

to digest protein.” Additionally, preterm infants may exhibit serum is IgA.™ In contrast, bovine and caprine milk serum
6 exhibit the highest relative content of IgG.'””" Specificall

less developed immune systems® and increased intestinal § gt P Vs

permeability.” Caprine milk protein has demonstrated faster .IgG, th_e P rlmary_Ig n the bl.OOd’ is associated WIth_ lor'lg—term
. .8 a9 immunity and aids in clearing pathogens by activating the
gastric emptying,” improved digestibility,” and reduced s
allergenicity'® compared to bovine milk protein. Caprine complement cascade. Furthermore, research indicates that IgG
milk protein is more easily digested and absorbe;l and its in breast milk contributes to reducing infections in infants.”"
) . . .
advantages are evident in several key areas. Consuming caprine . l?th {fTF an(cll Igs in h.urtn;?n Itr}lllnl( p i)sse:s alsFrc;ng ‘rtes1st.atr}1:e
milk leads to improved protein efficiency and enhanced food O C1gestion and can maintain 2?535 ructural mtegnty within
conversion efficiency as well as a more favorable nitrogen the infant’s gastrointestinal tract. These proteins can exert
balance! and increased amino acid absorption? compared to their functions within the intestinal tract and can also be

bovine milk. Clinical experiments have demonstrated that the

fecal microbial sequences, as well as the Lachnospiraceae Received: October 30, 2024
sequences, of infants who are fed caprine milk formula exhibit Revised:  January 16, 2025
greater similarity to those of breastfed infants compared to Accepted:  January 22, 2025

those fed bovine milk formula."® Therefore, caprine milk Published: January 28, 2025

protein has the potential to provide better nutritional and
immune protection for preterm infants.
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absorbed into the bloodstream to offer protection. LTF can be
transported to target organs via the Intelectin-1 (ITLN1)
receptor on intestinal brush border cells.”* Furthermore, the
neonatal Fc receptor (FcRn) present in intestinal epithelial
cells facilitates the transintestinal epithelial absorption of
IgG.”> Recent research has highlighted the absorption of
maternal milk-derived IgG into the bloodstream of nursing
pups through the FcRn receptors in the gut, providing systemic
defense against specific pathogens.” In our previous research,
we employed an in vitro simulated infant digestion model to
compare the digestibility of IgG and LTF in human, bovine,
and caprine milk, revealing that caprine IgG and LTF exhibited
greater resistance to digestion than their bovine counterparts.”’
However, there is limited information regarding the in vivo
absorption of caprine LTF and Igs.

Selecting an appropriate animal species as an ideal model for
studying immune protein absorption in preterm infants
presents significant challenges. Suckling rats are frequently
utilized to investigate intestinal characteristics in premature
infants.”® The intestines of premature infants are under-
developed, resulting in increased intestinal permeability
compared to term infants.”” The rat, a late-maturing species,
is also relatively immature at birth and displays a permeable
intestine throughout lactation.”® Notably, both FEcRn and
ITLN1 receptors are present in the intestines of preterm
infants”*" and are also expressed in the small intestine of
suckling rats. Furthermore, the rat FcRn receptor can bind to
human IgG,*” while the rat ITLN1 receptor has the capacity to
bind to human LTF.” In summary, suckling rats serve as an
excellent model for simulating human preterm infants,
particularly for investigating the in vivo absorption of Igs and
LTE.

The objective of this study was to compare the digestion and
absorption characteristics of caprine, human, and bovine milk
serum proteins using rat pups as a model, with a specific focus
on two immune-related proteins, LTF and Igs. The digestive
properties of the proteins were analyzed through sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), along with the analysis of amino acids absorbed into
the bloodstream. Additionally, Western blot analysis was
employed to monitor the hydrolysis of LTF and Igs in various
compartments (stomach and upper and lower small intestine),
as well as their subsequent absorption into the bloodstream.
The findings of this study are expected to provide valuable
insights into enhancing protein digestion and absorption in
preterm infants.

B MATERIALS AND METHODS

Extraction of Milk Serum Protein. After approval from the
Medical Ethics Committee of Jiangnan University, mature breast milk
was collected from eight healthy mothers in Wuxi City, Jiangsu
Province. Fresh Holstein bovine colostrum (second day after calving)
was collected from a local dairy in Wenzhou City, Zhejiang Province,
while fresh Saanen caprine colostrum (second day after calving) was
collected from a local dairy in Hangzhou City, Zhejiang Province.

Milk from various species mentioned above was centrifuged at
1500 rpm for 10 min at 4 °C to separate the skim milk from the upper
milk fat layer. The pH of the skim milk was adjusted to 6.5, and
chymosin was added at a concentration of 0.01% (w/w). Following a
4S min incubation at 35 °C, the mixture was centrifuged at 13,000
rpm for 30 min to collect the supernatant. The supernatant was then
placed in a 7000 Da dialysis bag, with deionized water being replaced
every 4 h. Finally, the solution was freeze-dried to obtain the milk
serum protein powder.
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In Vivo Oral Absorption Studies. The in vivo digestion of milk
serum proteins was investigated using suckling rat pups. Animal
experiments were conducted with the approval of the Jiangnan
University Institutional Animal Ethics Committee
(JN.N0202204305S0090707[142]). Sprague—Dawley dams with litters
of 7 day-old pups were procured commercially and housed in an SPF-
level barrier facility with consistent temperature (21—25 °C) and
humidity (55% ~ 65%). When the pups reached 14 days of age, they
were separated from their dams for 6 h. On day 14, pups of
comparable body weight were selected and randomly assigned to 18
cages, with 6 pups per cage. Each type of milk serum protein
treatment was replicated across 6 cages. Previous studies indicate that
the grotein concentration in rat milk ranges from 70 to 130 mg/
mL.**7*° A rat milk substitute containing approximately 90 mg/mL of
milk protein has been shown to adequately meet the nutritional needs
of suckling rats.*® Consequently, the milk serum protein powder was
dissolved in sterile distilled water to achieve a protein concentration
of 90 mg/mL. The pups were orally administered with one of three
types of milk serum protein at a 1:36 v/w ratio (milk in mL to body
weight in g).37 Pups were anesthetized with isoflurane at 0, 20, 60,
120, 180, or 240 min after intubation.

Sample Collection. Blood was collected via heart puncture and
centrifuged at 4 °C at 4000 rpm for 15 min, and the plasma was then
extracted and stored at —80 °C. Stomach contents were collected, and
the small intestine was evenly divided into upper and lower halves.
Each section was flushed with 1 mL of prechilled saline. Subsequently,
the rinsed jejunal tissue was snap-frozen in liquid nitrogen.

SDS-PAGE Analysis of Gastrointestinal Digesta. After the
gastrointestinal contents of young rats were freeze-dried, a certain
volume of deionized water containing protease inhibitors was added
to reconstitute them. The solution was mixed with sample buffer
(containing 5% p-mercaptoethanol) in equal volumes, boiled for 3
min, cooled, and loaded. A 5% stack and 12% separating gel were
prepared with a starting voltage of 80 V and an adjustment voltage of
120 V when the sample enters the separator. The gel was stained with
Coomassie Brilliant Blue (R-250) and photographed using a fully
automated chemiluminescence system after destaining.

Identification of Igs or LTF in Gastrointestinal Digesta,
Jejunal Tissue, and Plasma. Western blot analysis was conducted
to detect LTF and Igs in digesta, jejunal tissue, and plasma.”” 20 mg
of jejunal tissue, 250 yL of lysate, S uL of protease inhibitor, and S uL
of phosphatase inhibitor were homogenized in a grinder, followed by
centrifugation at 10,000 rpm for 10 min at 4 °C. The resulting
supernatant was then assessed for protein concentration using a BCA
kit. The gastrointestinal digesta, jejunal tissue, and plasma were
separated by SDS-PAGE. Following SDS-PAGE, the proteins were
transferred onto a 0.45 um nitrocellulose membrane at 100 V for 90
min. Subsequently, the membrane was incubated in blocking solution
for 15 min at room temperature. Primary antibodies specific to
human, bovine, and caprine IgG and LTF were then added and
allowed to incubate overnight at 4 °C. After washing the membrane
with TBST, a secondary antibody was applied and incubated for 2 h at
room temperature. The membrane was washed again with TBST
before a mixture of liquid A and liquid B from the ECL reagent was
applied to the NC membrane. Finally, the membrane was inserted
into an automatic chemiluminescence system for visualization.

In-Gel Digestion. Plasma from control rat pups was analyzed by
using SDS-PAGE, and the striped gel was cut into pieces. After
decolorization and reductive alkylation, the gel block underwent
treatment with 50 mM NH/HCO;. Subsequently, the block was
incubated in a 20 ng/uL trypsin solution at 37 °C for 16 h to allow
digestion. The resulting peptide extract was then freeze-dried. Prior to
analysis, 12 yL of a 0.1% formic acid solution was added to the
peptide sample. The redissolved peptide was separated using a
Thermo high-performance liquid chromatography (HPLC) system
EASY-nLC 1200. Mobile phase A consisted of 0.1% formic acid in
water, while mobile phase B was a mixture of 0.1% formic acid and
80% acetonitrile. Peptide samples were separated on a column (C18,
15 cm long, 150 ym inner diameter, 1.9 ym resin, Dr. Maisch GmbH)
and then subjected to analysis using a Q Exactive HF-X mass
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Figure 1. Western blot analysis of LTF and Igs-H in gastric digesta of rat pups. (A,D) Human milk serum group. (B,E) Bovine milk serum group.
(C,F) Caprine milk serum group. LTF: lactoferrin, Igs-H: immunoglobulins heavy chain. Control: undigested control sample. Four biological

replicates were collected for each sample.

spectrometer (Thermo Fisher). The mass spectrometry was
conducted with a precursor ion scanning range of 300—1400 m/z.
The first-order mass spectrometry resolution was set at 120,000 at
200 m/z with an automatic gain control (AGC) target of 3 X 10°.
HCD fragmentation mode was employed with a collision energy of
27%, and the secondary mass spectrometry resolution was 7500 at
200 m/z. An IProteome one-stop data analysis cloud platform was
utilized for identification and quantitative analysis using the RAW files
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of mass spectrometry. The database (Rattus norvegicus) from NCBI
(https: //www.ncbi.nlm.nih.gov/ ) was downloaded for the search.
RT-PCR Analysis of FcRn, ITLN1, ZO-1, and Occludin in
Jejunal Tissue. Total RNA was extracted from the jejunum using the
Fast Pure Cell/Tissue Total RNA Isolation Kit V2, followed by
assessment of purity and concentration with an ultramicrovolume
spectrophotometer. Subsequently, cDNA was synthesized following
the protocol for HiScript III RT SuperMix for qPCR. The ChamQ

https://doi.org/10.1021/acs jafc.4c10539
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Figure 2. Western blot analysis of LTF and Igs-H in the small intestinal digesta of rat pups. (A,D) Human milk serum group. (B,E) Bovine milk
serum group. (C,F) Caprine milk serum group. LTF: lactoferrin, Igs-H: immunoglobulins heavy chain. Control: undigested control sample. Four

biological replicates were collected for each sample.

Universal SYBR qPCR master mix, along with primers and ¢cDNA,
were combined and amplified in a real-time PCR instrument with the
following parameters: predenaturation at 95 °C for 30 s, cycling
reactions at 95 °C for 10 s and 60 °C for 10 s for 40 cycles, and a
cooling step at 37 °C for 30 s. GAPDH served as the reference gene,
and the relative expression level of the target gene was calculated
using the 272" method. The primer sequences for both the
reference gene and the target gene can be found in Table SI.
Determination of Amino Acids in Plasma. The procedure for
determining free amino acids involved thawing frozen plasma on ice,
treating it with trichloroacetic acid solution, allowing it to stand for 1
h, centrifuging the mixture to remove precipitated proteins, and
filtering the resulting supernatant through a 0.22 ym membrane.
For the determination of free amino acids in the hydrolyzed
samples, 200 uL of the supernatant obtained above was placed in a
hydrolysis tube with 2 mL of 6 M HCI, hydrolyzed under nitrogen at
120 °C for 22 h, evaporating the nitrogen posthydrolysis,
reconstituting the sample with 0.1 M HCI, and filtering it through a
0.22 ym membrane. The analysis of both free and hydrolyzed amino
acids was performed using an Agilent 1100 HPLC system.
Determination of LTF Content in Serum Using ELISA. The
levels of LTF in the serum of rat pups were determined by using
ELISA kits specific for human LTF (Abcam, UK), bovine LTF
(Bethyl Laboratories, USA), and caprine LTF (MyBioSource, CA).
Statistical Analysis. The experimental results were expressed as
the mean + standard deviation. All statistical analyses were conducted
using SPSS version 25.0. Statistical significance was assessed using
independent-sample ¢ tests, one-way analysis of variance (ANOVA),
or two-way ANOVA, as appropriate. The data profiling among species
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during digestion were analyzed for significance at P < 0.0S using two-
way ANOVA, with digestion time and species as the factors.

B RESULTS

Isolation of Milk Serum Protein. Bovine and caprine
colostra are rich in IgG and thus were selected for this study.
The composition of whole milk protein and isolated milk
serum protein is illustrated in Figure S1. Milk serum protein
was semiquantified as a percentage and calculated based on the
intensity of the gel. The proportions of serum proteins in
human, bovine, and caprine milk are approximately 65%, 45%,
and 53%, respectively. In human milk serum, the bands
corresponding to lactoferrin (LTF) and a-lactalbumin (a-LA)
exhibited the greatest intensity, while the bands associated with
immunoglobulin heavy chain (Ig-H) and f-lactoglobulin (/-
LG) were most intense in both bovine and caprine milk serum.
Albumin (ALB) was detected in all of the samples. Weaker
bands of casein were observed in human milk serum, whereas a
darker protein band around 25 kDa was present in both bovine
and caprine milk serum.

Digestion of LTF and Igs in the Stomach of Pups.
Although primary antibodies against human, bovine, and
caprine IgG were employed to monitor changes in IgG during
digestion, the heavy chains of various immunoglobulin types
exhibit significant similarities that may lead to cross-reactivity.
Therefore, we use “Igs” instead of “IgG” when presenting the

https://doi.org/10.1021/acs jafc.4c10539
J. Agric. Food Chem. 2025, 73, 3069—3079
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serum group. (D) Relative quantification via Western blot. Igs-H: immunoglobulins heavy chain. Different lowercase letters indicated significant
differences at each time point (P < 0.05). Two-way ANOVA showed that the main effects were all significant (P < 0.001 for time; P < 0.001 for
species; P < 0.001 for factor interaction). Control: rat pups without any treatment.

results. The digestion of LTF and Igs in the stomach of pups is
illustrated in Figure 1. Multiple bands were observed in the
undigested milk serum lanes, potentially indicating nonspecific
binding or endogenous peptide fragments of LTF and Igs in
the milk serum. Notably, LTF and Igs were kept intact during
gastric digestion (Figure 1). After 1 h, the intensities of LTF
and Igs bands in the caprine and human milk serum were
darker than those in the bovine milk serum group. Only a small
amount of human LTF was detected in the stomach of pups
after 2 h but all disappeared after 3 h, suggesting that both
caprine and bovine LTF were emptied from the stomach after
2 h whereas it took 3 h for human LTF.

Digestion of LTF and Igs in the Small Intestine of Rat
Pups. The digestion of LTF in the small intestine of rat pups is
illustrated in Figure 2A—C. At 20 min, intact LTF bands were
observed in caprine, human, and bovine groups, while bands of
LTF fragments were much more in caprine and human than in
the bovine group. At 1 h, intact caprine LTF was barely
detectable in the small intestine, but strong LTF bands (15—50
kDa) in its partially fragmented forms were observed in caprine
and human milk serum. At 4 h, intact caprine and human LTF
or their fragment bands were almost undetectable, whereas
bovine LTF and its fragments were found in the lower half of
the small intestine.
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The intensity of intact LTF bands throughout the entire
small intestine of the pups was analyzed, and the results are
presented in Figure S2A. The relative content of caprine and
bovine LTF gradually decreased, while for human LTF, it
initially increased and then decreased. At 20 min, the relative
content of caprine and bovine LTF was significantly lower
compared to human LTF. By 3 and 4 h, the relative content of
caprine and human LTF was significantly higher than that of
bovine LTF.

The degradation of three sources of Igs in the small intestine
of rat pups is illustrated in Figure 2D—F. Throughout the
digestion process, the bands of Igs fragments appeared light. At
1 h, caprine and human Igs were concentrated in the lower half
of the small intestine, while bovine Igs were distributed
throughout the small intestine. At 2 h, substantial amounts of
caprine and bovine Igs were found in the lower half of the
small intestine, whereas human Igs were nearly undetectable.
The results presented in Figure S2B indicate that the relative
content of Igs in the small intestine of the three groups
gradually decreased over digestion. At various time points
during digestion, the relative content of caprine and bovine Igs
in the small intestine was notably higher compared to that of
human Igs.
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between young and adult mice (P < 0.05).

Absorption of LTF and Igs into the Blood of Young
Rats. Caprine or bovine LTF was not detected in the plasma.
Human LTF was found to be absorbed to the plasma of rat
pups in intact form after administration for 20 min but was
undetectable after 1 h (Figure 3A). Degradation fragments of
human LTF (approximately 40 kDa) was observed in plasma,
with bands becoming darker and then lighter during digestion.
The protein in rat pups’ plasma nonspecifically binding with
the antibody (Figure 3B,C) was identified as rat serum
transferrin through in-gel digestion combined with MALDI-
TOF. ELISA was then used to confirm absorption of the three
types of LTF by rat pups, with results depicted in Figure 3D.
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The concentration of human LTF absorbed by pups initially
increased, peaked after 20 min of digestion, and then declined.

The absorption of human, bovine, and caprine Igs in rat
pups was examined using Western blot (Figure 4A—C). The
band intensity of Igs in plasma increased over time in all three
species. The caprine and bovine Igs bands reached their
highest intensity after 2 h, while human Igs band was the
highest after 1 h. The changes of Igs band intensity of three
species were further calculated, as shown in Figure 4D. At each
time point, the relative content of caprine Igs in plasma was
significantly lower than that of human Igs (P < 0.05) but
slightly higher than that of bovine Igs (P > 0.0S).
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Uptake of LTF by the Jejunum of Young Rats. Figure
SA—C illustrates the relative abundance of human, bovine, and
caprine LTF absorbed in the jejunal tissue of rat pups,
respectively. A substantial amount of LTF degradation
fragments (approximately 15 kDa) were detected in the jejunal
tissues from all three species. Furthermore, only intact human
LTF protein was identified in the jejunal tissue after 20 min. As
the time increased, the relative content of LTF and its
fragments initially increased and then declined, as depicted in
Figure 5D. The relative content of caprine LTF in the jejunum
after 1 h was significantly higher than that of human LTF (P <
0.05) and was comparable to that of bovine LTF. Furthermore,
the relative contents of caprine LTF and human LTF were
similar after 3 h, and both were significantly higher than that of
bovine LTF (P < 0.05).

Expression of Intestinal Receptors and Barrier
Functions Related Genes. There was no significant
difference in the relative expression levels of the ITLNI1
receptor and FcRn receptor in jejunal tissue of the various
groups of rat pups (Figure 6A,B). However, the expression of
tight junction proteins (ZO-1 and Occludin) in the intestinal
tract of 14 day-old rats was notably lower compared with that
of adult rats (Figure 6C).

SDS-PAGE Analysis of Stomach and Small Intestinal
Digesta. In addition to LTF and Igs, the digestibility of other
milk serum proteins at various time points (20 min, 1, 2, 3, and
4 h) were also analyzed through SDS-PAGE (Figure S3). Over
the course of digestion, the intensity of protein bands declined
gradually in all three species and almost disappeared at 3 h.
After 20 min and 1 h of gastric digestion, both caprine and
bovine f-lactoglobulin ($-LG) remained intact, while almost
no intact caprine a-lactalbumin (a-LA) was detected; however,
intact bovine a-LA was observed in the milk serum protein
digesta. In contrast, human a-LA was found to be intact at 20
min, 1 h, and 2 h of gastric digestion.

Furthermore, SDS-PAGE was utilized to analyze the protein
composition of small intestinal digesta throughout the
digestion process, as depicted in Figure S4. Initially, larger
quantities of protein were observed in the upper segment of
the small intestine compared to the lower segment across all
species. Subsequently, the intensity of the protein bands was
greater in the lower segment than in the upper segment. After
20 min, the #-LG bands observed in the lower part of the small
intestine for both bovine and caprine milk were weaker than
those in the upper part. However, after 1 h, this difference in -
LG levels between the upper and lower parts of the small
intestine diminished. During digestion for both 20 min and 1
h, the @-LA bands in the milk serum protein across the three
species exhibited changes similar to those observed in the j-
LG bands.

Plasma Amino Acid Patterns. The concentration of free
amino acids in the plasma of pups initially rose and then
declined following the ingestion of milk serum protein (Figure
SSA). At 2 h, the concentration of free amino acids in plasma
reached its peak across all three groups. After 20 min, 1 h, and
2 h of digestion, the levels of free amino acids in the plasma of
pups fed with human milk serum were significantly higher
compared to those fed with bovine and caprine milk serum (P
< 0.05). The concentration of hydrolyzed amino acids in the
plasma of pups in the caprine and human milk serum groups
initially increased and then decreased during digestion, while it
steadily increased in the bovine milk serum group; see Figure
SSB. The levels of hydrolyzed amino acids in the plasma of
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pups fed with caprine and human milk serum were significantly
higher than those fed with bovine milk serum (P < 0.05). The
concentration of peptides absorbed into the blood increased
gradually across all three groups over digestion. At 1, 2, and 3
h, the concentration of peptides in the plasma of the caprine
milk serum group exceeded that of the human and bovine milk
serum groups (P > 0.05, Figure S5C).

B DISCUSSION

Suckling rat pups were used as a model of a human infant to
investigate the digestion and absorption properties of serum
proteins in caprine, human, and bovine milk, focusing on two
immunological proteins, LTF and Igs. Our previous in vitro
studies showed that caprine IgG was more resistant to digestive
enzymes than bovine IgG.”’

The Western blot analysis indicates a degree of survival of
LTF from three species during gastric digestion, followed by
nearly complete degradation after intestinal digestion (Figures
1A—C and 2A—C). Some caprine and human LTF may remain
intact during small intestinal digestion, consistent with the
earlier report.”” However, most previous studies have indicated
that intact bovine LTF is completely degraded following
gastrointestinal digestion.”® In this study, intact bovine
lactoferrin was detected in the lower part of the small intestine
after 4 h, which contrasts with the findings of the in vitro study.
One potential reason for this discrepancy may be the variation
in digestive enzymes between this study and the previous
investigation, which may include differences in the species’
origin and enzyme activity. Another possible explanation is that
continuous emptying occurs during in vivo digestion, whereas
under in vitro conditions, all digestion products remain
stationary in the beaker. Consequently, more intact bovine
LTF was detected in vivo than in static in vitro conditions. We
observed more degradation fragments of LTF in caprine and
human milk serum compared to bovine LTF (Figure 2A—C),
and peptide bands of human LTF between 15 and S0 kDa
during the intestinal phase were also noted in a previous
study.” Overall, caprine LTF exhibits a retention time and
degradation pattern in the gastrointestinal tract that is more
similar to that of human LTF than bovine LTF.

The current results indicate that in comparison to LTF, the
three species of Igs exhibit greater resistance to intestinal
digestion. This is evidenced by the observation that during the
small intestinal digestion stage, almost no degradation
fragments of the three species of Igs are detected (Figure
2D—F). IgA is the most abundant Ig in human milk serum,
comprising 90% of the total Ig content.'® IgG can provide
immune protection throughout the body. Preterm infants
receive lower levels of specific IgG compared to term infants,
which increases their risk of pathogen infection during the first
two months of postnatal life.* The relative concentrations of
Igs in caprine and bovine milk were higher than those found in
human milk (Figure S1), and intact caprine and bovine Igs
were retained in the small intestine for a longer duration than
human Igs (Figure 2D—F). This observation contrasts with the
previous report’’ and may be attributed to variations in the
digestion model employed. Additionally, it is important to
consider the absorption rates of different species of Igs into the
bloodstream. Consequently, further experiments are necessary
to validate these findings.

Rat pups possess the ability to absorb LTF and Igs from the
intestinal lumen into the bloodstream through two mecha-
nisms: transport receptors and intestinal leakage. Specifically,
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ITLN1 receptors and FcRn receptors located in the small
intestine facilitate the transport of LTF and IgG into the
bloodstream, respectively. It is essential to consider both the
expression levels and the receptor binding capabilities of these
transport receptors. Notably, the relative expression of ITLN1
and FcRn receptors in small intestinal tissue did not exhibit
significant changes shortly after ingestion (Figure 6A,B),
suggesting that the mRNA expression levels of these protein
transporter receptors do not account for the observed
differences in LTF and Igs absorption levels. Furthermore,
beyond the expression of protein transport receptors, their
binding affinities warrant consideration. Human and rat FcRn
receptors demonstrate structural similarities; specifically,
human FcRn receptors can bind to human, rabbit, and guinea
pig IgG, but not to bovine or sheep IgG,"" which may elucidate
why both caprine and bovine IgG are absorbed less efficiently
than human IgG. There is a paucity of literature examining the
binding affinity of caprine LTF to the rat ITLN1 receptor.
Current studies indicate that both human LTF and bovine
LTF can specifically bind to rat brush border membrane
vesicles.> However, neither the intact form nor fragments of
caprine or bovine LTF were detected in the blood of rat pups,
whereas human LTF was identified. Consequently, the
differential ability of LTF from various species to bind to the
ITLN1 receptor in rat pups does not account for the observed
differences in the uptake. Overall, due to the expression and
affinity of the FcRn and ITLNI receptors, the suckling rat
serves as an excellent model for simulating the in vivo
absorption of IgG and LTF in human preterm infants.
Intestinal leakage is another factor that warrants consid-
eration. Moreover, due to the incomplete development of the
small intestine in young rats, there was a lower relative content
of tight junction proteins (Figure 6C), potentially leading to
the leakage of macromolecular proteins from the intestinal
lumen into the bloodstream. In a previous animal experiment
comparing the absorption of human LTF in young mice and
adult mice, the results indicated that the uptake of LTF by
young mice was primarily due to the leakage of their
intestines.*” The permeability of the small intestine is regulated
by cell junctions between adjacent epithelial cells and the
apical tight junctions, whereby the intestinal transfer of
macromolecules such as Igs and LTF across the intestinal
epithelium occurs. However, both the apical and basolateral
membranes of intestinal epithelial cells contain a significant
number of endogenous proteases. For proteins in the intestinal
lumen to be absorbed into the bloodstream in either a
complete or partially degraded form, they must possess
antidigestive enzyme activity to withstand degradation by
these endogenous enzymes. Human LTF and its enzymatically
degraded peptide fragments can both bind to the ITLN1
receptor, facilitating absorption into the bloodstream of rat
pups. Degradation fragments of LTF (approximately 15 kDa)
were identified in the jejunal tissues of rat pups from all three
milk types (Figure SA—C), with minimal detection in the
gastrointestinal digesta (Figure 2A—C). This suggests that LTF
from different milks can be absorbed and broken down by the
jejunum of the rat pups. Only intact human LTF was found in
the jejunal tissue, potentially because human LTF is more
resistant to enzymatic breakdown compared to bovine and
caprine LTF.”” Although intact forms of Igs from the three
species have been detected in the small intestine (Figure 5),
the relative amount of caprine Igs absorbed into the
bloodstream is lower than that of human Igs, yet higher than
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that of bovine Igs (Figure 4D), and this may be due to the fact
that caprine milk Igs are less resistant to digestion than human
milk Igs and stronger than bovine milk Igs. Therefore, we
propose that the difference in Igs absorption between bovine
and caprine milk is attributable to their varying resistance to
digestion.

After LTF and Igs are absorbed into the blood, they remain
stable for different periods of time. LTF can bind to
hepatocytes and undergo degradation in lysosomes, leading
to rapid metabolism in the blood,** which could explain why
intact human LTF was detected in the blood at 20 min and
then disappeared (Figure 3A). FcRn binds to IgG, increasing
its stability and protecting it from lysosomal degradation.™
Unlike LTF, the amount of Igs absorbed into the bloodstream
did not decrease, likely due to IgG’s longer halflife of
approximately 10—22 days across different species.** IgG is
critically important for premature infants due to its
agglutination mechanism against pathogens. However, pre-
mature infants do not receive this immune protection to the
same extent and are born with an IgG deficiency compared to
full-term infants.”> Consequently, it is essential to supplement
premature infants with additional IgG. In these infants, the
incomplete development of intestinal barrier function allows
macromolecular proteins to enter the bloodstream from the
intestinal lumen through tight junctions.*® More caprine Igs
were absorbed into the blood of rat pups compared with
bovine Igs (Figure 4), which may mean that caprine Igs may
provide more protection for premature infants.

In addition, we evaluated the absorptive properties of milk
serum proteins from three species of rat pups. The amino acid
profile in the blood after a meal can reflect the digestion and
absorption of protein.”” Blood concentrations of free amino
acids initially increased and then decreased during digestion
(Figure SSA), aligning with previous research.”® Hydrolyzed
amino acid levels were notably elevated for human and caprine
milk serum after 1, 2, and 3 h (Figure SSB), suggesting a faster
absorption rate of proteins in human and caprine milk serum
into peptides and free amino acids compared to bovine milk
serum proteins. Particularly, after 20 min, 1 h, and 2 h of
digestion, the concentration of free amino acids in the blood of
the human milk serum group surpassed that of the bovine and
caprine milk serum groups (Figure SSA), indicating a more
efficient absorption of human milk serum proteins by rat pups
in a free amino acid form. Premature infants encounter several
nutritional challenges due to their insufficient development
time. Specifically, their protein requirements are higher than
those of full-term infants to support rapid growth and
development.” However, premature infants possess lower
levels of gastric acid, reduced gastric enzyme activity,
prolonged gastric emptying times, and impaired protein
digestion capabilities.”” Compared to bovine milk serum
protein, the consumption of rapidly digested caprine milk
serum protein results in a more rapid increase in postprandial
circulating amino acids and peptides. Consequently, caprine
milk serum protein may provide more accessible nutrition for
premature infants, facilitating better digestion and absorption
of nutrients.

For the first time, we used an in vivo digestion and
absorption model using 14 day-old rat pups to compare the
digestibility and absorbability of serum proteins derived from
human, bovine, and caprine milk. However, there are some
limitations of our study that warrant consideration. Our
conclusions are solely based on serum proteins from bovine
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and caprine colostrum, necessitating further experimental
validation of the digestibility and absorbability of serum
proteins from bovine and caprine mature milk. Additionally,
Western blot relies on specific antibodies to identify target
proteins or protein fragments. If the target fragment in the
digestion product is small or if the epitope is compromised, the
antibody may not effectively recognize it.

In conclusion, an in vivo digestion model was developed
using rat pups to compare the digestion and absorption
characteristics of serum proteins in human, bovine, and caprine
milk. The overall rate of absorption of free amino acids and
peptides was found to be faster in human and caprine milk
serum, with free amino acids being the main form of
absorption for human milk serum protein and peptides being
the primary form of absorption for caprine milk serum protein.
More degradation fragments from human and caprine LTF
were observed in the small intestinal digesta. Intact human
LTF was detected in the blood of rat pups, and Igs from
human, bovine, and caprine milk were also found to be
absorbed into the blood. The relative amount of human Igs
absorbed in young rats was significantly higher than those of
bovine and caprine Igs, while caprine Igs had a slightly higher
absorption rate than bovine Igs. The enhanced antidigestive
properties of caprine Igs compared with bovine Igs were
identified as the primary reason for the higher absorption rate
of caprine Igs in rat pups.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jafc.4c10539.

Primer sequence, SDS-PAGE of protein in human,
bovine, and caprine milk, relative quantification of LTF
and Igs-H in small intestinal digesta, SDS-PAGE of
proteins in the gastric digesta of rat pups, SDS-PAGE of
proteins in the small intestinal digesta of rat pups, and
concentration of amino acids in plasma of rat pups
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Peng Zhou — School of Food Science and Technology,
Jiangnan University, Wuxi 214122, China; International
Joint Research Laboratory for Dairy Science and Technology,
Jiangnan University, Wuxi, Jiangsu 214122, China;
orcid.org/0000-0002-6665-3800; Email: zhoupeng@
jiangnan.edu.cn

Authors

Lina Zhang — School of Food Science and Technology,
Jiangnan University, Wuxi 214122, China; International
Joint Research Laboratory for Dairy Science and Technology,
Jiangnan University, Wuwxi, Jiangsu 214122, China;

orcid.org/0000-0002-3039-1597

Ying Ma — National R&D Center for Se-rich Agricultural
Products Processing, Hubei Engineering Research Center for
Deep Processing of Green Se-rich Agricultural Products,
School of Modern Industry for Selenium Science and
Engineering, Wuhan Polytechnic University, Wuhan 430023,
China

Kasper Hettinga — International Joint Research Laboratory
for Dairy Science and Technology, Jiangnan University, Wuzxi,

3077

Jiangsu 214122, China; Food Quality & Design Group,
Wageningen University, Wageningen 6708WG, The
Netherlands; © orcid.org/0000-0002-9017-4447

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jafc.4c10539

Author Contributions
1L.Z. and. Y.M. contributed equally to this work and should be
considered cofirst authors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (32372246), Science and Technology
Research Project of Hubei Provincial Department of Education
(Q20231613), and The Fundamental Research Funds for the
Central Universities (JUSRP202416004).

B ABBREVIATIONS USED

LTF. lactoferrin; Ig. immunoglobulin; IgG. immunoglobulin
G; ITLNI. intelectin-1; FcRn. neonatal Fc receptor; SDS-
PAGE. sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis; a-LA. alpha-lactalbumin; S-LG. beta-lactoglobulin;
Ig-H. immunoglobulin heavy chain; ALB. albumin

B REFERENCES

(1) Morniroli, D.; Tiraferri, V.; Maiocco, G.; De Rose, D. U.; Cresi,
F.; Coscia, A;; Mosca, F,; Gianni, M. L. Beyond survival: the lasting
effects of premature birth. Front Pediatr 2023, 11, 1213243.

(2) Chetta, K. E.; Hair, A. B.,; Hawthorne, K. M.; Abrams, S. A.
Serum phosphorus levels in premature infants receiving a donor
human milk derived fortifier. Nutrients 2015, 7 (4), 2562—2573.

(3) Jankiewicz, M.; van Lee, L.; Biesheuvel, M.; Brouwer-Brolsma, E.
M.,; van der Zee, L,; Szajewska, H. The Effect of Goat-Milk-Based
Infant Formulas on Growth and Safety Parameters: A Systematic
Review and Meta-Analysis. Nutrients 2023, 15 (9), 2110.

(4) Embleton, N. D.; van den Akker, C. H. P. Protein intakes to
optimize outcomes for preterm infants. Semin. Perinatol. 2019, 43 (7),
151154.

(5) Demers-Mathieu, V.; Qu, Y.; Underwood, M. A.; Borghese, R.;
Dallas, D. C. Premature Infants have Lower Gastric Digestion
Capacity for Human Milk Proteins than Term Infants. J. Pediatr.
Gastroenterol. Nutr. 2018, 66 (5), 816—821.

(6) Demers-Mathieu, V.; Huston, R. K; Markell, A. M.; McCulley,
E. A; Martin, R. L; Spooner, M.; Dallas, D. C. Differences in
Maternal Immunoglobulins within Mother’s Own Breast Milk and
Donor Breast Milk and across Digestion in Preterm Infants. Nutrients
2019, 11 (4), 920.

(7) Grases-Pintd, B.; Torres-Castro, P.; Marin-Morote, L.; Abril-Gil,
M,; Castell, M.; Rodriguez-Lagunas, M. J.; Pérez-Cano, F. J.; Franch,
A.~. Leptin and EGF Supplementation Enhance the Immune System
Maturation in Preterm Suckling Rats. Nutrients 2019, 11 (10), 2380.

(8) Dalziel, J. E.; Dunstan, K. E.; Dewhurst, H.; Van Gendt, M.;
Young, W.; Carpenter, E. Goat milk increases gastric emptying and
alters caecal short chain fatty acid profile compared with cow milk in
healthy rats. Food Funct. 2020, 11 (10), 8573—8582.

(9) Ye, A. Q.; Cui, J.; Carpenter, E.; Prosser, C.; Singh, H. Dynamic
in vitro gastric digestion of infant formulae made with goat milk and
cow milk: Influence of protein composition. Int. Dairy J. 2019, 97,
76—85.

(10) Lara-Villoslada, F.; Olivares, M.; Jiménez, J.; Boza, J.; Xaus, J.
Goat milk is less immunogenic than cow milk in a murine model of
atopy. J. Pediatr. Gastroenterol. Nutr. 2004, 39 (4), 354—360.

https://doi.org/10.1021/acs jafc.4c10539
J. Agric. Food Chem. 2025, 73, 3069—3079


https://pubs.acs.org/doi/10.1021/acs.jafc.4c10539?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.4c10539/suppl_file/jf4c10539_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6665-3800
https://orcid.org/0000-0002-6665-3800
mailto:zhoupeng@jiangnan.edu.cn
mailto:zhoupeng@jiangnan.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lina+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3039-1597
https://orcid.org/0000-0002-3039-1597
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kasper+Hettinga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9017-4447
https://pubs.acs.org/doi/10.1021/acs.jafc.4c10539?ref=pdf
https://doi.org/10.3389/fped.2023.1213243
https://doi.org/10.3389/fped.2023.1213243
https://doi.org/10.3390/nu7042562
https://doi.org/10.3390/nu7042562
https://doi.org/10.3390/nu15092110
https://doi.org/10.3390/nu15092110
https://doi.org/10.3390/nu15092110
https://doi.org/10.1053/j.semperi.2019.06.002
https://doi.org/10.1053/j.semperi.2019.06.002
https://doi.org/10.1097/MPG.0000000000001835
https://doi.org/10.1097/MPG.0000000000001835
https://doi.org/10.3390/nu11040920
https://doi.org/10.3390/nu11040920
https://doi.org/10.3390/nu11040920
https://doi.org/10.3390/nu11102380
https://doi.org/10.3390/nu11102380
https://doi.org/10.1039/D0FO01862G
https://doi.org/10.1039/D0FO01862G
https://doi.org/10.1039/D0FO01862G
https://doi.org/10.1016/j.idairyj.2019.06.002
https://doi.org/10.1016/j.idairyj.2019.06.002
https://doi.org/10.1016/j.idairyj.2019.06.002
https://doi.org/10.1097/00005176-200410000-00010
https://doi.org/10.1097/00005176-200410000-00010
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c10539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

(11) Lopez-Aliaga, L; Alferez, M. J.; Barrionuevo, M.; Nestares, T.;
Sanz Sampelayo, M. R.; Campos, M. S. Study of nutritive utilization of
protein and magnesium in rats with resection of the distal small
intestine. Beneficial effect of goat milk. J. Dairy Sci. 2003, 86 (9),
2958—-2966.

(12) Park, Y. Hypo-allergenic and therapeutic significance of goat
milk. Small Rumin. Res. 1994, 14 (2), 151—159.

(13) Tannock, G. W.; Lawley, B.; Munro, K.; Gowri Pathmanathan,
S.; Zhou, S. J.; Makrides, M.; Gibson, R. A,; Sullivan, T.; Prosser, C.
G.; Lowry, D.; Hodgkinson, A. J. Comparison of the compositions of
the stool microbiotas of infants fed goat milk formula, cow milk-based
formula, or breast milk. Appl. Environ. Microbiol. 2013, 79 (9), 3040—
3048.

(14) Ribeiro, A. C.; Fontes, E. A. F,; Lopez, C. J. R.; Sousa, W. V;
Gomes, L. S.; Barros, E.; Coimbra, J.; Franceschini, S.; Silva, D. A;
Baracat-Pereira, M. C. Proteoforms of f-Casein, a-sl-Casein, a-
Lactalbumin, Serum Albumin, and Lactotransferrin Identified in
Different Lactation Phases of Human Milk by Proteomics Approach.
Mol. Nutr. Food Res. 2023, 67 (12), No. €2200308.

(15) Carr, L. E.; Virmani, M. D.; Rosa, F.; Munblit, D.; Matazel, K.
S.; Elolimy, A. A.; Yeruva, L. Role of Human Milk Bioactives on
Infants’ Gut and Immune Health. Front. Immunol. 2021, 12, 604080.

(16) Lénnerdal, B. Nutritional and physiologic significance of
human milk proteins. Am. J. Clin. Nutr. 2003, 77 (6), 1537S—1543S.

(17) Hao, L.; Shan, Q.; Wei, J.; Ma, F.; Sun, P. Lactoferrin: Major
Physiological Functions and Applications. Curr. Protein Pept. Sci.
2018, 20 (2), 139—144.

(18) Liang, N.; Mohamed, H.; Pung, R. F.; Waite-Cusic, J.; Dallas,
D. C. Optimized Ultraviolet-C Processing Inactivates Pathogenic and
Spoilage-Associated Bacteria while Preserving Bioactive Proteins,
Vitamins, and Lipids in Human Milk. J. Agric. Food Chem. 2024, 72
(21), 12198—12208.

(19) Cakebread, J. A.; Humphrey, R.; Hodgkinson, A. J.
Immunoglobulin A in Bovine Milk: A Potential Functional Food? J.
Agric. Food Chem. 2015, 63 (33), 7311-7316.

(20) Sanchez-Macias, D.; Moreno-Indias, 1; Castro, N.; Morales-
Delanuez, A.; Argiiello, A. From goat colostrum to milk: physical,
chemical, and immune evolution from partum to 90 days postpartum.
J. Dairy Sci. 2014, 97 (1), 10—16.

(21) Fouda, G. G.; Yates, N. L.; Pollara, J.; Shen, X.; Overman, G.
R.; Mahlokozera, T.; Wilks, A. B.; Kang, H. H.; Salazar-Gonzalez, J.
F.; Salazar, M. G.; Kalilani, L.; Meshnick, S. R.; Hahn, B. H.; Shaw, G.
M,; Lovingood, R. V.; Denny, T. N.; Haynes, B.; Letvin, N. L.; Ferrari,
G.; Montefiori, D. C.; Tomaras, G. D.; Permar, S. R. HIV-specific
functional antibody responses in breast milk mirror those in plasma
and are primarily mediated by IgG antibodies. J. Virol. 2011, 85 (18),
9555—-9567.

(22) Davidson, L. A.; Lonnerdal, B. Persistence of human milk
proteins in the breast-fed infant. Acta Paediatr. Scand. 1987, 76 (5),
733-740.

(23) Blum, P. M.; Phelps, D. L.; Ank, B. J.; Krantman, H. J.; Stiehm,
E. R Survival of oral human immune serum globulin in the
gastrointestinal tract of low birth weight infants. Pediatr. Res. 1981,
15 (9), 1256—1260.

(24) Liao, Y; Jiang, R; Lonnerdal, B. Biochemical and molecular
impacts of lactoferrin on small intestinal growth and development
during early life. Biochem. Cell Biol. 2012, 90 (3), 476—484.

(25) Pyzik, M.; Sand, K. M. K;; Hubbard, J. J.; Andersen, J. T.;
Sandlie, I; Blumberg, R. S. The Neonatal Fc Receptor (FcRn): A
Misnomer? Front. Immunol. 2019, 10, 1540.

(26) Zheng, W.; Zhao, W.; Wu, M,; Song, X,; Caro, F.; Sun, X;
Gazzaniga, F.; Stefanetti, G.; Oh, S.; Mekalanos, J. J.; Kasper, D. L.
Microbiota-targeted maternal antibodies protect neonates from
enteric infection. Nature 2020, 577 (7791), 543—548.

(27) Ma, Y.; Hou, Y. M; Xie, K; Zhang, L. N.; Zhou, P. Digestive
differences in immunoglobulin G and lactoferrin among human,
bovine, and caprine milk following in vitro digestion. Int. Dairy J.
2021, 120, 105081.

3078

(28) Westrom, B.; Arévalo Sureda, E.; Pierzynowska, K;
Pierzynowski, S. G.; Pérez-Cano, F. J. The Immature Gut Barrier
and Its Importance in Establishing Immunity in Newborn Mammals.
Front. Immunol. 2020, 11, 1153.

(29) Weaver, L. T.; Laker, M. F.; Nelson, R. Intestinal permeability
in the newborn. Arch. Dis. Child. 1984, 59 (3), 236—241.

(30) Puiman, P.; Stoll, B. Animal models to study neonatal nutrition
in humans. Curr. Opin Clin Nutr Metab Care 2008, 11 (5), 601—606.

(31) Young, J. C; Pan, C.; Adams, R. M.; Brooks, B.; Banfield, J. F.;
Morowitz, M. J.; Hettich, R. L. Metaproteomics reveals functional
shifts in microbial and human proteins during a preterm infant gut
colonization case. Proteomics 2015, 15 (20), 3463—3473.

(32) Neuber, T.; Frese, K.; Jaehrling, J.; Jager, S.; Daubert, D.;
Felderer, K; Linnemann, M.; Hohne, A.; Kaden, S.; Kolln, J.; Tiller,
T.; Brocks, B.; Ostendorp, R.; Pabst, S. Characterization and
screening of IgG binding to the neonatal Fc receptor. MAbs 2014,
6 (4), 928—942.

(33) Suzuki, Y. A;; Lopez, V.; Lonnerdal, B. Mammalian lactoferrin
receptors: structure and function. Cell. Mol. Life Sci. 2005, 62 (22),
2560—2575.

(34) Keen, C. L.; Lénnerdal, B.; Clegg, M,; Hurley, L. S.
Developmental changes in composition of rat milk: trace elements,
minerals, protein, carbohydrate and fat. J. Nutr. 1981, 111 (2), 226—
236.

(35) Bautista, C. J.; Reyes-Castro, L. A.; Bautista, R. J.; Ramirez, V.;
Elias-Lépez, A. L.; Herndndez-Pando, R.; Zambrano, E. Different
Protein Sources in the Maternal Diet of the Rat during Gestation and
Lactation Affect Milk Composition and Male Offspring Development
during Adulthood. Reprod. Sci. 2021, 28 (9), 2481—2494.

(36) Auestad, N.; Korsak, R. A.; Bergstrom, J. D.; Edmond, J. Milk-
substitutes comparable to rat’s milk; their preparation, composition
and impact on development and metabolism in the artificially reared
rat. Br. J. Nutr. 1989, 61 (3), 495—518.

(37) Wada, Y.; Phinney, B. S.; Weber, D.; Lonnerdal, B. In vivo
digestomics of milk proteins in human milk and infant formula using a
suckling rat pup model. Peptides 2017, 88, 18—31.

(38) Xiong, L.; Boeren, S.; Vervoort, J.; Hettinga, K. Effect of milk
serum proteins on aggregation, bacteriostatic activity and digestion of
lactoferrin after heat treatment. Food Chem. 2021, 337, 127973.

(39) Kim, B. J.; Kuhfeld, R. F.; Haas, J. L.; Anaya, Y. M.; Martinez,
R. R;; Sah, B. N. P.; Breen, B.; Newsham, K.; Malinczak, C. A.; Dallas,
D. C. Digestive Profiles of Human Milk, Recombinant Human and
Bovine Lactoferrin: Comparing the Retained Intact Protein and
Peptide Release. Nutrients 2024, 16 (14), 2360.

(40) van den Berg, J. P.; Westerbeek, E. A; Berbers, G. A; van
Gageldonk, P. G.; van der Klis, F. R.; van Elburg, R. M. Transplacental
transport of IgG antibodies specific for pertussis, diphtheria, tetanus,
Haemophilus influenzae type b, and Neisseria meningitidis serogroup
C is lower in preterm compared with term infants. Pediatr. Infect. Dis.
J. 2010, 29 (9), 801—80S.

(41) Ober, R. J.; Raduy, C. G.; Ghetie, V.; Ward, E. S. Differences in
promiscuity for antibody-FcRn interactions across species: implica-
tions for therapeutic antibodies. Int. Immunol. 2001, 13 (12), 1551—
1559.

(42) Gleeson, J. P.; Fein, K. C.; Chaudhary, N.; Doerfler, R.; Newby,
A. N.; Whitehead, K. A. The enhanced intestinal permeability of
infant mice enables oral protein and macromolecular absorption
without delivery technology. Int. J. Pharm. 2021, 593, 120120.

(43) Lobo, E. D.; Hansen, R. J; Balthasar, J. P. Antibody
pharmacokinetics and pharmacodynamics. J. Pharm. 2004, 93 (11),
2645—2668.

(44) Cervenak, J.; Kacskovics, I. The neonatal Fc receptor plays a
crucial role in the metabolism of IgG in livestock animals. Vet.
Immunol. Immunopathol. 2009, 128 (1-3), 171-177.

(45) Gregory, K. E.; Walker, W. A. Immunologic Factors in Human
Milk and Disease Prevention in the Preterm Infant. Curr. Pediatr Rep
2013, 1 (4), 222—228.

https://doi.org/10.1021/acs jafc.4c10539
J. Agric. Food Chem. 2025, 73, 3069—3079


https://doi.org/10.3168/jds.S0022-0302(03)73893-4
https://doi.org/10.3168/jds.S0022-0302(03)73893-4
https://doi.org/10.3168/jds.S0022-0302(03)73893-4
https://doi.org/10.1016/0921-4488(94)90105-8
https://doi.org/10.1016/0921-4488(94)90105-8
https://doi.org/10.1128/AEM.03910-12
https://doi.org/10.1128/AEM.03910-12
https://doi.org/10.1128/AEM.03910-12
https://doi.org/10.1002/mnfr.202200308
https://doi.org/10.1002/mnfr.202200308
https://doi.org/10.1002/mnfr.202200308
https://doi.org/10.3389/fimmu.2021.604080
https://doi.org/10.3389/fimmu.2021.604080
https://doi.org/10.1093/ajcn/77.6.1537S
https://doi.org/10.1093/ajcn/77.6.1537S
https://doi.org/10.2174/1389203719666180514150921
https://doi.org/10.2174/1389203719666180514150921
https://doi.org/10.1021/acs.jafc.4c02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.4c02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.4c02120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.5b01836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3168/jds.2013-6811
https://doi.org/10.3168/jds.2013-6811
https://doi.org/10.1128/JVI.05174-11
https://doi.org/10.1128/JVI.05174-11
https://doi.org/10.1128/JVI.05174-11
https://doi.org/10.1111/j.1651-2227.1987.tb10557.x
https://doi.org/10.1111/j.1651-2227.1987.tb10557.x
https://doi.org/10.1203/00006450-198109000-00006
https://doi.org/10.1203/00006450-198109000-00006
https://doi.org/10.1139/o11-075
https://doi.org/10.1139/o11-075
https://doi.org/10.1139/o11-075
https://doi.org/10.3389/fimmu.2019.01540
https://doi.org/10.3389/fimmu.2019.01540
https://doi.org/10.1038/s41586-019-1898-4
https://doi.org/10.1038/s41586-019-1898-4
https://doi.org/10.1016/j.idairyj.2021.105081
https://doi.org/10.1016/j.idairyj.2021.105081
https://doi.org/10.1016/j.idairyj.2021.105081
https://doi.org/10.3389/fimmu.2020.01153
https://doi.org/10.3389/fimmu.2020.01153
https://doi.org/10.1136/adc.59.3.236
https://doi.org/10.1136/adc.59.3.236
https://doi.org/10.1097/MCO.0b013e32830b5b15
https://doi.org/10.1097/MCO.0b013e32830b5b15
https://doi.org/10.1002/pmic.201400563
https://doi.org/10.1002/pmic.201400563
https://doi.org/10.1002/pmic.201400563
https://doi.org/10.4161/mabs.28744
https://doi.org/10.4161/mabs.28744
https://doi.org/10.1007/s00018-005-5371-1
https://doi.org/10.1007/s00018-005-5371-1
https://doi.org/10.1093/jn/111.2.226
https://doi.org/10.1093/jn/111.2.226
https://doi.org/10.1007/s43032-021-00492-8
https://doi.org/10.1007/s43032-021-00492-8
https://doi.org/10.1007/s43032-021-00492-8
https://doi.org/10.1007/s43032-021-00492-8
https://doi.org/10.1079/BJN19890139
https://doi.org/10.1079/BJN19890139
https://doi.org/10.1079/BJN19890139
https://doi.org/10.1079/BJN19890139
https://doi.org/10.1016/j.peptides.2016.11.012
https://doi.org/10.1016/j.peptides.2016.11.012
https://doi.org/10.1016/j.peptides.2016.11.012
https://doi.org/10.1016/j.foodchem.2020.127973
https://doi.org/10.1016/j.foodchem.2020.127973
https://doi.org/10.1016/j.foodchem.2020.127973
https://doi.org/10.3390/nu16142360
https://doi.org/10.3390/nu16142360
https://doi.org/10.3390/nu16142360
https://doi.org/10.1097/INF.0b013e3181dc4f77
https://doi.org/10.1097/INF.0b013e3181dc4f77
https://doi.org/10.1097/INF.0b013e3181dc4f77
https://doi.org/10.1097/INF.0b013e3181dc4f77
https://doi.org/10.1093/intimm/13.12.1551
https://doi.org/10.1093/intimm/13.12.1551
https://doi.org/10.1093/intimm/13.12.1551
https://doi.org/10.1016/j.ijpharm.2020.120120
https://doi.org/10.1016/j.ijpharm.2020.120120
https://doi.org/10.1016/j.ijpharm.2020.120120
https://doi.org/10.1002/jps.20178
https://doi.org/10.1002/jps.20178
https://doi.org/10.1016/j.vetimm.2008.10.300
https://doi.org/10.1016/j.vetimm.2008.10.300
https://doi.org/10.1007/s40124-013-0028-2
https://doi.org/10.1007/s40124-013-0028-2
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c10539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

(46) Van Belkum, M.; Mendoza Alvarez, L.; Neu, J. Preterm
neonatal immunology at the intestinal interface. Cell. Mol. Life Sci.
2020, 77 (7), 1209—1227.

(47) Hall, W. L,; Millward, D. J.; Long, S. J.; Morgan, L. M. Casein
and whey exert different effects on plasma amino acid profiles,
gastrointestinal hormone secretion and appetite. Br. J. Nutr. 2003, 89
(2), 239-248.

(48) Fuchs, C. J.; Hermans, W. J. H.; Holwerda, A. M.; Smeets, J. S.
J; Senden, J. M.; van Kranenburg, J; Gijsen, A. P.; Wodzig, W,;
Schierbeek, H.; Verdijk, L. B.; van Loon, L. J. C. Branched-chain
amino acid and branched-chain ketoacid ingestion increases muscle
protein synthesis rates in vivo in older adults: a double-blind,
randomized trial. Am. J. Clin. Nutr. 2019, 110 (4), 862—872.

(49) Beverly, R. L.; Huston, R. K;; Markell, A. M.; McCulley, E. A;
Martin, R. L.; Dallas, D. C. Differences in human milk peptide release
along the gastrointestinal tract between preterm and term infants.
Clin. Nutr. 2021, 40 (3), 1214—1223.

3079

https://doi.org/10.1021/acs jafc.4c10539
J. Agric. Food Chem. 2025, 73, 3069—3079


https://doi.org/10.1007/s00018-019-03316-w
https://doi.org/10.1007/s00018-019-03316-w
https://doi.org/10.1079/BJN2002760
https://doi.org/10.1079/BJN2002760
https://doi.org/10.1079/BJN2002760
https://doi.org/10.1093/ajcn/nqz120
https://doi.org/10.1093/ajcn/nqz120
https://doi.org/10.1093/ajcn/nqz120
https://doi.org/10.1093/ajcn/nqz120
https://doi.org/10.1016/j.clnu.2020.07.035
https://doi.org/10.1016/j.clnu.2020.07.035
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c10539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

