N

N

Impact of human milk pasteurization on the kinetics of
peptide release during in vitro dynamic digestion at the
preterm newborn stage
Amélie Deglaire, Samira Cassia de Oliveira, Julien Jardin, Valérie
Briard-Bion, Florian Kroell, Mathieu Emily, Olivia Ménard, Claire

Bourlieu-Lacanal, Didier Dupont

» To cite this version:

Amélie Deglaire, Samira Cassia de Oliveira, Julien Jardin, Valérie Briard-Bion, Florian Kroell,
et al.. Impact of human milk pasteurization on the kinetics of peptide release during in vitro
dynamic digestion at the preterm newborn stage. Food Chemistry, 2019, 281, pp.294-303.
10.1016/j.foodchem.2018.12.086 . hal-01984298

HAL Id: hal-01984298
https://hal.science/hal-01984298

Submitted on 21 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-01984298
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0308814618321903
Manuscript_eb7e4cfc0693570bc103760f69a7fdeb

[ERN

10

11

12

13

14

15

16

17

18

19

20

21

22

23

I mpact of human milk pasteurization on the kinetics of peptide release duringin vitro
dynamic digestion at the preterm newborn stage
Amélie Deglairé, Samira De Oliveirg Julien Jardih Valérie Briard-Bion, Florian Kroelf?,

Mathieu Emily, Olivia Ménard, Claire Bourlied, Didier Dupont

1STLO, Agrocampus Ouest, INRA, 35042 Rennes, France
2IRMAR, Agrocampus Ouest, CNRS, 35042 Rennes, France

Corresponding author : Amélie Deglaire. Agrocampus Ouest, 65 rue de Saint-Brieuc, CS

84215, 35042 Rennes Cedex, France

Abbreviations: GRAVY, Grand Average of Hydropathy Value; MS, Mass spectrometry;

PHM, pasteurized human milk; RHM, raw human milk.

Keywords: digestion, human milk, pasteurization, peptidomics, preterm

Running title: Peptide release during preterm digestion of pasteurized human milk

Highlights :

» Pasteurization increased the pre-proteolysis of most of-tas@in sequence
» Pasteurization impacted the peptide release during digestion of preterm human milk

» Pasteurization impacted some bioactive peptide release before and during digestion

Number of words: 5510

© 2018 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0308814618321903
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0308814618321903

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Abstract

Holder pasteurization (62.5°C, 30 min) of humankndenatures beneficial proteins. The
present paper aimed to assess whether this cart #ite kinetics of peptide release during
digestion at the preterm stage. Raw (RHM) or pasted (PHM) human milk were digested
in triplicates using am vitro dynamic system. Mass spectrometry and multivasgdastics
were conducted. Pre-proteolysis occurred mosthg-casein, for which cumulative peptide
abundance was significantly greater in PHM over 28%he hydrolysed sequence. Eight
clusters resumed the kinetics of peptide releassmgluligestion, which differed on seven
clusters (69% of the 1134 peptides). Clusters @s®ak to the heat-denaturated proteins,
lactoferrin and bile salt-stimulated lipase, preésdndifferent kinetics of release during
digestion, unlike that forp-casein. Some bioactive peptides frofacasein presented
significant different abundances between PHM and/Ri¢fore digestion (1-18, 185-211) or
in the intestinal phase (154-160, 161-166). Furtbleysiological consequences should be

investigated.
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1. Introduction

Human milk is considered as the ideal food for ra¢es, supporting not only their nutrition
but also their optimal growth and development (diat Bahl, Barros, Franca, Horton,
Krasevec, et al., 2016). When vulnerable hospgdlineonates such as preterm infants
receive donor human milk, it has to be first paseea (62.5 °C, 30 min) in the milk bank for
sanitary reasons (Wight, 2001). Together with thesoaiated freeze/thaw cycles,
pasteurization induces some protein denaturatidnchwreduces the content of some native
proteins and thus affect their bioactivity, suchf@simmunoglobulins (loss of 20 to 100%),
lysozyme (loss of 20 to 69%), lactoferrin (loss3a8fto 90%), and bile salt-stimulated lipase
(complete loss) (O'connor, Ewaschuk, & Unger, 20BR&jla, Moro, Bertino, Cavallarin,
Giribaldi, Giuliani, et al., 2016). These physidatatments also impact the human milk
microstructure, as previously observed (De OliveBaurlieu, Ménard, Bellanger, Henry,
Rousseau, et al., 2016a; De Oliveira, Deglaire, afénBellanger, Rousseau, Henry, et al.,
2016b). In the latter studies, we have demonstid@ichuman milk pasteurization affected its
proteolysis kinetics, at different extent, during vitro gastro-intestinal digestion at the
preterm and term stages (De Oliveira, et al., 20D@&aOliveira, et al., 2016b), and duriny
vivo gastric digestion in preterm neonates (De Oliveellanger, Ménard, Pladys, Le Gouar,
Dirson, et al., 2017). More precisely, at the pratstage, pasteurization did not significantly
impact the kinetics of disappearance of the majotgins in the gastric phase, but during the
intestinal phase, amino acid bioaccessibility waleively modulated (De Oliveira, et al.,
2016a). Knowledge on the kinetics of peptide rededisring digestion is crucial for a better
understanding of the potential peptide bioactivéleased in the gastrointestinal tract and on
the amino acid absorption rate, the latter of whiwes been demonstrated to be an
independent factor of modulation of the postprandigional metabolism, at least in adult

(Deglaire, Fromentin, Fouillet, Airinei, GaudichoBoutry, et al., 2009). To date, only our
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study has investigated and showed that there wampact of milk pasteurization on the
kinetics of peptide release durimgvitro dynamic digestion of term milk at the term newborn
stage (Deglaire, De Oliveira, Jardin, Briard-Bi&mily, Ménard, et al., 2016). We assume
that such an impact should also be found for pmretenlk digested in the preterm newborn
condition but certainly at a different extent givére digestive immaturity of the preterm
newborn combined to a higher protein content ingheterm human milk. The objective of
the present paper was to verify this hypothesi® Hihetics of peptide release was followed
during gastro-intestinal digestion of a pool of rawpasteurized preterm human milk at the
preterm newborn stage. Digestion was simulatedguamin vitro dynamic model, where
digestive enzymes, pH and digestive compartmentty@ngpwere continuously controlled.
Nature and abundance of peptides were determineddsg spectrometry and data analyzed

by multivariate statistics.
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2. Material and methods

All chemicals and enzymes were from commercial inrigsigma-Aldrich, Saint Quentin
Fallavier, France), except for the Rabbit Gastrictr&ct, obtained from GERME SA
(Marsellle, France).

2.1  Human milk collection and digestion

Collection of Human milk has been previously detiby De Oliveira et al. (2016a). Briefly,
mature human milk samples were obtained frozen ffiee women (26-34 years old) on
average 6.6 = 2.4 weeks after preterm deliveaya donor milk bank (University Hospital
Center, Rennes, France). The gestation length wasverage 29.8 + 3.0 weeks of
amenorrhea, ranging from 26 up to 34 weeks of gestaAfter milk thawing (at 4°C, over 16
h) and pooling, half of the pool was pasteurize@.56°C, 30 min). Raw (RHM) and
pasteurized (PHM) human milk were then stored @tC2 Milk was analyzed by a Human
Milk Analyzer (Miris, AB, Uppsala, Sweden) and cated of 35.7 £ 0.7 g/L of fat, 13.2
0.8 g/L of proteins and 78.3 + 2.3 g/L of carbolatds (De Oliveira, et al., 2016a).
Gastrointestinal digestion was performed on 100ainwhole milk, as RHM or PHM, in a bi-
compartmentain vitro dynamic system (DIDGI®, INRA, France) simulatingetpreterm
newborn digestive conditions, such as reviewedaarBeu et al. (2014). The rationale of the
parameters used in the present model has beeteddataDe Oliveira et al. (2016a). Briefly,
fluid secretions, pH and emptying were continuousignitored. The transit time of the
chyme followed the Elashoff equation withy = 36 min andg = 1.15 for the gastric emptying
and = 200 and3 = 2.2 for the intestinal emptying (De Oliveira,at, 2016a). The gastric
pH followed the equationpH = -0.0155 x time (min) + milk pH. The intestinal pH was
maintained at 6.2. Gastric enzymes were addedldst rgastric extract (pepsin and lipase:
120 and 8.6 U/mL of gastric content, respectivedy)d intestinal enzymes as porcine

pancreatin (trypsin, chymotrypsin and lipase: 16n2l 59 U/mL of intestinal content) in
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addition to bovine bile salts. Enzyme units wertedrined based as a function of the mean
body weight, estimated at 1.9 kg for a preterm r@wlat a gestational age of 28 weeks and a
postnatal age of four weel@e Oliveira, et al., 2016a).

Digestions were conducted in triplicate for eachrimaover 3 hours with digesta sampling
every 30 or 60 min. Samples were stored at -20%€r addition of the antiprotease
phenylmethylsulfonyl fluoride (PMSF) to avoid fugthproteolysis.

Ethical approval was granted by the Hospital Etlicenmittee (n° 13-12) and donors gave
their informed written consent.

2.2 Massspectrometry

2.2.1 Peptide identification

Mass spectrometry (MS) analysis was conducted asrided previously (Deglaire, et al.,
2016). Briefly, a nano-RSLC Dionex U3000 systertefitto a Q-Exactive mass spectrometer
(Thermo Scientific, San Jose, USA) equipped witlaaoelectrospray ion source was used.
Digesta samples were diluted 100 times in the tigaduffer and filtered (0.45 um cut-off)
before concentration on a p-precolumn pepMap10@ @@lumn, 300 pm i.d. x 5 mm length,
5 um particle size, 100 A pore size; Dionex, Anrdden, The Netherlands) and separation on
a PepMap RSLC column (C18 column, 75 pm i.d. x B0 length, 3um particle size, 100 A
pore size; Dionex).

Peptide separation was performed at a flow rat@.®fiL.min' using solvents A [2% (v/v)
acetonitrile, 0.08% (v/v) formic acid and 0.01%wVI FA in HPLC gradient grade water] and
B [95% (v/v) acetonitrile, 0.08% (v/v) formic acahd 0.01% (v/v) TFA in HPLC gradient
grade water]. The elution gradient first rose frérto 35% solvent B over 87 min, then up to
85% solvent B over 3 min before column reequililorat The mass spectra were recorded in
positive mode using the m/z range 250-2000. Thelugen of the mass analyzer for m/z of

200 amu (atomic mass unit) was set in the acqositiethod to 70 000 for MS and 17 500
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for MS/MS. For each MS scan, the ten most interses iwere selected for MS/MS
fragmentation and excluded from fragmentation fos1

Peptides were identified from the MS/MS spectrangisihe X!'TandemPipeline software
(Langella, Valot, Balliau, Blein-Nicolas, Bonhomm&, Zivy, 2017) against a human milk
protein database (Molinari, Casadio, Hartmann, LBkngans, Arthur, et al., 2012) to which
was added the common Repository of Adventitioustdrmo(http://thegpm.org/crap). The
possible post-translational modifications were rserior threonine phosphorylation,
methionine oxidation, lysine or arginine lactosilat cyclisation of glutamine or glutamic
acid into pyroglutamic acid and acetylation of eysé, serine, lysine or any amino acid in N-
ter position. Peptides identified with an e-valueéd.€1 were automatically validated. The

peptide false discovery rate was less than 0.3%.

2.2.1.1 Quantification of peptides

Each identified peptide was quantified by labekf®IS using the MassChroQ software
(Valot, Langella, Nano, & Zivy, 2011). A m/z widtf 10 ppm was used to perform extracted
ion chromatograms (XIC) of peptides in time-aligrdatomatograms and the area under the
curve was then quantified. When a peptide was medswith several charge states, all ion

intensities were summed.

2.2.2 Biochemical characteristics of the peptides

Several biochemical characteristics were determfoe@ach peptide, particularly the amino
acids at cleavage sites in positions P1 (C-ter and)P1’ (N-ter end), the number of essential
amino acids (histidine, isoleucine, leucine, lysimeethionine, phenylalanine, threonine,
valine), the isoelectric point, the molecular weigind the Grand Average of Hydropathy
Value (GRAVY) as defined by the EXPASY “ProtPararal't(Gasteiger, Hoogland, Gattiker,
Duvaud, Wilkins, Appel, et al., 2005). A positiveRBVY corresponds to a hydrophobic

peptide and a negative one to a hydrophilic peftidee & Doolittle, 1982).
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Bioactive peptides were searched within the datdhad BIOPEP (Minkiewicz, Dziuba,
lwaniak, Dziuba, & Darewicz, 2008) and MBPDB (Nehs Beverly, Qu, & Dallas, 2017)
both accessed on January 2018. Only exact matdiehgeen sequences was considered.
Prediction of antimicrobial activities was examingging CAMPR3 based on the algorithms
of Random Forest (RF) and Support Vector Machir®éM), previously shown to have a
good prediction performance (Gabere & Noble, 20A7eptide sequence was determined to
have a greater likelihood of antimicrobial funcdity with scores approaching 1. All
peptides with scores > 0.5 on both prediction mdthwere considered significant for
antimicrobial functionality.

2.3 NH; quantification

As described earlier (Deglaire, et al., 2016),tirethod was a fluorescent microplate analysis
based on the reaction of ortho-phthaldialdehydeA)C#hd dithiothreitol (DTT) with primary
amines resulting in 1-alkylthio-2-alkylisondole deted at 340 nm.

24 Enzymespredicted to be activein milk before gastrointestinal digestion

The peptide sequences as identified in milk befbgestion were submitted to the online
software Enzyme Predictor (http://bioware.ucdye)jch examined the cleavage patterns and
predicted the enzymes responsible for this prdfdsed on the cleavage specificities of 35
enzymes (Vijayakumar, Guerrero, Davey, Lebrillaie®ts, & Khaldi, 2012). Enzymes were
then ranked according to their likelihood of havinging used to generate the hydrolysate
thanks to the calculation of an odds ratio (OR)e $ime human enzymes as those previously
considered (Deglaire, et al., 2016) were includédzymes presenting only one potential
cleavage were not considered. Cleavage sites ofalyaminopeptidase and carboxypeptidase
B2 were examined manually ovfrcasein, such as performed previously (Dallas, 8min

Robinson, Tian, Guerrero, Parker, et al., 2015).
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25 Statistical analyses

Data analyses were performed using the R softwamsjon 3.3.1 (R Core Team, 2014). All
graphical representations were based on the Ilogb@fbrmed abundances
[logl0(abundance+1)]. An in-house program allowsel peptide mapping and their average
cumulative abundances onto the parent proteine&ohn digestion and each phase (milk prior
to digestion, gastric phase or intestinal phad®)ndances of the peptides were averaged over
the different digestion times of the correspondiamgse, summed amino acid by amino acid
and logl0-transformed [logl0(abundance+1)]. Missitmindances were set at 0. Logl0-
transformed abundances were averaged by type kfimdrder to be plotted along the amino
acid sequence of the protein; they were comparéddem RHM and PHM for each amino
acid using a t-test.

For each peptide identified at least on two digestiof RHM or PHM (n = 1134), a two-way
analysis of variance was fittedin( function; pasteurization, time and their interactias
factors) on the transformed abundances of the & piaints (before digestion, 3 time points in
the gastric phase and 5 in the intestinal phase) the three digestions of RHM and PHM,
such as performed previously (Deglaire, et al.,620Abundance transformation consisted in
abundance scaling after log-transformation [log(alamnce + 1)] followed by setting the
maximum abundance to 1. From the two-way analySisaniance, the “Pasteurization X
Digestion time” interaction coefficients, for whi¢he sum equalized zero over time within
each milk and at each time for RHM and PHM, weredu$or subsequent analyses. In
particular, the eight independent interaction doedfihts of PHM were used for the ascending
hierarchical clusteringh€lus function, stats packayeof the 1134 peptides based on the
minimum within-cluster variance Ward’'s agglomeratioThe number of clusters was
determined thanks to the bar heights at one of mtust marked jump. The function

heatmap.2 was used to display the heatmap and its dendrodtéuster characterization was
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undertaken datdes function, FactoMiner package) using the biochemudadracteristics. A
Chi-square test was undertaken for qualitativealdeis (protein origin and cleavage sites),
and a one-way analysis of variance for quantitatimeables (isoelectric point, molecular
weight, number of essential amino acids, GRAVY)tegt indicated whether the modality
category was significantly overrepresented (v sr2)nderrepresented (v < -2).

A two-way analysis of variance (with pasteurizafibme and their interaction as factors) was
fitted to the abundances of each bioactive peptileen the interaction was statistically
significant, apost-hoc test was performed on the model residutastifiteractions function,
phia package) using the p-value adjustment method ofjaB&ni & Hochberg (1995).

Statistical significance level was considered faafue <0.05.
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3. Results

3.1 Identified proteinsand peptides

Twenty-seven human milk proteinSupplementary Material 1) were at the origin of 1531
peptides (as detailed Bupplementary Material 2) identified in RHM and PHM prior to and

during gastro-intestinal digestion. Identified pdps contained 6 to 48 amino acids. Some

peptides (n = 162) presented modifications thatewserine phosphorylation (n = 84),
methionine oxidation (n = 43), lactosylation of ies (n = 8) or arginine (n = 2),
glutamine/glutamic acid cyclisation (n = 4), or gt&tion (n = 21). A large proportion of the
modified peptides (73%) had a sequence that wasiddstified either without modification

or with a different modification.

3.2 Proteolysisof human milk prior to gastrointestinal digestion

Before digestion, 204 peptides were identified aledived at 82.3% frong-casein; the
remaining peptides derived froms;-casein (7.4%), osteopontin (4.9%) and polymeric
immunoglobulin receptor (4.4%). PHM and RHM presenéd3 and 33 specific peptides,
respectively (at 84 and 70% fropacasein) and shared 128 common peptides. The averag
abundances of all the peptides identified priordigestion were plotted onto their parent
protein sequences, as shownfigure 1A. These peptides covered 95% of fheasein
sequence in both RHM and PHM, with 28% of this loyysed sequence having a non-
transformed abundance significantly higher for PHdn for RHM (4 times; P < 0.05). The
greatest difference was observed between the essi#ig6-138 residues with a PHM/RHM
ratio of 12.

For as;-casein (figure 1A), peptides were identified 08880 and 71% of the sequence for
PHM and RHM, respectively. Non-transformed abundanwere significantly lower for
PHM than for RHM only between residues 84 and %rfies; P < 0.05). For osteopontin

and polymeric immunoglobulin receptor, peptidesemelentified on a limited portion of the

11
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sequence (figure 1A) and abundances were not mignify different between RHM and
PHM.

Based on their high odds ratio and total numbealedvages, plasmin (which shares the same
cleavage sites as trypsin) was predicted to bentbst active enzyme in human milk
proteolysis prior to gastrointestinal digestidralfle 1), with a similarnumber of cleavages
between RHM and PHM (87 and 85, respectively). §adm D was also assumed to be
responsible of a high number of cleavages (61 dnfd7RHM and PHM), but due to its large
specificity, the odds ratio was below 1. Cytosolrampeptidase was assumed to have mainly
cleaved sites located on the C-ter sidg-a@sein for both RHM and PHMS(pplemental
material 3), while carboxypeptidase B2 mainly cleaved atrdsdue 96.

3.3 NH;release after digestion of human milk

The concentration of NHreleased after gastric and intestinal digestios mat significantly
different (P > 0.05) between RHM and PHM, with age values of 47.5 + 15.3 and 611.2 +
14.7 mg of NH/L of milk at 90 min of gastric digestion and 18nnof intestinal digestion,
respectively.

3.4 Peptidereleaseduring gastro-intestinal digestion of RHM and PHM

Peptidomic profiles of proteins

The first eight proteins being at the origin of identified peptides were included kigure

1, showing the average cumulative peptide abundanoé&s the protein sequence during
digestion. The proportion of the sequence coveregdptides was at 100% during all the
digestion only forB-casein (figure 1A), while it decreased from thetga to the intestinal
phase for polymeric immunoglobulin receptor ane4sidlt stimulated lipase (-12 and -21%,
respectively) and increased for the other protéii83% for as;-casein up to +117% fax-
lactalbumin). During the gastric phase, only abumda from bile-salt stimulated lipase

significantly differed between RHM and PHM with gter abundances for RHM on 16% of

12
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the hydrolysed sequencé&igure 1B). During the intestinal phase, this relationshipsw
opposite for bile-salt stimulated lipase with abamcks being significantly higher for PHM (6
times higher for non-transformed abundances) on 6B#e hydrolysed sequence. A similar
relationship was observed for lactoferrin during thtestinal digestion (10 times significantly
higher for non-transformed abundances of PHM; 32%® hydrolysed sequence), while for
as;-casein cumulative abundance was higher for RHRIN{&s) but on a limited proportion of
the hydrolysed sequence (15%).

Kinetics of peptide release during gastrointestinal digestion

Among the 1531 peptides, 26 % of them were nouthad in the clustering analyses, because
they were detected exclusively in RHM (n = 172)roPHM (n= 73), or sporadically in both
RHM and PHM (i.e. only detected on one out of theé¢ digestions, n = 152). This did not
greatly affect the parent protein distributidiigqure 2A).

Eight clusters resumed the kinetics of releasehef 1134 peptidesF{gure 2B) and the
gualitative variable being the most significantlysaciated to the clustering was the parent
protein (p-value = 6.1 E-21). One cluster (n° 4%3bf the peptides) included peptides
exerting similar kinetics along the entire gastitestinal digestion. These peptides were
originating mostly fronB-casein and to a lesser extent fraroasein, while there was a very
limited number of peptides from bile-salt stimuthtgpase and lactoferrin (Table 2).

Clusters 6 and 8 (36% of the peptides) includedigep mainly produced during the gastric
phase and showed a lower abundance for PHM thaiRiftv (Figure 2C). In cluster 6,
leucine (cleavage specificity for pepsin) in pasitiPl was significantly more represented
unlike lysine and arginine (cleavage specificityr fplasmin/trypsin) significantly less
represented than in the overall dataset; peptiddsrhaverage a higher molecular weight than

in overall (Table 2). Cluster 8 was significantly associated to bd#-stimulated lipase.

13
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Clusters 1 to 3 (20% of the peptides) included idegt mostly produced in the intestinal
phase, where the abundance was lower for PHM thralRHIM at some digestion time (Figure
2C). In cluster 1, the proportion e@f;-casein peptides and of arginine in position P1 was
greater than in overall (Table 2). In cluster Zréhwas significantly less peptides fr@n
casein than in overall and no peptides from bilestamulated lipase (Table 2). Cluster 5 (5%
of the peptides) showed peptides produced onlyndutie intestinal phase at a constant level
for RHM while decreasing for PHM (Figure 2C). Thegmptides were more originating from
lactoferrin (46% of the cluster peptides) and l@es B-casein andis;-casein (24% of the
cluster peptides); they contained more lysine argineme in position P1 than in overall
(Table 2). Cluster 7 (9% of the peptides) was thly eluster where PHM abundance was
higher during intestinal digestion (at 90 and 12@)mit included more peptides from bile
salt-stimulated lipase but less frgircasein andr-lactalbumin; their molecular weight was
lower than in overall (Table 2).

3.5 Bioactive peptides

The exact matching sequence search over the 158dee resulted in 36 peptides having a
predicted antimicrobial activity; they were origimg mostly from bile-salt stimulated lipase
(39% of them) and lactoferrin (19%) (data not shpviight peptides were found to have a
proved bioactivity according to the literature, Isuas indexed by BIOPEP and MBPDB
databases. They were all frgivcasein, except for one peptide from lactoferfiakle 3). The
antimicrobial peptide3-casein(185-211) had an abundance six times loRex (.05) for
PHM prior to digestion but its abundance was thiemlar (P > 0.05) between RHM and
PHM during the first hour of gastric digestion befdeing null for both types of milk. Two
angiotensin-converting enzyme inhibitor peptidgésésein(154-160) anlcasein(161-166)]
were present only in the intestinal phase and ath@ances significantly higher (P < 0.05)

for PHM than for RHM. Non-transformed abundancesrevévo times higher forf-

14



309

310

311

312

313

314

315

casein(154-160) in PHM during the intestinal digest(except at 60 min) and four times
higher forp-casein(161-166) in PHM only at 180 min of digestidn additional bioactive
peptide, not reported within the bioactive peptidaabases, was thgcasein(1-18), a
caseinophosphopeptide (CPP) homologue (Wada & lrdahe2015), which was present in
the human milk prior to digestion in a lower progam in PHM than in RHM (3 times lower).
This difference was maintained along the gastmestion, while the peptide was hydrolysed

rapidly in the intestinal phase.

15



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

4. Discussion

The present paper demonstrates that pasteurizatipacted selectively the peptide release
from preterm human milk prior to digestion and dgrigastro-intestinal digestion at the
preterm newborn stage, mainly depending on theeprairigin. This is the first time that a
complete view of the peptides identified and redeladuring digestion is provided, from semi-
guantitative peptidomic maps up to peptide clustebased on their kinetics of release.

4.1 Human milk pre-proteolysis

Before digestion, endogenous peptides were detettethuman milk and originated
essentially fromB-casein, and to a lesser extent fragpcasein, osteopontin and polymeric
immunoglobulin receptor, such as observed prewo(iBhllas, Guerrero, Khaldi, Castillo,
Martin, Smilowitz, et al., 2013; Deglaire, et &Q16; Dingess, De Waard, Boeren, Vervoort,
Lambers, Van Goudoever, et al., 2017; Ferrantijs€raPicariello, Nasi, Boschi, Siervo, et
al., 2004; Khaldi, Vijayakumar, Dallas, Guerrerojc®famasinghe, Smilowitz, et al., 2014,
Nielsen, Beverly, & Dallas, 2017 ). This confirmBat indigenous milk proteases (e.g.
plasmin, carboxypeptidase, cytosol aminopeptid&adikrein) can hydrolyse human milk
proteins, particularlyp-casein, within the mammary gland (Demers-Mathid&lielsen,
Underwood, Borghese, & Dallas, 2017; Nielsen, Bigyef Dallas, 2017) but also during
milk processing (freeze-thaw cycle, pasteurizatias)qualitative and quantitative differences
occurred on the same pool of milk differing onlytheir processing (raw or pasteurized).

In the present study, plasmin was predicted, tdhieemost active protease in human milk,
such as reported previously (Deglaire, et al., 20Niélsen, Beverly, & Dallas, 2017). The
number of cleavages from plasmin between PHM anMR¥4s not different, unlike in our
previous study (Deglaire, et al., 2016), howeveiMP&bundance was greater at 6 out of the
11 Lys residues (plasmin cleavage specificity) loé p-casein sequence. As discussed

previously (Deglaire, et al., 2016), pasteurizatiagly have activated the milk plasmin system
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through inactivation of plasminogen activator intobs and plasmin inhibitors (Ismail &
Nielsen, 2010). Besides, denaturation of lactafidoy pasteurization, as confirmed by reverse
HPLC (signal decreased by 3 after pasteurizatiapublished data), may have contributed to
this activation, as it acts as a natural inhibbrplasminogen activation (Zwirzitz, Reiter,
Skrabana, Ohradanova-Repic, Majdic, Gutekova, .et2818). It should be noted that the
arginine and lysine residues are also cleavagdfgpees of kallikrein and thrombin, which
have been shown to be active in preterm human (D#ners-Mathieu, Nielsen, Underwood,
Borghese, & Dallas, 2017). In addition, the argenand lysine residues are the cleavage sites
for trypsin that has been shown to be potentialigspnt in human milk but not active
(Demers-Mathieu, Nielsen, Underwood, Borghese, 8id3a2017).

A greater abundance for PHM was observed betweef-tlasein residues 130-145, although
this was statistically significant only between idegs 136-138. This area includes the
hydrophobic amino acids that are leucine, valiseleucine, which are cleavage sites for both
cathepsin D and elastase (Vijayakumar, Guerrergeipd_ebrilla, Shields, & Khaldi, 2012).
However, cathepsin D, which is an acid proteasemastly present in human milk as
procathepsin D, i.e. the inactive zymogen (Vijayalan, Guerrero, Davey, Lebrilla, Shields,
& Khaldi, 2012). On the contrary, elastase has bgleown to be active in human milk
recently (Demers-Mathieu, Nielsen, Underwood, Besg) & Dallas, 2017) and may have
been more active in PHM in this area due to the-imeluced structural changes [picasein
(Guyomarc'h, Law, & Dalgleish, 2003) unmasking stsit area and possibly compensating
for the loss of activity likely induced by heat dtment. For the same reason, cystosol
aminopeptidase may also have been more active M p&iticularly at the residues 136 and
137 (Supplemental Material 3), where the abundava 12 times greater for PHM. Because
cystosol aminopeptidase is a minor protease in ,npleticularly in bovine milk, few

information are available on the impact of heaatirent on its activity (O’Mahony, Fox, &
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Kelly, 2016). Some pepsin and chymotrypsin acegithave been predicted in the present
paper, likely due to their overlapping specificiyith elastase (Vijayakumar, Guerrero,
Davey, Lebrilla, Shields, & Khaldi, 2012) as thesvk not been shown to be present in
human milk (Demers-Mathieu, Nielsen, Underwood,d@@se, & Dallas, 2018).

Overall, as reported earlier (Demers-Mathieu, MieJsUnderwood, Borghese, & Dallas,
2017), the present work suggests that indigenoaynees, such as plasmin, elastase and
probably cytosol aminopeptidase, were more activ@dsteurized milk. As a result, some
peptides were more actively produced (i.e. morendant) in PHM or, on the contrary, more
extensively degraded, such as observed for thenamaibial peptidep-casein(185-211). The
latter was less abundant in PHM prior to digestioaybe due to a greater activity of cytosol
amino peptidase in this area (Supplemental Mat8&)iaNevertheless, this does not indicate
whether the proteolysis degree prior to digestias different between RHM and PHM.
Pre-proteolysis op-casein may have contributed to its further digestin particular on the
first 20 amino acids where the cumulative abundaeceained similar before and after 30
min of gastric digestion. Indigenous enzymes, intipalar the acid enzyme cathepsin D,
could have contributed to gastric digestion althouy minimal contribution has been
previously assumed (Demers-Mathieu, Nielsen, UndedyBorghese, & Dallas, 2018).

4.2 Human milk digestion

The distribution of the protein origin of the commpeptides was similar to that observed in
our previous study at the term stage (Deglair@).eR016), with the major protein of human
milk, B-casein, generating 42% of the peptides, whHktctalbumin, the other major protein
in human milk, generating only 3% of the peptidHsis can reflect its proteolysis resistance
as observed by SDS-PAGE (De Oliveira, et al.,, 2D1lbat also probably the non-
identification of the peptides engaged in a disuphbond (four out of 123 amino acids of the

protein sequence) with our non-reducing analysic€hSas observed previously (Deglaire, et
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al., 2016), despite being minor proteins in terhsamcentrations, bile-salt stimulated lipase
and osteopontin generated almost the same numhmepdides as lactoferrin angdi;-casein.
Nevertheless, this is not indicative of the proge™ degree of these proteins.

In the present study, the proportion of peptidesdpminantly released in the gastric phase
(36% of the peptides in 2 clusters) was lower timathe intestinal phase, while the opposite
was true in the term study (Deglaire, et al., 20I8)is is certainly resulting from the
decreased level of pepsin (2 times lower) combiteed greater protein content (1.2 times
higher) and a faster gastric emptying,@f 36 min) for the preterm model compared to the
term one (f, of 47 min) (Bourlieu, Menard, Bouzerzour, Mandalaradrzanka, Mackie, et
al., 2014).

In the gastric phase, peptide abundances were anéwer for PHM than for RHM,
particularly for peptides from bile salt-stimulatiggase, such as observed on both peptidomic
mapping and clustering. On the contrary, intestipaptide abundances from bile-salt
stimulated lipase became in average higher for PiH& for RHM, as observed on the
protein sequence and in clusters 7 and 8 (gathés% of its peptides). These gastro-
intestinal kinetics of peptide release are in lwgh that previously at the term stage
(Deglaire, et al., 2016). This indicates a delayhi@ proteolysis of bile salt-stimulated lipase
from PHM unlike that for RHM, maybe due to somereased resistance to gastric
proteolysis due to some heat-induced structurah@és, probably masking pepsin cleavage
sites. This heat-denaturation is already knownrgstitally inactivate this indigenous lipase
(Henderson, Fay, & Hamosh, 1998). Besides, it @gandied that no peptide was found from
the residue 526 until the C-ter end of bile-sahhatated lipase. This region includes a high
number of proline and has been described, fronduesb38, as a mucin-like flexible C-
terminal tail with a high level of glycosylation @ns, Xu, Tang, Wang, 1994), probably

preventing it from proteolysis but also from MS/M8&ptide identification.
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Regarding lactoferrin, data suggested a greaterfastér release of its peptides in PHM,
resulting in the intestinal phase in peptides béasg abundant in PHM than in RHM (cluster
5 and protein sequence in supplemental MateriallBis can indicate a lower resistance to
intestinal proteolysis for the heat-denaturatetbl@erin, unlike that for the native lactoferrin,
a globular protein, known to be resistant to priytae such as discussed earlier (Deglaire et
al., 2016). The concentration of native lactofemsaching the intestinal epithelium is thus
likely to differ between PHM and RHM, which can nubate its bioactivity. As reported by
Buccigrossi et al. (2007), high lactoferrin concatibns induced epithelial cell proliferation
while low lactoferrin concentrations stimulated esiinal differentiation. In addition, the
greater persistence of intact peptides in the gastestinal tract may have physiological
consequences, as it is known to be important faragsociated-lymphoid tissue (GALT)
education and microbiota shaping (Chatterton, Ngufering, & Sangild, 2013; Newburg &
Walker, 2007). It should be noted that the end wf iatestinal digestion may not be fully
representative of thie vivo condition, as brush border peptidases, not incudeur model,
can further hydrolyse the present peptides. Thasteprization may impact the regulation of
the early postnatal intestinal development, throogidulation of lactoferrin proteolysis, but
further investigations are needed.

RegardingB-casein, data suggested that its peptide abundaveresin average not different
between RHM and PHM and its kinetics of peptideeasé were opposite to those for
lactoferrin or bile salt-stimulated lipase. This vgell in agreement with our previous
observations in the term study (Deglaire, et @16). Nevertheless, there was no emerging
cluster significantly associated pacasein with an increased gastric abundance for RiHM

the present study, while this was true in the tstady for a limited proportion of the peptides
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(11% of the total peptides, 17% of theasein peptides) (Deglaire, et al., 2016). Theoea
for this remain unknown.

Overall, the different kinetics of peptide reledssween PHM and RHM may have been
somewhat compensating, together with smaller angetapeptides not taken into account
here, as the overall degree of gastro-intestinateplysis (based on the primary amine
content) was not significantly different but theestinal bioaccessibility of some amino acids
(lysine, phenylalanine, tyrosine) was increase@adsteurization (De Oliveira, et al., 2016a).
4.3 Bioactive peptides

The present bioactive peptides were identified @itgr exact matching sequence, although
other bioactive peptides can be encrypted withigdapeptides and further released/ivo

by brush border enzymes not included in the presentel. Most potential bioactive peptides
were predicted, but not experimentally demonstraged having an antimicrobial activity.
Only a limited number of bioactive peptides, mostipm B-casein, was based on a
demonstrated activity in the literature. Prior tggedtion, two bioactive peptides, the
caseinophosphopeptide (CPP) homolofteasein(1-18) (Wada & Lonnerdal, 2015) and the
antimicrobial peptidg-casein(185-211), were present in human milk agmies previously
(Deglaire, et al., 2016; Dingess, et al., 2017; W&dLonnerdal, 2015). Their abundance
were lower in PHM than in RHM prior digestion, Wi that observed in the term study
(Deglaire, et al., 2016). Whether this is due te term vs. preterm condition remains
unknown. Both peptides were hydrolysed rapidlyhi@ intestinal phase in both types of milk,
unlike that observed by Wada et al. (2015). Thisresult from milk variability but also from
the simpler and shorter model of digestion (stataditions) used by Wada et al. (2015).
Regarding lactoferrin, only one opioid antagonisptide was released during the gastric
phase in a similar manner between RHM and PHM. Biatige was detected between the

residues 1-49 that includes the antimicrobial Mestecin peptide (Zwirzitz, et al., 2018),
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probably due to the presence of disulphide bondsdsn Cys® and Cy&® and between Cys
and Cy$ (Farnaud & Evans, 2003; Wada & Lonnerdal, 2015hwelver, looking at
individual bioactive peptides and at their abun@snshould be considered with care; further

confirmation would be required.

5. Conclusion

To conclude, the present study demonstrated thstey@zation impacted the human milk
peptidome prior to digestion mainly originating rit@-casein and induced different kinetics
of peptide release during gastro-intestinal digestnainly for the heat-denaturated proteins
(bile-salt stimulated lipase and lactoferrin), suaf observed in the term stage. When
considering the overall proteolysis, there was mpact of pasteurization; however, it may
induce different concentrations of intact peptidé$in the gastro-intestinal, which may have

further physiological consequences.
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Table 2. Peptide biochemical characteristics significantgociated (p < 0.05) with clustefs

Cluster 1

Cluster 2

Cluster 3

Cluster 4

Cluster 5

Cluster 6

Cluster 7

Cluster 8

Qualitative modalities Quantitative modalities
Modality Cla/Mod Mod/Cld' gl’iﬂ’) v.test p.value Modality ?\izr:ei;](?r[; N oh\l/I:;rl;(niSli@ v.test p.value
protein = CASAL 14.43 19.44 8.55 3.01 0.0027
P1'=M 19.23 6.94 2.29 2.24 0.0251
P1'=S 15.22 9.72 4.06 2.18 0.0290
P1=R 11.02 19.44 11.20 2.13 0.0336
protein = FAS 40.00 2.78 0.44 2.08 0.0373
protein = TRFL 11.11 16.67 9.52 1.97 0.0483
P1=T 0.00 0.00 4.14 -2.02 0.0429
P1' =K 0.00 0.00 4.59 -2.16 0.0304
P1'=D 0.00 0.00 4.59 -2.16 0.0304
protein = AMY2B 42.86 2.86 0.62 2.28 0.0224 aliphatierd 94.41 +42.47 87.58+37.07 198 0.0476
P1'=L 13.82 20.00 13.40 1.98 0.0472 Nw 1.75+ 0.67 1.92+0.8 -2.26 0.0235
P1'=P 1.67 0.95 5.29 -2.31 0.0212 isoelectric point 451455 5.85+1.99 -2.45 0.0143
protein = BT1A1 22.22 12.50 2.38 3.39 0.0007
P1'=G 14.29 12.50 3.70 2.64 0.0082
protein = FAS 40.00 4.17 0.44 2.39 0.0168
P1' =K 11.54 12.50 4.59 2.25 0.0241
P1'=D 11.54 12.50 4.59 2.25 0.0241
protein = AMY2B 28.57 4.17 0.62 212 0.0344
P1=F 9.21 14.58 6.70 1.98 0.0482
P1=L 1.79 8.33 19.66 -2.12 0.0338 aliphatic index 76.82.38 87.58+37.07 -2.05 0.0403
protein = CASB 2.74 27.08 41.89 -2.14 0.0324 GRAVY -0.0.87 -0.42+0.74 -2.62 0.0088
protein = CEL 0.00 0.00 7.50 -2.29 0.0219 isoelectriopoi 4.9 + 1.43 5.85+1.99 -3.37 0.0007
P1'=L 0.66 2.08 13.40 -2.64 0.0084
protein = CASB 38.53 51.55 41.89 4.43 <0.0001
protein = CASK 55.81 6.76 3.79 3.36 0.0008
P1'=N 53.85 5.92 3.44 2.94 0.0033
P1'=H 54.84 4.79 2.73 2.72 0.0066
P1=M 18.87 2.82 4.67 -2.04 0.0412 GRAVY -0.52+£0.76 20640.74  -3.04 0.0024
P1=F 17.11 3.66 6.70 -2.86 0.0042
protein = CEL 8.24 1.97 7.50 -5.23 <0.0001
protein = TRFL 6.48 1.97 9.52 -6.51 <0.0001
protein = TRFL 25.00 45.76 9.52 7.53 <0.0001
P1=K 13.37 38.98 15.17 4.58 <0.0001
P1'=T 14.29 10.17 3.70 2.27 0.0232
P1=R 9.45 20.34 11.20 2.10 0.0355
protein = CASAL 1.03 1.69 8.55 -2.11 0.0347 essential AA  .07% 1.57 7.02 £ 3.65 -4.23 <0.0001
protein = CASB 2.95 23.73 41.89 -2.96 0.0031 MW 142404 192+0.8 -4.97 <0.0001
P1=D 65.00 5.70 1.76 4.34 <0.0001
P1=L 29.15 28.51 19.66 3.63 0.0003 essential AA 8.6208 3 7.02 £ 3.65 7.39 <0.0001
P1'=P 40.00 10.53 5.29 3.62 0.0003 MW 2.24 +£0.85 1.08B+ 6.63 <0.0001
P1=M 33.96 7.89 4.67 2.42 0.0157 isoelectric point &e621 5.85+1.99 5.20 <0.0001
protein = ALBU 50.00 2.63 1.06 2.27 0.0232 GRAVY -0.29 .63 -0.42+0.74 2.98 0.0030
P1' =K 9.62 2.19 4.59 -2.01 0.0440
P1'=N 7.69 1.32 3.44 -2.07 0.0383
protein = OSTP 10.87 4.39 8.11 -2.41 0.0160
P1=Y 9.68 3.95 8.20 -2.77 0.0056
protein = CASK 4.65 0.88 3.79 -2.84 0.0046
P1=R 11.02 6.14 11.20 -2.84 0.0045
P1=K 11.05 8.33 15.17 -3.37 0.0007
protein = CEL 20.00 18.68 7.50 3.66 0.0002
P1' =K 19.23 10.99 4.59 2.65 0.0082
P1'=G 19.05 8.79 3.70 2.33 0.0198 isoelectric point 51461 5.85+1.99 -2.24 0.0254
protein = LALBA 19.35 6.59 2.73 2.04 0.0414 essential AA 515+ 2.58 7.02 £ 3.65 -4.14 <0.0001
protein = CASB 6.11 31.87 41.89 -2.03 0.0425 MW 1574506 1.92+0.8 -4.39 <0.0001
protein = CEL 32.94 15.91 7.50 4.17 <0.0001
P1'=T 28.57 6.82 3.70 2.19 0.0286
P1'=P 25.00 8.52 5.29 1.96 0.0498
P1'=G 2.38 0.57 3.70 -2.68 0.0073
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! Abbreviations: AA: amino acid, ALBU : serum album#M2YB : a-amylase 2B, BT1AL :
butyrophilin subfamily 1 member A1, CASAds1-casein, CASBf-casein, CASK K-casein, CEL :
carboxyl ester lipase or bile salt-stimulateddgpaFAS: fatty acid synthase, LALBAu:lactaloumin,
OSTP: osteopontin, TRFL: lactoferrin.

2 Grey lines correspond to modalities that are neglgtassociated to a cluster

3Cla/Mod: occurrence of the modality category ia thuster divided by its occurrence in the entire
dataset

* Mod/Cla: proportion of the modality category vittihe cluster

> Overall proportion of this modality category withthe entire dataset

® MW: Molecular Weight, expressed in kDa.
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Table 3. Bioactive peptides identified within the entirdakset (n = 1531) using an exact matching
search within the databases of BIOPEP and MBPDB

Par ent Peptide Pentide sequence Activit Pasteurization Time Pasteurization
protein  position® eptideseq y effect? effect?  x Time effect?
51-58 YPFVEPIP opioid agonist NS e NS
54-59 VEPIPY immunomodulating NS ok NS
105-117 SPTIPFFDPQIPK stimulating NS NS
proliferation
B-casein  155.130 HLPLPL anti-amnestic NS NS
154-160 WSVPQPK ACE inhibitor/ - -
antioxidant
161-166 VLPIPQ ACE inhibitor NS e *
185-211 QELLLNPTHQIYPVTQPLAPVHNPISV antimicrobial NS e *x
Lactoferrin 319-324 YLGSGY opioid antagonist NS o NS

! peptide position on the parent protein withouirtgknto account the signal peptide.
2 Effects were determined using a two-way analybisadance with Pasteurization, Time and theiriattion as factors.
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Cluster 1

Cluster 2

Cluster 3

Qualitative modalities

Quantitative modalities

OveralP Mean + SD
Modality Cla/Mod® Mod/Cld (n=  v.test p.value Modality Mean £ SD 1o erall (h= v.test p.value
1134) In category 1134)
protein = CASA1 14.43 19.44 8.55 3.01 0.0027
P1'=M 19.23 6.94 229 2.24 0.0251
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P1=R 11.02 19.44 11.20 2.13 0.0336
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protein = 94.41 +
AMY2B 42.86 2.86 0.62 2.28 0.0224 aliphatic index 42.47 87.58 £37.07 1.98 0.0476
Pl =L 13.82 20.00 13.40 1.98 0.0472 MW° 1.75 £ 0.67 1.92+08 -2.26 0.0235
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