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ABSTRACT
Background: Human milk peptides released by gastrointestinal proteases have been identified with bioactivities that

can benefit the infant but must first reach their respective sites of activity. Peptides in the stool either survived to or

were released inside the intestinal tract, and thus had the opportunity to exert bioactivity there. However, it is unknown

whether any milk peptides, bioactive or not, can survive in the stool of infants.

Objective: The aim of this study was primarily to identify milk peptides in infant stool samples and secondarily test

the hypotheses that the milk peptide profiles of stools are different between preterm infants at different days of life and

between preterm and term infants.

Methods: Infant stool samples were collected from 16 preterm infants (<34 weeks gestational age) at 8 or 9 and 21 or

22 days of life (DOL), and from 10 term infants (>34 weeks gestational age) at 8 or 9 DOL. Milk peptides were isolated

from the stool samples and identified using tandem MS. The peptide counts and abundances were compared between

infant groups.

Results: In total, 118 exclusively milk-derived peptides from the caseins and α-lactalbumin were present in the stool

samples, including some peptides with known or potential bioactivity. The remaining 8014 identified peptides could be

derived either from milk or endogenous proteins. Although many individual milk peptides were significantly different

between preterm infants at 8/9 and 21/22 DOL and between preterm and term infants, total peptide abundance and

count were similar for all 3 groups.

Conclusions: This is the first study to confirm the survival of milk peptides in the stool of infants. Some of the peptides

had potential bioactivities that could influence infant gut development. These results are important to understand the

physiological relevance of human milk peptides to the infant. J Nutr 2020;150:712–721.
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Introduction

Over the course of digestion, human milk proteins are
broken down by the action of milk, gastric, intestinal, and
bacterial proteases. These proteases release amino acids that
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the infant can absorb and utilize for protein synthesis and
growth, but the first compounds cleaved from proteins are
larger peptides. Many milk peptides have been identified with
bioactivities that may be useful to the developing infant by
killing pathogenic microbes (1, 2), stimulating the growth of
commensal bacteria (3, 4), stimulating the immune system (5),
stimulating mucin secretion (6), and extending gastrointestinal
(GI) transit time (7). In many instances, the released peptides
have distinct and more potent bioactivity than their intact
parent proteins (8, 9). However, most bioactive peptides have
been identified from in vitro digested milk and milk products.
Only 1 study has identified novel bioactive peptides from
undigested human milk (10), whereas others have confirmed
the in vivo release of bioactive peptides in human milk and
infant gastric digesta through homology searches (11, 12).
As milk and gastric digesta represent only the beginning
of protein digestion, little is known about how bioactive
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peptides are released and survive digestion throughout the entire
GI tract.

For bioactive milk peptides to be relevant to the developing
infant, they must first be released from their parent protein
by digestion and then survive until they reach their site of
action. For many bioactivities, this site is the upper intestinal
tract and colon, where they can either be absorbed into the
bloodstream to act systemically, or can act locally on bacteria,
immune cells, and intestinal epithelial cells. The different
proteolytic environments of the GI tract alter the peptide profile
at each site by cleaving new peptides and breaking down
those already released (11, 13). Milk proteins are exposed to
different proteases with different cleavage site specificities at
each site of digestion. In human milk within the mammary
gland, proteases such as plasmin, thrombin, elastase, and
kallikrein initiate the breakdown of milk proteins into peptides
(14–16). In the stomach, pepsin is secreted, and cathepsin D
from milk is activated by the high acidity (17). Protein digestion
continues in the intestinal tract with the addition of pancreatic
proteases like trypsin and chymotrypsin and brush border
exopeptidases. In the colon, microbes can contribute to further
proteolysis. Indeed, fecal proteolysis experiments on pancrea-
tectomized and healthy subjects show that the gut microbiota
contributes to digestive proteolysis (18). Any peptides that are
present in the stool must therefore either have been released
in the colon or survived proteolysis long enough to make it
to the colon. These peptides would have had the potential to
exert site-specific bioactivities in the colon and upper intestinal
tract relevant to the infant’s health, such as antimicrobial or
immunomodulatory activity.

There have been few studies on the survival of milk proteins
in stool. Human whey proteins such as lysozyme, lactoferrin,
and IgA have been identified in both preterm and term infant
stool through immunoblotting (19–21) and proteomics (22).
Intact casein proteins have not been identified in the stool.
Although lactoferrin and many other milk proteins can be
produced endogenously by humans, human lactoferrin and its
fragments were identified only in the stool of infants fed human
milk and not bovine milk, suggesting that no endogenous
lactoferrin is secreted by the infant (23). No studies have yet
been performed on the survival of milk protein-derived peptides.

The primary objective of this study was to determine whether
any human milk peptides survive GI digestion to reach the
stool of infants. Secondary objectives were to compare the milk
peptides in the stools of preterm infants between 8 or 9 days of
life (8/9 DOL) and 21 or 22 (21/22) DOL, and between preterm
and term infants at 8/9 DOL. Peptidomics analysis was used
to identify milk peptides from the stool of term and preterm
infants. The data was analyzed for similarities and differences
in the peptide profiles of stools from the infants and to identify
the presence of bioactive peptides.

Methods
Materials
Ammonium bicarbonate and HPLC-grade acetonitrile were obtained
from Thermo Fisher Scientific, trifluoroacetic acid and HPLC-grade
formic acid were obtained from EMD Millipore, HPLC-grade ethanol,
iodoacetamide, and trichloroacetic acid were obtained from Sigma-
Aldrich, and dithiothreitol was obtained from Promega.

Participants and enrollment
This study was approved by Institutional Review Boards at Legacy
Health Systems and Oregon State University. Infant subjects were

TABLE 1 Characteristics for infants included in this study

Infant Maturity 8/9 DOL 21/22 DOL
Postmenstrual

age, wk
Birth

weight, g

1 Preterm X X 30.3 1205
2 Preterm X X 30.3 1105
3 Preterm X X 31.7 2070
4 Preterm X — 26.6 695
5 Preterm X — 27.9 1165
6 Preterm — X 31.4 1843
7 Preterm X — 31.9 1920
8 Preterm — X 26.4 1140
9 Preterm X — 26.4 880
10 Preterm — X 27.7 1080
11 Preterm — X 27.7 1050
12 Preterm X X 26 900
13 Preterm X X 26 900
14 Preterm X X 31 1340
15 Preterm X — 31 1220
16 Preterm X X 32 1245
17 Term X — 38.7 1930
18 Term X — 34.7 1625
19 Term X — 35.9 3657
20 Term X — 39.6 2455
21 Term X — 34 2105
22 Term X — 35.7 2785
23 Term X — 37.3 3040
24 Term X — 34.4 2280
25 Term X — 34.4 2135
26 Term X — 34 2570

enrolled at Randall Children’s Hospital and were grouped as either
preterm (preterm infants of <34 weeks gestational age) or term (late-
preterm and full-term infants of >34 weeks gestational age). As this
study was primarily exploratory as to the presence of milk peptides
in stool, the sample size of the groups was not calculated. Clinical
data for each infant was collected upon enrollment and at each feeding
and are listed in Table 1. Eligibility criteria for enrollment included
having an indwelling naso/orogastric feeding tube, tolerating <60 min
bolus feeding and ≥4 mL feed volumes, and mothers that could
produce a volume of milk for 1 full day of feeding. Exclusion criteria
included life-threatening diagnoses, GI anomalies or major GI surgeries,
genitourinary anomalies, and any significant metabolic or endocrine
diseases.

Stool was collected from preterm infants once during a 2-d period
at 8/9 DOL and/or 21/22 DOL and from term infants at 8/9 DOL.
As all enrolled term infants were discharged from the hospital prior to
reaching 21 DOL, no stool was able to be collected for the 21/22 DOL
time point for term infants. Additionally, several preterm infants did not
stool over the course of one or the other of the 2-d periods and only had
1 stool sample collected. Feedings were prepared at Randall Children’s
Hospital using aseptic techniques. Frozen human milk was thawed at
37◦C and delivered to the infant through the naso/orogastric feeding
tube over a time period of 30–60 min. Nurses attempted to collect all
stool produced over 48 h by the infant after their first feeding on days 8
and 21. In total, 16 preterm infants and 10 term infants were included
in this study. After stool was collected, it was immediately frozen at
−80◦C and transported to Oregon State University on dry ice for sample
analysis.

Sample preparation

Initial stool preparation.
Stool samples were thawed on ice, and a small portion (∼500 mg)
was collected, weighed, and dissolved in water to a concentration of
10% m/v. The samples were thoroughly agitated with a vortex mixer
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and sonicated for 10 s at 60 amps to ensure homogenization of the
mixture. The samples were centrifuged at 4000 × g for 10 min at 4◦C to
precipitate remaining large solids, and the supernatant was centrifuged
at 12,000 × g for 20 min at 4◦C to remove cellular matter and lipids.
The infranatant was pipetted from below the lipid layer and stored at
−80◦C until analysis.

Protein and peptide concentration determination.
The combined protein and peptide concentrations and peptide isolate
concentrations of the stool samples were determined in duplicate with
the Pierce™ Quantitative Colorimetric Peptide Assay (Thermo Fisher
Scientific) based on the reduction of Cu2+ to Cu1+ by peptide bonds.
Two aliquots of 40 μL were removed from the stool infranatants. The
first aliquot was analyzed for combined protein and peptide following
the protocol for the kit. The concentration of only the peptide (peptide
isolate) was determined in the second aliquot after ethanol precipitation
of intact proteins. The samples were mixed with 160 μL of ice-cold
ethanol and incubated for 2 h at −20◦C. Samples were centrifuged
at 12,000 × g for 30 min at 4◦C and the pellet was discarded. The
supernatant was lyophilized, and the peptides were reconstituted in
40 μL of water for concentration determination.

Total peptide extraction.
Peptides were extracted from 100 μL of the infranatant as described
in our previous peptidomic publication, with some modifications (16).
To prevent milk peptides from potentially being precipitated with
intact proteins, any disulfide bonds between the peptides and proteins
were reduced and alkylated. The samples were mixed with 100 μL
of 200 mM ammonium bicarbonate. Dithiothreitol was added to the
samples to a final concentration of 40 mM, and the samples were
incubated at 56◦C for 45 min. Iodoacetamide was added to a final
concentration of 100 mM and the samples were incubated at room
temperature in the dark for 1 h. Intact proteins were precipitated
as described previously (16). The peptides in the supernatant were
treated by C18 reverse-phase extraction as described previously (16).
After elution from the C18 column, the peptides were lyophilized and
rehydrated in 100 μL of nanopure water prior to MS analysis.

LCMS
Peptides were analyzed with MS as described in our previous
publication (12), with some modifications as follows. The LC phase was
condensed so that the peptides were eluted from the ultra-performance
liquid chromatography column over a period of 60 min. The separation
gradient was 3–10% solvent B over 3 min, 10–30% solvent B over
42 min, 30–90% solvent B over 3 min, held at 90% solvent B for 4 min,
90–3% solvent B over 1 min, and held at 3% solvent B for 7 min. A
30-min column wash was included between sample separations. The
mass spectra were collected and analyzed with the following altered
parameters. Peptides were ionized with an electrospray voltage of
2300 V. Scanned masses were between 375 and 1500 m/z and with
a charge state of 2–8. Precursor ions were fragmented with higher-
energy collisional dissociation with a collision energy of 35%. Peptides
were detected from the raw files using Thermo Proteome Discoverer
2.2.0.388 [Thermo Fisher Scientific]. Dynamic peptide modifications
allowed were phosphorylation of serine and threonine, oxidation of
methionine, and carbamidomethylation of cysteine.

Data analysis
Stool samples were analyzed for the combined protein and peptide
concentration, peptide isolate concentration, peptide abundance, and
peptide count. Peptide abundance is unitless and represents the summed
ion intensities from the mass spectra, whereas peptide count is the
number of unique peptide sequences. Milk peptides from proteins of
similar function were sorted for analysis into the following groups: Igs,
antiproteases, proteases, nutrient-binding proteins, caseins, mucins, and
other milk proteins. The protein composition of the groups are defined
in Supplemental Table 1.

Statistical comparisons were performed with RStudio 1.2.1335
(RStudio). Stool peptides were grouped into preterm infants at 8/9 DOL,

preterm infants at 21/22 DOL, and term infants at 8/9 DOL. Paired
t-tests were used to compare stool peptide isolate concentrations and
stool protein and peptide concentrations within each group. ANOVA
followed by the posthoc Tukey–Kramer test was used to compare
peptide abundance, count, and concentration between preterm 8/9,
21/22, and term 8/9 groups. Significance was determined by a P value
of <0.05. Data are presented as mean ± SE.

Milk peptides were analyzed for sequence homology with bioactive
peptides in the Milk Bioactive Peptide Database (MBPDB) (24). The
search type was “Sequence” with a similarity threshold of 80%.
PepEx (http://mbpdb.nws.oregonstate.edu/pepex/) was used to map the
identified milk peptides to their location in the parent protein sequence.

Results
Milk peptide profile of infant stool

The overall peptide profile of all stool samples was composed of
8132 peptides divided amongst 169 unique proteins previously
identified in human milk. Although the majority of the peptides
are derived from proteins that could be from either milk or
endogenous sources (hereafter referred to as “potential milk
peptide”), 118 peptides were derived from proteins that are
exclusive to breast milk: 73 peptides from α-lactalbumin,
42 from β-casein, 2 from αs1-casein, and 1 from κ-casein.
Of the remaining peptides that are potentially derived from
milk, lactoferrin was the single largest contributor with 1863
peptides (Figure 1). There were 2077 combined peptides from
all Ig proteins, and the largest Ig protein contributors were Ig
heavy constant α (IGHA) 1 and 2, which encode the constant
segment of the heavy chain of IgA. IGHA1 had 360 peptides
and IGHA2 had 197; an additional 408 were indistinguishable
between IGHA1 and IGHA2. The heavy chains of IgM and IgG
contributed 166 and 118 peptides, respectively. The full list of
proteins and how many peptides were identified from each is
included as Supplemental Table 2.

The mean concentrations of combined proteins and peptides
in the stool samples were 28.2 ± 4.3 μg/mg for preterm infants
at 8/9 DOL, 20.6 ± 2.6 μg/mg for preterm infants at 21/22
DOL, and 17.8 ± 2.7 μg/mg for term infants at 8/9 DOL
(Supplemental Figure 1). The mean concentrations of peptide
were less than half of the combined proteins and peptides, at
9.6 ± 2.2 μg/mg, 7.7 ± 1.1 μg/mg, and 7.6 ± 1.4 μg/mg for
preterm 8/9, preterm 21/22, and term 8/9 infant stools, respec-
tively. All infant groups had significantly different stool peptide
and protein concentrations. There were no significant differ-
ences between preterm 8/9, 21/22, and term 8/9 infant stools
for peptide concentration or combined protein and peptide
concentration.

Bioactive milk peptides in the infant stool

To predict the bioactivity of identified milk peptides, the
peptides were compared for sequence homology with known
bioactive peptides in the MBPDB (24). There were 26 peptides
that matched with ≥80% sequence homology with the
database, but as some query peptides matched with multiple
known peptides, only 19 of the matches were unique peptides
(Table 2). All homologous peptides derived from lactoferrin
and β-casein, which is unsurprising as the majority of
bioactive peptides in the MBPDB are from these 2 proteins.
Two peptides, VVPYPQR and DLENLHLPLPL, matched with
peptides derived from bovine milk β-casein; the rest matched
with peptides from human milk proteins. Antimicrobial activity
was the most prevalent function with 12 homologous peptides,
followed by DNA synthesis-stimulatory with 4, antioxidant
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FIGURE 1 Pie chart of the breakdown of milk peptides identified in the infant stool samples. Numbers underneath the pie section labels
represent the number of unique peptides identified from all infant stool samples, n = 33. BSSL, bile salt-stimulated lipase; PIgR, polymeric Ig
receptor; XDH, xanthine dehydrogenase.

with 2, antihypertensive with 2, and opioid with 1. Only 1 query
peptide, RETIESLSSSEESITEYK from β-casein, was 100%
homologous with a known bioactive peptide. This peptide was
identified to stimulate DNA synthesis and cell proliferation of
BALB/c3T3 mice fibroblasts (25) and was previously found in
milk and gastric samples (11, 12).

Twelve homologous peptides were identified in ≥50%
of the infants’ stools, and 4 in ≥80% of the infants.
RETIESLSSSEESIT, with potential DNA synthesis-stimulating
activity, was the only homologous peptide identified in every
infant stool. Each infant had a mean of 11.4 ± 3.6 homologous
peptides in their stool samples (between 4 and 17 homologous
peptides per infant). Every peptide was present in ≥1 infant
stool from each of the 3 groups (preterm at 8/9 DOL, preterm
at 21/22 DOL, and term at 8/9 DOL).

Comparison of peptides from preterm and term infant
stools

The total abundance and count of the peptides were highly
similar among stools from preterm infants at 8/9 DOL, preterm
infants at 21/22 DOL, and term infants at 8/9 DOL (Figure 2).
There were no significant differences in peptide abundance or
count between preterm 8/9, 21/22, and term 8/9 infants.

The 3 infant groups remained similar when peptides from
individual potential milk proteins or groups of related milk
proteins were analyzed for abundance (Table 3) and count
(Table 4). No significant differences were found for peptide
abundance in individual proteins, only for peptide count.
Preterm 8/9 infant stool peptide counts were significantly lower
than preterm 21/22 for lactoferrin, polymeric Ig receptor (PIgR),
xanthine dehydrogenase, and mucins, and were significantly
lower than term 8/9 for PIgR. The peptides from individual
milk proteins and potential milk proteins were thus highly

similar in stools among the 3 infant groups for both count and
abundance.

The peptide profiles of each group were highly conserved,
with peptides common to all groups accounting for the majority
of the peptide abundance and count. One hundred and twenty-
five peptides were identified in 100% of the samples in each
group and accounted for 18.8% of the mean abundance of
peptides in the samples, 550 peptides were identified in ≥80%
of the samples in each group and accounted for 32.5% of the
mean abundance, 1716 peptides were identified in ≥50% of the
samples in each group and accounted for 33.5% of the mean
abundance, and 5742 peptides were identified in <50% of the
samples in ≥1 group and accounted for only 15.2% of the mean
abundance. On an individual protein level, peptides present in
≥50% of the samples in each group made up the majority
of the mean peptide abundance for all proteins except bile
salt-stimulated lipase and the caseins (Figure 3). These results
suggest that although each group had different peptide profiles,
those peptides that were the same between the groups were
present at much higher relative amounts than peptides that were
different.

Only once individual peptides were analyzed did many of the
differences between groups begin to appear. Both preterm 21/22
and term 8/9 infants had many more individual stool peptides
that were in significantly higher abundance (>5-fold increase)
than preterm 8/9 (Figure 4A, B). This pattern was conserved
for both lactoferrin peptides (Figure 4C, D) and combined
α-lactalbumin and casein peptides (Figure 4E, F). Three
homologous peptides were also significantly different among
the groups. DLENLHLPLPL from β-casein, with potential
antihypertensive activity, was significantly higher in preterm
21/22 and term 8/9 infant stools compared with preterm 8/9,
and LLNPTHQIYPVTQPLAPVHNPISV from β-casein, with
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TABLE 2 Milk peptides from stool that matched with ≥80% sequence homology with a known bioactive milk peptide from the
MBPDB

Known peptide Query peptide Protein
% Sequence

homology Function No. of infants

AVPYPQR1 VVPYPQR β-casein 85.7 Antihypertensive 31
AVPYPQR1 VVPYPQR β-casein 85.7 Antimicrobial 31
AVPYPQR1 VVPYPQR β-casein 85.7 Antioxidant 31
ENLHLPLPLL1 DLENLHLPLPL2 β-casein 81.8 Antihypertensive 13
LENLHLPLP DLENLHLPLPL2 β-casein 81.8 Antihypertensive 13
LLNQELLLNPTHQIYPV NQELLLNPTHQIYPV2 β-casein 88.2 Antimicrobial 6
LLNQELLLNPTHQIYPV QALLLNQELLLNPTHQIYP2 β-casein 85 Antimicrobial 25
QELLLNPTHQIYPVTQPLAPVHNPISV NQELLLNPTHQIYPVTQPLAPVHNPISV2 β-casein 96.4 Antimicrobial 29
QELLLNPTHQIYPVTQPLAPVHNPISV LLNPTHQIYPVTQPLAPVHNPISV2 β-casein 88.9 Antimicrobial 21
QELLLNPTHQIYPVTQPLAPVHNPISV LLLNQELLLNPTHQIYPVTQPLAPVHNPISV2 β-casein 87.1 Antimicrobial 24
QVVPYPQ QVVPYPQR β-casein 87.5 Antioxidant 16
QVVPYPQ VVPYPQR β-casein 85.7 Antioxidant 31
RETIESLSSSEESITEYK RETIESLSSSEESITEYK2 β-casein 100 Stim. DNA synthesis 30
RETIESLSSSEESITEYK ETIESLSSSEESITEYK2 β-casein 94.4 Stim. DNA synthesis 33
RETIESLSSSEESITEYK RETIESLSSSEESITEYKQK2 β-casein 90 Stim. DNA synthesis 20
RETIESLSSSEESITEYK RETIESLSSSEESIT2 β-casein 83.3 Stim. DNA synthesis 16
VENLHLPLPLL1 DLENLHLPLPL2 β-casein 81.8 Antihypertensive 13
EATKCFQWQRNMRKVR SQPEATKCFQWQRNMR Lactoferrin 81.3 Antimicrobial 7
FFSASCVPGADKGQFPNLCRLCAGTGENKCA FFSASCVPGADKGQFPNLCRLCAGTGENK Lactoferrin 93.6 Antimicrobial 6
KYLGPQY KYLGPQYV Lactoferrin 87.5 Opioid 23
PEATKCFQWQRNMRKVR SQPEATKCFQWQRNMR Lactoferrin 82.4 Antimicrobial 7
QPEATKCFQWQRNMRKVR AVSQPEATKCFQWQRNMR Lactoferrin 83.3 Antimicrobial 17
QPEATKCFQWQRNMRKVR SQPEATKCFQWQRNMR Lactoferrin 83.3 Antimicrobial 7
TKCFQWQRN ATKCFQWQR Lactoferrin 88.9 Antimicrobial 21
TKCFQWQRN TKCFQWQR Lactoferrin 88.9 Antimicrobial 23
TKCFQWQRN EATKCFQWQR Lactoferrin 80 Antimicrobial 15

1Known peptide was derived from a bovine milk protein.
2Peptide has been previously identified in human milk or infant gastric samples.
MBPDB, milk bioactive peptide database; Stim. DNA synthesis, stimulates cell DNA synthesis.

potential antimicrobial activity, was significantly higher in term
than in preterm 8/9. Only ATKCFQWQR from lactoferrin, with
potential antimicrobial activity, was significantly higher in the
preterm 8/9 infant stools than in term 8/9.

Preterm 8/9, 21/22, and term 8/9 infant stools had similar
counts and abundances of peptides, but there was considerable
variation in the peptide profiles of each individual infant’s
stool. Compared with the mean peptide abundance in stools
across all infants, the stools of infants 3, 16, 19, and 20 had
higher peptide abundances for nearly all major proteins and
protein groups, whereas stools of infants 2, 12, 13, 21, and
26 had much lower peptide abundances (Figure 5A). There
were no clear patterns of increase or decrease in peptide
abundance in preterm infant stools from 8/9 to 21/22 DOL.
Some infants, such as infant 2, had a decreased stool peptide
abundance between measurements, whereas the abundance in
stools of others, such as infants 12 and 13, was increased. The
percentage composition of each infant’s stool peptide profile
also varied between and within groups (Figure 5B). Each group
exhibited variation in the relative abundance of peptides from
the measured milk proteins and potential milk proteins. Ig
and lactoferrin peptides dominated the profiles in stools from
infants 4 and 13 at 8/9 DOL compared with the other infants,
and stools from infants 9 at 8/9 DOL, 12 at 21/22 DOL,
and 23 had increased percentages of lower abundant peptides
such as α-lactalbumin, caseins, α-amylase, and nutrient-binding
proteins.

Mapping the stool peptides to their parent protein

Peptide abundances were mapped to the parent protein
sequence for lactoferrin, α-lactalbumin, and β-casein (Supple-
mental Figure 2). Peptides came from nearly identical regions
of the proteins for all 3 groups. There were clearly defined
regions of peptides at α-lactalbumin f(42–64) and f(71–93), and
β-casein f(1–24) and f(161–211). However, lactoferrin peptides
were more spread out across the lactoferrin sequence. There
were distinct peaks of peptide abundance in lactoferrin, but
there was a nearly continuous abundance of peptides across
the entire sequence. For peptide count, the pattern of release
was similar to that of abundance but with more similar peptide
counts across the sequences of the proteins for the 3 groups
(Supplemental Figure 3). For both count and abundance, stools
from term 8/9 infants had slightly more peptides at each of the
sites in the protein except for some regions in lactoferrin and
the N-terminus of β-casein, where stools from preterm infants
at 21/22 DOL had the most.

Discussion
This study is the first to profile the milk peptidome of infant
stool. Previous investigations have profiled the peptidomes of
human milk and infant gastric samples (11, 12, 26). Whereas
those samples represent the beginning of protein digestion in
the infant, stool represents the endpoint. Any milk proteins
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FIGURE 2 Boxplots of the abundance (A) and count (B) of total
potential milk peptides from the stool of preterm infants at 8/9 DOL
and 21/22 DOL and term infants at 8/9 DOL. Preterm 8/9 n = 12,
preterm 21/22 n = 11, and term n = 10. DOL, days of life.

and peptides remaining in the stool are unavailable to the
infant for nutrition but may be important bioactive factors in
milk by influencing the gut environment through interactions
with intestinal epithelial cells, immune cells, or the microbiota.
The identification of remaining milk peptides in stool, some
with known bioactivity or potential for bioactivity, represents
another step along the path to determining whether the
release and survival of milk peptides is coordinated to provide
physiological benefit to the infant.

TABLE 4 Comparison of the mean count of peptides from
select milk proteins and potentially milk proteins between
preterm infants at 8/9 DOL, preterm infants at 21/22 DOL, and
term infants at 8/9 DOL1

Preterm 8/92 Preterm 21/222 Term2

n = 12 n = 11 n = 10

Immunoglobulins 916 ± 45 987 ± 29.6 972 ± 30.3
Lactoferrin 789 ± 58.5 945 ± 26.6∗ 916 ± 38.6
Serum albumin 269 ± 14.7 309 ± 10 299 ± 8.7
PIgR 256 ± 16 302 ± 8.1∗ 300 ± 9.4∗

Proteases 136 ± 7.9 159 ± 5 146 ± 6.4
Tenascin 136 ± 8.9 159 ± 5.6 144 ± 6.8
Xanthine dehydrogenase 103 ± 8 128 ± 5.6∗ 125 ± 4.1
Nutrient-binding proteins 111 ± 5.7 115 ± 3.9 120 ± 4.4
Mucins 89.1 ± 7.7 111 ± 4.1∗ 106 ± 4.9
Bile salt-stimulated lipase 87.2 ± 5.1 90.3 ± 4 89 ± 3.19
α-Amylase 70.2 ± 3.6 78.7 ± 3.5 74.5 ± 3.5
Antiproteases 59.3 ± 2.6 60 ± 2.2 58.5 ± 1.8
α-Lactalbumin 28.3 ± 3 32.9 ± 1.7 34.6 ± 1.7
Caseins 21.2 ± 2.7 26.5 ± 1.5 26.6 ± 1.4

1Data are represented as mean ± SE.
∗Indicates the mean is significantly different from the mean for preterm 8/9 in the
same row, P < 0.05.
2Count units are the number of unique peptide sequences.
DOL, days of life; PIgR, polymeric Ig receptor.

The peptide profile of stools differs significantly from the
peptide profiles previously identified in undigested human milk
and preterm gastric samples. The peptides in undigested human
milk are primarily sourced from the caseins, with some from
whey proteins such as osteopontin, PIgR, and butyrophilin
subfamily 1 member a1 (10, 16). Almost no lactoferrin or
α-lactalbumin peptides are in human milk, suggesting these
proteins are relatively undigested. In the infant stomach, casein
peptides still dominate the profile, but lactoferrin and α-
lactalbumin begin to release small amounts of peptides at
select regions in their sequences (11, 12, 26). The peptides in
stool are completely different from those in milk and gastric
digesta, with a predominance of lactoferrin peptides from
across the entire sequence and little to no casein peptides. As

TABLE 3 Comparison of the mean abundance of peptides from select milk proteins and potentially milk proteins between preterm
infants at 8/9 DOL, preterm infants at 21/22 DOL, and term infants at 8/9 DOL1

Preterm 8/92 Preterm 21/222 Term2

n = 12 n = 11 n = 10

Immunoglobulins 7.13 × 109 ± 1.08 × 109 6.78 × 109 ± 1.12 × 109 7 × 109 ± 9.55 × 108

Lactoferrin 6.15 × 109 ± 1.33 × 109 7.7 × 109 ± 1.23 × 109 7.16 × 109 ± 1.03 × 109

PIgR 1.9 × 109 ± 3.92 × 108 2.35 × 109 ± 3.05 × 108 2.45 × 109 ± 3.74 × 108

Serum albumin 1.82 × 109 ± 2.8 × 108 2.08 × 109 ± 2.37 × 108 2.18 × 109 ± 3.28 × 108

Antiproteases 1.08 × 109 ± 2.28 × 108 1.18 × 109 ± 1.62 × 108 1.31 × 109 ± 2.46 × 108

Proteases 1.11 × 109 ± 3.24 × 108 1.27 × 109 ± 2.34 × 108 9.54 × 108 ± 1.69 × 108

Tenascin 9.05 × 108 ± 1.38 × 108 1.09 × 109 ± 1.39 × 108 1.12 × 109 ± 1.83 × 108

Nutrient-binding proteins 1.06 × 109 ± 2.2 × 108 1.02 × 109 ± 1.71 × 108 1 × 109 ± 1.72 × 108

Xanthine dehydrogenase 7.58 × 108 ± 1.71 × 108 9.78 × 108 ± 1.38 × 108 1.12 × 109 ± 2.13 × 108

α-Amylase 7.04 × 108 ± 1.77 × 108 7.45 × 108 ± 1.46 × 108 9.68 × 108 ± 1.82 × 108

Bile salt-stimulated lipase 6.02 × 108 ± 1.57 × 108 7.53 × 108 ± 1.71 × 108 6.01 × 108 ± 1.57 × 108

Mucins 4.15 × 108 ± 1.03 × 108 6.94 × 108 ± 8.66 × 107 7.43 × 108 ± 1.21 × 108

α-Lactalbumin 3 × 108 ± 7.45 × 107 4.05 × 108 ± 7.94 × 107 5.42 × 108 ± 1.31 × 108

Caseins 3.01 × 108 ± 9.19 × 107 4.74 × 108 ± 1.26 × 108 3.56 × 108 ± 7.6 × 107

1Data are represented as mean ± SE.
2Abundance units are the summed ion intensities for each peptide from the mass spectra.
DOL, days of life; PIgR, polymeric Ig receptor.
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FIGURE 3 Stacked column charts of the abundance (A) and count (B) of peptides from individual milk proteins and protein groups. Stacking
is based on the percentage of infants in each group that the peptides were identified in. Data are represented as means, n = 33. BSSL, bile
salt-stimulated lipase; PIgR, polymeric Ig receptor; XDH, xanthine dehydrogenase.

the casein proteins are rapidly digested in the stomach and
intestine (27), it is likely they are almost entirely broken down
and absorbed as amino acids, di-, and tripeptides before they
reach the stool, with only the N- and C-termini of β-casein
remaining in significant quantities. On the other hand, although
lactoferrin is cleaved at many more sites along its sequence as
it progresses through the GI tract, the released peptides persist
in the stool. Lactoferrin, especially iron-saturated lactoferrin, is
highly resistant to pepsin, trypsin, and chymotrypsin proteolysis
(28, 29), so the presence of its peptides in stool provides evidence
that the peptides may retain some of this resistance.

Many of the peptides detected in this study could be derived
from either milk proteins or endogenous proteins. However,
there was evidence that at least the peptides from lactoferrin,
the caseins, and α-lactalbumin were from milk. β-casein,
αs1-casein, κ-casein, and α-lactalbumin are only secreted into
milk, so any peptides from these proteins must have derived
from the ingested milk. Lactoferrin is produced endogenously
by mucosal linings and neutrophils in the intestine as part of
the innate immune system (30), but a previous study comparing
human lactoferrin in the stool of both human milk-fed and
bovine milk-fed infants discovered no human lactoferrin from
the bovine milk-fed infants (23). Therefore, the majority of the
lactoferrin peptides identified in this study were also likely from
the milk, rather than from the infants’ endogenous production.
IgA, IgM, and IgG, bile salt-stimulated lipase, and PIgR are
found in large quantities in breast milk, but these are also
produced endogenously so it remains unclear whether their
peptides derive from milk or from the infant (31–33).

There were very few differences in the stool peptide profiles
between the preterm infants at 8/9 DOL, 21/22 DOL, and the
term infants at 8/9 DOL. The majority of the peptide abundance
in stool was composed of peptides that were conserved in both
preterm and term infants. Similar results were reported for
peptides in human milk, where a minority of shared peptides
accounted for the majority of milk peptide abundance (11, 16).
The overall peptide content and the protein-specific peptides
were similar between groups, although there was a large degree
of variation in the stool peptide profiles of individual infants
within groups. Only at the individual peptide level did many of
the differences become apparent. The results show that although
similar numbers of milk peptides and potential milk peptides
survived in the stool, the specific peptides differed by infant age
and birth maturity. However, as no sample size was calculated
for this study, the significance of the comparisons between infant
groups are considered exploratory in nature. Due to the high
amount of variation between the peptides in the infant stools, a
larger sample size may be required to more accurately determine
the differences or similarities in peptides between infants.

Previous peptidomics studies comparing term and preterm
milk peptides were performed on only human milk (34, 35).
Milk peptide abundances are higher in preterm milk during
early lactation ≤41 d, but then decrease to match term levels.
The infants in this study were all aged 8–22 d, so would
have been at the stage of life when preterm infants are
consuming larger quantities of milk peptides than term infants.
However, as the milk and potential milk peptide abundances
in term and preterm infant stool were similar, something
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FIGURE 4 Volcano plots of total peptide abundance for preterm 8/9 and preterm 21/22 (A) and preterm 8/9 and term 8/9 (B), lactoferrin peptide
abundance for preterm 8/9 and preterm 21/22 (C), and preterm 8/9 and term 8/9 (D), and combined α-lactalbumin and casein peptide abundance
for preterm 8/9 and preterm 21/22 (E), and preterm 8/9 and term 8/9 (F). Filled dots represent peptides that were both significantly different
(P < 0.05) and present in 1 of the groups at 5-fold increased abundance. For lactoferrin and α-lactalbumin/casein, white dots with black borders
represent peptides with ≥80% sequence homology to a known bioactive peptide from the MBPDB. Light gray arrows represent the number of
peptides increased in the numerator, and dark gray arrows represent the number of peptides increased in the denominator. Preterm 8/9 n = 12,
preterm 21/22 n = 11, and term n = 10. MBPDB, milk bioactive peptide database.

may have occurred during digestion to equalize the peptide
concentrations. Compared with term infants, preterm infants
have lower gastric proteolysis (14), and some studies report
higher gastric pH (36), which could inhibit further milk protein
digestion and peptide release in the stomach. In the duodenum,
preterm infants produce less trypsin than term infants, which
could also impact milk peptide release (37), but little else is
known about infant intestinal digestion. Thus, it could be that
preterm infants start with a higher peptide abundance in milk
(34, 35) but are unable to cleave milk peptides as efficiently as
term infants, leading to a similar milk peptide content in stool.
Studies that clarify the digestive differences in the stomach and
intestines of preterm and term infants are necessary for a full
understanding of milk peptide release inside the infants.

Compared with the peptides identified in stool, many more
homologous peptides have been identified in human milk and
infant gastric samples. Previous searches with the MBPDB
identified between 37 and 55 ≥80% homologous peptides
in undigested human milk samples with 2 being identical to
known bioactive peptides (11, 12, 16). Infant gastric samples
contained 85 and 123 homologous human milk peptides,
with ≤8 being identical to known bioactive peptides (11, 12).
None of the homologous lactoferrin peptides identified in the
present study have previously been identified, but 9 of the 12
homologous β-casein peptides were identified in both milk and
gastric samples (11, 12). Only VVPYPQR (antihypertensive,
antimicrobial, antioxidant), QVVPYPQR (antioxidant), and

QALLLNQELLLNPTHQIYPV (antimicrobial) from β-casein
are homologous peptides that are, for the first time, identified
in stool but not milk or gastric samples, although peptides that
differ by the addition or subtraction of 1 residue were previously
identified (11, 12).

Although many peptides homologous to known bioactive
peptides are released at the beginning of digestion, the present
data show that most are further degraded until no longer
bioactive by the time they reach the stool. However, some
peptides with possible bioactivities relevant to infant health do
persist. Many of the query peptides matched bioactive peptides
with antimicrobial activity against bacteria and fungi that can
infect the infant gut, such as Escherichia coli, Staphylococcus
aureus, Klebsiella pneumoniae, and Candida albicans (38, 39).
Antioxidant milk peptides scavenge reactive oxygen species
and prevent lipid hydroxylation to reduce oxidative stress
(40). The only peptide that matched 100% with a known
bioactive peptide had DNA synthesis-stimulating properties for
mouse fibroblasts (25). Human milk naturally contains peptide
growth factors that stimulate intestinal development (41), so
it could be that this DNA synthesis-stimulating peptide and
others like it contribute to the trophic effects of milk. As stool
represents the endpoint of digestion, it is unknown if other
bioactive peptides are present inside the small intestine and gut
that are broken down to amino acids before excretion. The
majority of the peptides in the stool, as in milk and gastric
digesta, did not match a known bioactive peptide, but it may
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FIGURE 5 Variation in the peptide profiles of each infant. (A) Heatmap of the fold-change in peptide abundance from a specific protein or group
of proteins for each infant compared with the mean. (B) Percent contribution of each protein or group of proteins to the total peptide profile of
each infant. BSSL, bile salt-stimulated lipase; PIgR, polymeric Ig receptor; XDH, xanthine dehydrogenase.

be that some of these peptides possess a bioactivity that is
currently undetermined. Furthermore, it is unknown whether
the identified peptides are present in high enough quantities to
have an appreciable effect on the infant. Further studies are
needed to answer these remaining questions if the full relevance
of milk peptides to infant health is to be determined.

This study is the first to identify that milk peptides of
both whey and casein origin survive GI digestion to reach
the stool of infants. Several of these peptides have sequences
homologous to bioactive milk peptides with antimicrobial and
DNA-stimulating activity. These peptides are present in the gut
of the infant, where they have the opportunity to influence
intestinal cells and the microbiota. The majority of the peptides
were not homologous to a known bioactive milk peptide,
but they should be investigated for bioactivity due to their
confirmed presence in the infant gut. This study contributes
to the developing map of milk peptide release across infant
digestion and can provide directions for future studies that will
determine the relevance of milk peptides to infant health.
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