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ABSTRACT

The influence of ripening (12, 18 and 24 monthg) ianvitro digestion on the peptidomic profile of
Parmigiano-Reggiano (PR) cheeses were investigaieening andn vitro digestion thoroughly
modified the peptidomic profile of the three cheeSaventy-six bioactive peptides were identified
in undigested PR. Some peptides were degradedthasaeleased during ripening. After
digestion, 52 bioactive peptides were identifieeinbquantitative data suggested that bioactive
peptides released after digestion can be clustergédroups according to the ripening time. VPP
and IPP peptide levels in undigested samples welteeirange of 4.52-11.34 and 0.66-4.24 mg Kg
! with the highest amounts found in 18-month rigeR&. YPFPGPI peptide was absent in
undigested PRs but was released after digestipecidly in the 12-month-old sample (20.18 mg
Kg™). The present study suggests possible differeindei®active peptide levels after digestion as a

function of the duration of ripening of PR cheese.
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1. Introduction

Cheese ripening is characterized by a complex afagwents that entails an intricate set of
biochemical reactions. Among the different biocheahevents occurring during cheese ripening,
proteolysis is undeniably one of the most import&eatveral enzymatic activities originating from
various sources are involved in the proteolysi€@ss during cheese ripening. Curd and
endogenous milk proteolytic enzymes (such as plasmitially hydrolyze caseins, generating large
or intermediate-size peptides. The released pepadefurther cleaved by the action of proteinases
and peptidases coming from starter (S-LAB) and taotes (NS-LAB) lactic acid bacteria (Sforza
etal., 2012).

Bioactive peptides can be defined as short amirbssrjuences, originally encrypted within the
sequence of the parent protein, which can be reteafter proteolysis and may have a positive
impact on human health (Rizzello et al., 2016). Muwasbioactive peptides have been identified
and characterized after hydrolysis of differentdquoteins or in fermented dairy products,
presenting different functional activiti@scluding antimicrobial, antioxidative, dipeptidyl
peptidase-IV (DPP-1V) and angiotensin-convertingyane (ACE) inhibition, antihypertensive,
immunomodulatory and opioid activities (Nongonier&&itzGerald, 2015; Rizzello et al., 2016).

In cheese, the presence of bioactive peptideisetbult of a sensitive equilibrium between their
release and their degradation by the activity dfideacid bacteria proteinases and peptidasesglurin
cheese ripening (Sforza et al., 2004; Sforza gP@l2). Numerous bioactive peptides, especially
ACE-inhibitory and anti-hypertensive peptides, hbheen identified in various cheeses (Sieber et
al., 2010; Lu, Govindasamy-Lucey, & Lucey, 2015)i3tyte, Cattaneo, Masotti, & De Noni, 2015;
Basirico et al., 2015). Meyer, Bitikofer, Walthé/echsler, & Sieber (2009) investigated the
changes in concentration of the lactotripeptide®\dRd IPP in different Swiss cheese varieties
during the ripening; they found that the concerdgrabdf VPP and IPP increased in semi-hard
cheeses according to the ripening time wheredsrid cheeses, the behavior was dependent on the

cheese varieties. Gdmez-Ruiz, Ramos, & Recio (280d4)Ong, & Shah (2008) investigated the
3
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release of 5 and 6 ACE-inhibitory peptides duripgming of Manchego and Cheddar cheeses,
respectively. In both cases, the authors did mot & general trend for the release of those peptide
during cheese ripening.

Parmigiano-Reggiano is a long ripened, hard chemske from raw cow milk and whey starter as
sources of fermenting microorganisms (Solieri, Blan& Giudici, 2012). Parmigiano-Reggiano is
characterized by positive nutritional qualitiesingean important source of essential nutriesish
asproteirs, fat, vitamins and mineraland is considered a functional food due to thegmee of
different compounds with particular biological agies (Summer et al., 2017; Godos et al., 2019).
Very few studies have investigated the presendroaictive peptides and their fate during ripening
in Parmigiano-Reggiano. Sforza et al. (2012) gaeemiost detailed scenario of the evolution of
peptides during Parmigiano-Reggiano ripening. Semoactive peptides were found to be present
in Parmigiano-Reggiano, such as the antimicrolaatipe isracidindsi-casein fragment 1-23), the
multifunctional bioactive peptides YQEPVLGPVRGPRP(B-casein fragment 193-209) and some
caseinophosphopeptides (Sforza et al., 2012). iBa%t al. (2015) identified and quantified 4 anti-
hypertensive peptides (VPP, IPP, HLPLP and LHLPbRhe water-soluble extract of 12-months
ripened Parmigiano-Reggiano. However, a detailetlg of the presence and evolution of such
bioactive peptides during cheese ripening is Istiking.

In addition, bioactive peptides might be degradgddstro-intestinal proteases after ingestion.
Nevertheless, new sequences could be releasedrfemtive or less active precursors after
digestion. Stuknite et al. (2015) identified ancgtified 8 ACE-inhibitory peptides in different
types of cheeses, which amounts were variablyenited byn vitro gastro-intestinal digestion. In
another study, Sanchez-Rivera et al. (2014) ingatad the influence oh vitro gastro-intestinal
digestion on the peptidomic profile of Spanish theese. They found that some peptides were
degraded during cheese digestion, whereas somes atkee newly released by gastro-intestinal
proteases. In this way, at the end of the digestidigher number of bioactive peptides were

found. Basirico et al. (2015) studied the fate ain8i-hypertensive peptides duriimgvitro gastro-
4
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intestinal digestion of Parmigiano-Reggiano. Theasmtration of some peptides such as VPP and
IPP was mostly un-affected by thevitro digestion, whereas HLPLP and LHLPLP levels greatly
increased after the digestive process. Some odmides, such as AYFYPE and AYFYPEL, were
not found in the Parmigiano-Reggiano samples &y tere released during vitro digestion.
These results suggest thawitro digestion greatly influences the peptidomic petf cheese.

The present study was designed to compare thedoeqit profile of Parmigiano-Reggiano cheese
at different times of ripening as well as the iefice ofin vitro gastro-intestinal digestion.

Bioactive peptides were identified, relatively gtitsed (by integration of the peak area of
individual peptides) and their fate was followedidg ripening andn vitro digestion. Finally, three
well-known bioactive peptides, namely VPP, IPP #RIFPGPI, were quantified in the different

samples before and aftervitro digestion.

2. Materials and methods

2.1. Materials

All MS/MS reagents were from Bio-Rad (Hercul€, U.S.A.), whereas the chemicals and
enzymes for the digestion procedure and hydrolysggee determination were purchased from
Sigma-Aldrich (Milan, Italy). Amicon Ultra-4 regeraed cellulose filters with a molecular weight
cut-off of 3 kDa were supplied by Millipore (Milaftaly). Parmigiano-Reggiano cheese samples at
12 (PR12), 18 (PR18) and 24 (PR24) months of rigemiere withdrawn from the same cheese
factory in the province of Reggio Emilia (Italy)hiiee different Parmigiano-Reggiano cheese
samples for each time-point were analysed; thesglea were collected the same day from
different batches. Cheese production and ripenieggwarried out according to the Production
Specification regulated by the Safeguarding ConsortThe analysed cheese sample were
registered as a Protected Designation of OriginQP€heese. A detailed description of the

Parmigiano-Reggiano cheese production and mataratioording to the PDO can be found in



90 Sforza et al. (2012). VPP, IPP and YPFPGPI (95%tyguwwere synthesized by Bio-Fab research
91  (Rome, Italy). All the other reagents were fromIG&rba (Milan, Italy).
92
93  2.2. Preparation of water-soluble peptides extract (WSPE) from Parmigiano-Reggiano samples
94  Water-soluble peptides extracts were obtained ssritbed by Sforza et al. (2012) with slight
95  modifications. Five grams of cheese samples wexedniith 45 mL of 0.1 mmol £ HCI and
96 homogenized for 1 min (3 cycles) using an Ultrardamrhomogenizer. The samples were then
97 centrifuged at 4009for 40 min at 4°C. At the end of the centrifugatithe supernatants were
98 collected and filtered through Whatman filters pap@Vaidstone, Kent, UK).
99
100 2.3.Invitro gastro-intestinal digestion of Parmigiano-Reggiano samples using the harmonized
101 protocol
102  Theinvitro digestion of Parmigiano-Reggiano samples wasezhout by following the protocol
103  previously developed within the COST Action INFOGE®inekus et al., 20145imulated
104  salivary, gastric and intestinal fluids (SSF, S@H &IF) were prepared exactly as described by
105  Minekus et al. (2014). Cheese samples (5 g) wexedniith 5 mL of SSF (containing 150 U rL
106  of salivaryo-amylase), ground and incubated for 5 min at 30°@produce masticatioifihe bolus
107  was then mixed with 10 mL of SGF (containing 400enU* of porcine pepsin) and the pH
108  adjusted to 2.0 with 6 molLof HCI. After 2 h of incubation at 37°C, the firiatestinal step was
109 carried out by adding 20 mL of SIF (containing paatin 200 U mt based on trypsin activity).
110  Then, the pH was adjusted to 7.0 and the samples fuether incubated at 37°C for 2 h. All
111 samples were immediately cooled on ice, centrifiegetD00Qy for 20 min at 4°C and frozen at -
112 80°C for further analysis. The digestions were qunied in triplicate. In addition, a control
113 digestion, which included only the gastro-intedtin&ces and enzymes, and water in place of

114 cheese, was carried out to consider the possilgadtof the digestive enzymes in the subsequent
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analysis. For each digestion, aliquots were takéheaend of the gastric and intestinal phases of

digestion.

2.4. Preparation of the peptide fractions and determination of peptides concentration

Low molecular weight peptides from WSPE and digeseamples were extracted by ultrafiltration
(cut-off 3 kDa) as described in Tagliazucchi ef(2017). The peptide content in these peptide
fractions was determined by measuring the amourgledsed amino groups using the 2,4,6-
trinitrobenzenesulfonic acid (TNBS) assay and leei@s standard (Adler-Nissen, 1979). The
obtained raw data from the digested samples wereated by the contribution of the control

digestion. Data are expressed as mmol leucine alguivvg® of cheese.

2.5. Identification of low molecular weight peptides by ultra high performance liquid
chromatography/high resolution mass spectrometry (UHPLC/HR-MS)

The peptide fractions from WSPE and digested sanwdze subjected to UHPLC/HR-MS analysis
for peptide identification. UHPLC/MS and tandem &eriments were carried out on an UHPLC
Ultimate 3000 separation module interfaced with BX@ctive Hybrid Quadrupole-Orbitrap Mass
Spectrometer (Thermo Scientific, San Jose, CA, U8#)g a C18 column (Zorbax SB-C18
reversed-phase, 2x150mm, 1.8um particle size, Agilent Technologies, Santa Cl@a, USA).

The mobile phase consisted of (A)®iformic acid (99.9:0.1, v /v) and (B) acetonitrilehe sample
(20 L, 100-fold diluted) was loaded into the columradtow rate of 0.3 mL/min. The gradient
started at 2% B, and grew to 3% B in 2 min. The ileghase composition was raised to 27% B in
19 min and then to 90% in 4 min. The mass specti@mes set as follow: spray voltage 3.5 kV,
capillary temperature 320°C, sheath gas 40 andiayxgas 30. Full MS parameters were:
resolution 70000, AGC target 3e6, maximum IT 333amd scan range 200 to 200x. MS/MS
parameters were: resolution 17500, AGC target he&imum IT 120 ms and isolation window 3

m/z



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

The MS/MS spectra were then converted to .mgf aled the peptides were identified by using the
Swiss-Prot database through MASCOT (Matrix ScieBoeston, MA, USA) protein identification
software. The following parameters were consideeadyme, none; peptide mass tolerance, £ 5
ppm; fragment mass tolerance, + 0.12 Da; varialddification, oxidation (M) and

phosphorylation (ST); maximal number of post-tratishal modifications permitted in a single

peptide, 4. The assignment process was validatédeognanual inspection of MS/MS spectra.

2.6. Identification of bioactive peptides

Peptides identified in the peptide fractions fronfSPE and digested samples were investigated in
relation to bioactive peptides previously identifia the literature using the Milk Bioactive
Peptides Database (MBPDB) (Nielsen, Beverly, QIQallas, 2017). Only peptides with 100%
homology to acknowledged functional peptides wergsaered as bioactive peptides. The relative
amount of the bioactive peptides was estimatedhtegrating the area under the peak (AUP). AUP
was measured from the extracted ion chromatogr&m@ Ebtained for each peptide (tolerance + 5

ppm). Data are expressed as AUPof cheese.

2.7. Quantification of VPP, IPP and YPFPGPI by parallel reaction monitoring (PRM)

Synthetic peptides were dissolved in solvent AQHormic acid; 99.9:0.1, v /v) at a concentration
of 5 mg mLL. The selected analytes were quantified by stanaddition method spiking known
amounts of standard solutions directly to the aredysamples. For each sample, linear range for
VPP and IPP standards were generated by using8018,and 32g L™ of standard (final
concentrations in the samples). For YPFPGPI, theali range was obtained at 0, 5, 15, 3Qyd0

! of standard (final concentrations in the samples).

The samples (10L; 100-fold diluted) were then injected in the sadtiéPLC/HR-MS instrument
as describe above. Each sample was analyzed twes.tiobile phase A was 0.1% formic acid in

water and mobile phase B was acetonitrile. Thaalgradient started with 2% B, was maintained
8
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for 2 min, and then increased to 15% B betweend26amin. The mobile phase composition was
then increased to 27% B in 15 min and further chtse90% B in 4 min. The flow rate was set at
0.4 mL min?.

lon source parameters was as follow: spray voltak¥, capillary temperature 320 °C, sheath gas
50 and auxiliary gas 25. PRM parameters were &snolesolution 17500, AGC target 5e5, max
IT 150 ms, MSX count 1 and isolation window 3.0 m/z

The precursor ions selected for VPP, IPP and YPFR@Fe [M + H]* mVz312.1918, 326.2074
and 790.4134, respectively. The product ipih3tm/z 213.1234 was selected for quantitation of
VPP and IPP. The product ion*yatnm/z 229.1547 was selected for quantitation of YPFPGPI.
Peaks were integrated by using the Genesis algofithction in the Thermo Xcalibur Quantitative
Browser, and 5 ppm mass tolerance was appliedhéoextraction of target product ions. For each
sample analyzed, three calibration curves wererg&eby linear regression analysis and the
concentration of each peptide in the sample wasitzkd by determining the value of the intercept

in thex-axis, which represent the initial analyte concatndn in the sample.

2.8. Satistical analysis

All data are presented as mean + standard devigdibh for three replicates for each prepared
sample. Univariate analysis of variance (ANOVA)witukey post-hoc test was applied using
GraphPad Prism 6.0 (GraphPad Software, San Die§§oUSA). The differences were considered

significant withP <0.05.
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3. Results and discussion

3.1. Total peptides quantification in the peptide fractions of Parmigiano-Reggiano (PR) WSPE and
digested samples

During cheese ripening, caseins can be hydrolyydtdactivity of proteases and peptidases
mainly derived from S-LAB and NS-LAB (Pangallo ¢t 2019). Generally, LAB possess a
complex proteolytic system, which is able to hygrel milk caseins to short peptides and amino
acids to fulfill their amino acid requirements (Tiagucchi, Martini, & Solieri, 2019). LAB cell-
envelope proteases (CEPs) break down caseinsroiieimpfragments (mainly oligopeptides of
about 5-30 amino acids) (Solieri, De Vero, & Tagliachi, 2018). These peptides can be
transported into the cell and further hydrolyzedcigtoplasmic peptidases into smaller peptides and
amino acids (Tagliazucchi et al., 2019). As showfigure 1, ripening affected the extent of
proteolysis in PR samples, as determined by theS B&ay. The amount of water-soluble low
molecular weight peptides did not differ betweerlPRnd PR18 samples whereas a significant
increase was observed in PR24 sampte @.05).

Previous studies already confirmed an increaseateplysis as a function of cheese ripening
(Butikofer, Meyer, Sieber, Walther, & Wechsler, 80&tuknite et al., 2015). Gaiaschi et al. (2001)
reported that the extent of proteolysis in Grandaa cheese was high in the first 12 months of
ripening, reaching a plateau and further increadest 22 months of ripening.

An increase in the level of low molecular weighpfiges was observed for PR cheeses at different
ripening time-points after gastric digestion (Figy). The amount of peptides released from PR24
after gastric digestion was significantly highBr<0.001) than that released from PR12 and PR18.
No significant differences were observed betweehZP&d PR18 after gastric digestion

(P > 0.05). Intestinal digestion brought about anease in the amount of low molecular weight
peptides in all of the samples. Once again, theaanation of peptides detected after the intektina

digestion step of PR24 was significantly highemttizat measured in PR12 and PRR8Q.05;
10
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Fig. ). No significant differenced?(> 0.05) were found between peptide concentraiimiiR12

and PR18.

3.2. Effect of ripening on the peptidomic profile of Parmigiano-Reggiano (PR) WSPE peptide
fractions

Overall, 278 unique peptides were identified intimee PR WSPE peptide fractions at different
ripening time-points (Table S1). According to thdBS assay data, the PR24 sample contained the
highest amount of peptides (257 peptides), wheateaamount of peptides identified in PR12 and
PR18 samples was similar (84 and 72 peptides, cagply) and lower compared to the number
observed in the PR24 sample (Fig. 2A). The majaitthe peptides identified in PR12 and PR18
samples were fror-casein (63.1% and 58.3%, respectively), whereasdmmaining identified
peptides were fromsi-casein (Fig. 2A). PR24 sample also contained geptieleased froms>-
casein (13.6% of total peptides). The Venn diagf@aim. 3A) shows that 64 peptides (23% of total
peptides) were commonly found in all the PR samtese peptides (1.8% of total peptides) were
in common between PR12 and PR18, whereas the RiRdles contained 191 (68.7% of total
peptides) unique peptides. Among the 84 peptidastified in PR12, 15 of them (~18% of peptides
identified in PR12) were found only in this sample.

The peptidomic profile of the three PR samples ligbled the paramount importance of LAB
CEPs in the proteolysis of cheese caseins, asatadidy the cleavage sites in the N-terminal
region ofasi-casein. Peptidic bonds at the-s, Qo—G1o, Qi3-E14, E14- V15, L16-N17 and Bz-Foa
positions are well-known cleavage sites for LAB GEBolieri et al., 2018; Jensen, Vogensen, &
Ardo, 2009; Hebert et al., 2008). Another traitigading the action of CEPs in the production of
these peptides is that the majority of cleavagsssitp-casein (61.8%, 63.8% and 74.0% in the
PR12, PR18 and PR24, respectively) have been prayiceported to be typical for several CEPs
from Lactobacillus casei, Lactobacillus rhamnosus, Lactobacillus delbrueckii, Lactobacillus

paracasel, Lactobacillus lactis andLactobacillus helveticus (Solieri et al., 2018; Hebert et al., 2008;
11
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Lozo et al., 2011; Juillard et al., 1995; Miyametaal., 2015). It is important to emphasize that a
complex and dynamic population of LAB, which thogbly changes during ripening, is
characteristic of PR cheeses (Solieri et al., 2012)

The action of the extracellular proteinase andangHular peptidases in Lactobacillus can explain
the presence of the high number of unique peptidB®R24. Several studies showed that the LAB
population decreases as the ripening of PR proq&adieri et al., 2012; Coppola et al., 1999).
LAB cell lysis may release cell envelope-proteasas intracellular peptidases in the matrices,
which can then enhance the proteolysis of case@inaseins peptides. Indeed, the bacterial lysis

decreases the number of vital LAB and thereforeatheunt of peptides translocated into the cells.

3.3. Effect of in vitro digestion on the peptidomic profile of digested Par migiano-Reggiano (PR)

peptide fractions

UHPLC/HR-MS analysis revealed different peptidefiee for the peptide fractions from the PR
samples aftein vitro gastro-intestinal digestion (Figs. 2B and 3B)e&ch sample, the majority of
the peptides were frofitcaseins (47.8, 40.4 and 38.2% of the total idextipeptides in digested
PR12, PR18 and PR24, respectively) followedigycasein (29.3, 30.9 and 32.6% of the total
identified peptides in digested PR12, PR18 and PR&pectively) (Fig. 2B).

The Venn diagram indicated that 158 identified kst (corresponding to the 33.7% of total
identified peptides) co-existed in the three PRtidedractions aftem vitro digestion (Fig. 3B).
There were 115, 31 and 24 peptides exclusivelydanmigested PR12, PR18 and PR24,
respectively. The highest similarity in peptidefpes was found between digested PR18 and PR24
samples, with 258 common peptides.

Only 22, 21 and 37 peptides were commonly founghidigested and digested samples from PR12,
PR18 and PR24 peptide fractions, respectively (supgntary Table S1). Among these peptides,
14 (30.4% of total peptides) were commonly foun@ah of the undigested and digested samples

(supplementary Fig. S1). The peptides RELEEL, ELEBKIHPF, LVYPFP, EMPFPK,
12



265 SLVYPFPGPIPN, LVYPFPGPIPN, YPFPGPIPN, VLPVPQK and®YPQR were frong-casein

266  whereas the peptides FVAPFPE, VAPFPE, EIVPN and PRMvere fromusi-casein. It is not

267  surprising that most of these peptides contain B Béquence or a proline residue near to the

268  carboxylic end. These peptide structural motifsease the resistance to gastro-pancreatic proteases
269  action, which do not readily hydrolyze proline-caining peptides (Tagliazucchi, Helal, Verzelloni,
270 Bellesia, & Conte, 2016). Indeed, most of these fe¥Rtaining peptides have been found after

271  vivo orinvitro gastro-intestinal digestion of milk or milk pratei(Tagliazucchi et al., 2016;

272 Tagliazucchi, Martini, Shamsia, Helal, & Conte, 80Boutrou et al., 2013; Boutrou, Henry, &

273  Sanchez-Rivera, 2015). The peptides found onlynotigested cheeses were likely degraded during
274  invitro gastro-intestinal digestion.

275

276  3.4. Effect of ripening on the evolution and fate of bioactive peptides in Par migiano-Reggiano

277  cheeses

278  Peptides in the undigested PR peptide fractioma M86SPE were compared for sequence matches
279  with the milk bioactive peptide database MBPDB (bk@& et al., 2017). Across the categories, 26
280 peptides in undigested PR samples (Table 1) shihessbme sequence (100% of homology) with
281  functional peptides previously reported to haveors bioactivities.

282  Among the peptide fractions from undigested WSBRE& RR24 sample contained the highest

283  amount of bioactive peptides (26 peptides) resfpePR18 and PR12 samples (12 and 11 peptides,
284  respectively) (Table 1 and supplementary Figure)SZAe Venn diagram (supplementary Fig.

285  S2A) shows that 11 bioactive peptides (42.3% dltoeptides) were commonly found in all the PR
286  samples, whereas 14 bioactive peptides were uriguesent in the PR24 sample (Table 1). Nine
287  of the identified bioactive peptides were angiotem®nverting-enzyme (ACE) inhibitors, 5

288  peptides were anti-microbial, 1 was a di-peptidgbidase IV (DPPIV) inhibitor, 1 was anxiolytic,
289 1 was antioxidant and 9 were multifunctional biogepeptides. Considering also the

290 multifunctional bioactive peptides, 9 were anti-rolaial essentially active against pathogenic
13
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Gram-negative bacteria suchEsherichia coli, Cronobacter sakazakii and Staphyl ococcus aureus
(Sedaghati, Ezzattpanah, Mashhadi Akbar Boojagbea]i Ebrahimi, & Kobarfard, 2015;

Birkemo, O’Sullivan, Ross, & Hill, 2009; Kent et a2012). The ability of LAB present in PR
cheese to produce anti-microbial peptides from dlydrs of milk proteins may confer a
competitive advantage, thus decreasing the riskeofrowth and survival of food-borne pathogens
(Settanni, & Moschetti, 2010).

Of the 11 commonly identified peptides, the relatbundance of 10 was significantly higher in
P24 sample respect to P12 and P18 sampte8.05). In contrast, the ACE-inhibitory peptide
FFVAPFPEVFGK displayed a decreasing trend duripgming with the highest relative abundance
found in P12 sampld”&0.05). The ACE-inhibitory peptide SKVLPVPQ was wetected in

sample P12 but showed an increasing trend dunopemimg with the highest relative abundance

found in sample P24 0.05).

3.5. Effect of in vitro digestion on the evolution and fate of bioactive peptides in Parmigiano-
Reggiano cheeses

The bioactive peptide profile varied in the PR skmpfterin vitro gastro-intestinal digestion
(Table 2). Globally, 52 peptides with 100% of hoogpt with previously reported functional
peptides were identified in digested PR samplebl€la). The majority (75%) of total identified
bioactive peptides (39 peptides) were commonly foarthe three digested PR samples (Table 2
and supplementary Fig. S2B). Most of the identitsgohctive peptides were ACE-inhibitors (17
peptides) and multifunctional peptides (16 pepdid€be other identified bioactive peptides were
anti-microbial (7 peptides), DPPIV-inhibitors (4ppeles), antioxidant (2 peptides), opioid (2
peptides), cathepsin B-inhibitors (2 peptides))ywendopeptidase-inhibitor (1 peptide) and
immunomodulatory (1 peptide). Three bioactive pbgsi(LHLPLP, HLPLP and AYFYPEL) were

already reported aftén vitro digestion of PR cheese at 12 months of ripenirasgifi2o et al.,

14



316 2015), whereas the other bioactive peptides wemetiiied in digested PR cheeses for the first time
317 in this study.

318 The resulting data from semi-quantitative analgesionstrated that the majority of identified

319 bioactive peptides were not present at a constaet hfter digestion with respect to the ripening
320 time, but each peptide showed a characteristidiriBioactive peptides identified aftervitro

321  digestion can be clustered into 5 different groaps function of the evolutive trend respect to the
322 ripening time (Table 2).

323  The first group was represented by bioactive peptidhose release afi@rvitro digestion

324  continuously increased according to the ripeninget{Table 2). This group was mainly

325 characterized by the presence of ACE-inhibitorytjokys (10 bioactive peptides out of 13). Most of
326 these peptides showed low or very lowd@alues against ACE. The peptides LHLPLPL, LHLPLP
327 and YKVPQL have been reported to reduce hypertansigspontaneously hypertensive rats (SHR)
328  (Quirds et al., 2007; Maeno, Yamamoto, & Takan®6tMiguel, Recio, Ramos, Delgado, &

329  Aleixandre, 2006). Peptides LHLPLP, YKVPQL and EM®Fwere also found intact in human

330 gastro-intestinal tract (Boutrou et al., 2013).

331  Peptide LHLPLP was able to resistvitro gastro-intestinal digestion but it was hydrolyzed

332  HLPLP by cellular peptidases prior to being tramtgmbacross Caco-2 cells (Quirés et al., 2008;
333  Tagliazucchi et al., 2006). The latter can actula#yabsorbed by intestinal cells and has been found
334 in human plasma after oral administration (Vandtlak et al., 2006). It has been suggested that the
335 peptide LHLPLP, released aftervitro gastro-intestinal digestion of Grana-Padana cheesag be
336  partially responsible for the blood pressure lowgmeffect observenh vivo after diet enrichment

337  with Grana-Padana cheese (Stuknite et al., 20ipp&et al., 2018).

338 The second group was characterized by bioactivadespwhose release afiervitro digestion

339 increased according to the ripening time reachiptateau after 18 months of ripening (Table 2).
340 This group contained the majority of anti-microlpaiptides and some ACE-inhibitory peptides

341  with demonstratedh vivo activity on spontaneously hypertensive rats (SEifR) low 1Go values.
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The peptide AVPYPQR was able to decrease the Ipoessure in SHR and behaved as a
multifunctional bioactive peptide also showing amicrobial, anticoagulant and antioxidant
activities (Karaki et al., 1990; Tonolo et al., 30Tu et al., 2019).

The third group was characterized by bioactive ideptthe release of which afiarvitro digestion
increased according to the ripening time reachinggaimum value at 18 months of ripening (Table
2). To this group belonged peptides with differeiaiogical activities. The peptide AYFYPEL
presented a very low Kgvalue against ACE and was able to reduce bloosspre in SHR
(Contreras, Carron, Montero, Ramos, & Recio, 2009).

The fourth group was represented by bioactive deptiwhose release aftarvitro digestion
decreased according to the ripening time (Tabl&Ris group was characterized for the presence of
the peptide YPFPGPI (also knownpasasomorphin-7) and its precursors. Some ACE-itdripi
peptides were also found in this group but, witn élxception of YPFPGPIPN, they displayed
higher 1Go values.

Finally, the last group contained peptides whosewarhafterin vitro digestion remained constant

throughout ripening (Table 2).

3.5. Quantification of YPFPGPI, VPP and IPP in the peptide fractions of WSPE and digested

samples of Parmigiano-Reggiano (PR)

Three peptides, namely VPP, IPP and YPFPGPI witueh@ntedn vivo effect on humans were
guantified in undigested and digested PR samplastiipeptides VPP and IPP received particular
consideration since severalvivo studies confirmed their antihypertensive effecGsR and

mildly hypertensive patients (Cicero, Fogacci, &lléwi, 2017; Fitzgerald, Murray, & Walsh,
2004). Vice versa, different studies have suggestiverse effects of YPFPGMB¢asomorphin-7)
on human health, including cardiovascular diseatiabgetes and digestive disorders (Asledottir et

al., 2018).

16



367 VPP and IPP have been detected in the WSPE pditteons from undigested PR samples at
368  each ripening time (Table 3). The amount of VPP i&RIfound in the 12-month ripened PR were
369 6.87 +0.68 and 1.63 + 0.82 mgkgespectively. These data are in accordance Withange

370 reported by Basirico et al. (2015) in PR sampl&Zamonths of ripening. The amount of VPP and
371  IPP increased in the sample at 18 months of rigengéaching a concentration 1.34 + 0.21 and
372 4.24 + 2.85 mg kg, respectively. After that, we observed a stronglide in the concentration of
373 VPP and IPP at 24 months of ripening (4.52 + 0:28@&66 + 0.05 mg kY respectively).

374  Peptide YPFPGPI, in contrast, was not detectedyruadigested PR sample. This is consistent
375  with the report of De Noni, & Cattaneo (2010), wdid not observe YPFPGPI in Grana Padano
376 cheese at 10, 17 or 25 months of ripening. Thesdtsesuggested that LAB proteases and

377 peptidases are not able to rele@smsomorphin-7 during cheese ripening.

378 As shown in Table 3, at the end of theitro gastro-intestinal digestion, the VPP content o1 PR
379 and PR18 remained almost unchanged. Moreover,uhetitative analysis mainly showed an

380 increase in the content of IPP in both the sam({#€$.05). In contrast, we observed a significant
381 decreaseR<0.05) in VPP concentrations afiervitro digestion in the PR24 sample, whereas the
382 amount of IPP was unaltered.

383  B-casomorphin-7, which was not present in the ché¢SEE, was released duriimgvitro

384 digestion of PR samples (Table 3). Previous rebdaighlighted the ability of gastro-intestinal

385  proteases to releaBecasomorphin-7 durinm vitro digestion of milk3-casein variant Al

386  (Asledottir et al., 2018). The concentration of AP aftelin vitro digestion decreased during
387  ripening, with the highest concentration found igedted PR12 sample.

388

389 4. Conclusion

390 According to the data reported in this study, ripgrof PR cheese has an important influence in the
391 release of bioactive peptides and itheitro digestion further increased their number in the PR

392 samples. Most of them were found in all of the si@sdout in different amounts. Interestingly, they
17
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399

400

401

can be clustered accordingly to ripening time aiodddivities. For example, the majority of the
bioactive peptides showing an increasing trend ditgestion, as a function of the ripening time,
were potent ACE-inhibitory peptides. By contraststnof the identified anti-microbial peptides
reached a plateau after 18 months of ripening. bage the opioid peptidgscasomorphin-7 and
its precursor displayed a typical behavior withearéasing trend aften vitro digestion as a
function of the ripening time. The present studggasts possible differences in the biological
effect after ingestion of PR cheese as a functfdheripening time. The major driving force for
consumers to choose a cheese with different rigetmmes is the organoleptic characteristics but,

nevertheless, the peptide profile and bioactivites also change.
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Figure captions

Fig. 1. Effect of ripening time anth vitro digestion on the peptide concentrations in Pa@amigi
Reggiano (PR). The total amount of peptides wasesged as mmol of leucine equivalent per g of
cheese. WSPE means water-soluble peptide extrnagtseepresent the peptide fractions obtained
after ultrafiltration (< 3 kDa) of water-solublegieles extracted from un-digested PR samples.
PR12: Parmigiano-Reggiano at 12 months of riperf?®RfL8: Parmigiano-Reggiano at 18 months of
ripening. PR24: Parmigiano-Reggiano at 24 monthgpehing. Values are means of data from
three independent digestions * standard devia8®).(Different letters indicate significantly

different valuesP < 0.05)

Fig. 2. Number of unique peptides identified in the Parang-Reggiano (PR) peptide fractions.

(A) Number of peptides in un-digested PR peptidetfons at 12 (PR12), 18 (PR18) and 24 (PR24)
months of ripening. (B) Number of peptidedrinvitro digested PR peptide fractions at 12 (PR12),
18 (PR18) and 24 (PR24) months of ripening. Thalarce of the different milk proteins on the

released peptides is also shown.

Fig. 3. Venn diagrams of peptides obtained from Parmigiaeggiano (PR) peptide fractions. (A)
Venn diagram created with all the identified pegsidh un-digested PR peptide fractions at 12
(WSPE PR12), 18 (WSPE PR18) and 24 (WSPE PR24)hmarftripening (see on line
supplementary material Tables S1 for the peptideeces). (B) Venn diagram created with all the
identified peptides in digested PR peptide fractian12 (D PR12), 18 (D PR18) and 24 (D PR24)

months of ripening (see on line supplementary natéables S1 for the peptide sequences).
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Table 1. Relative amount of bioactive peptides tified in water-soluble extract (WSPE) peptide
fractions from Parmigiano Reggiano samples at 1@, 18 (PR18) and 24 (PR24) months of
ripening with previously demonstrated bioacti®ity

Sequence?

Fragment

Relative amount in
WSPE PR12°¢

Relative amount in
WSPE PR18°¢

Relative amount in
WSPE PR24°

ACE-inhibitory

DKIHPF
LVYPFP

SQSKVLPVPQ
SKVLPVPQ
VLPVPQKd®
RDMPIQAF
YQEPVLGPVRGPFPIIV
QEPVLGPVRGPFPIIV
FALPQYLK
AMKPWIQPK

Anti-hypertensive

VYPFPGPIPN
YPFPGPIPN

EMPFPK

AVPYPQR?
LLYQEPVLGPVRGPFPIN
FFVAPFPEVFGK

Anti-microbial

EAMAPK
VLPVPQKAVPYPQR

VLNENLLR

HIQKEDVPSERYLGYLEQLLRLK

YLEQLLR

I mmunomodulatory
PGPIPN
Antioxidant

VKEAMAPK
TQTPVVVPPFLQPE

DPPIV-inhibitory

BCN 47-52
BCN 58-63
BCN 166-175
BCN 168-175
BCN 170-176
BCN 183-190
BCN 193-209
BCN 194-209
as2CN 174-181
as2CN 189-197

BCN 59-68
BCN 60-68
BCN 108-113
BCN 177-183
BCN 191-209
asiCN 23-34

BCN 100-105
BCN 170-183

asiCN 15-22

U.S]_CN 80-102
U.S]_CN 94-101

BCN 63-68

BCN 98-105
BCN 78-91

9.02x16 + 7.75x10°2
1.11x10 £ 1.04x1062

n.d.

n.d.
2.89x10 + 2.82x102
9.47x1G + 8.98x16?
1.32x10 + 5.95x162

n.d.

n.d.
n.d.

n.d.
6.64x10+ 5.57x162
1.47x10 + 4.60x16?2
1.89x1¢ + 3.16x162
n.d.
1.38x10+ 9.46x102

n.d.
n.d.

n.d.

n.d.
n.d.

2.08x10 + 1.20x102

n.d.
n.d.

9.80x1G + 5.81x102
1.04x1G + 2.05x102

n.d.
1.01x10 + 1.63x162
2.44x10 + 5.50x102
1.09x10 + 6.11x162
4.18x10 + 3.18x16P

n.d.

n.d.

n.d.

n.d.
3.33x10 + 4.34x16°
1.77x10 + 1.44x16°
1.66x10¢ +1.12x162

n.d.
1.19x16 + 5.61x10°

n.d.
n.d.

n.d.

n.d.
n.d.

1.21x10 + 2.18x10°

n.d.
n.d.

1.41x16 + 7.43x10°
4.01x16G + 9.12x10°
1.84x10 + 1.05x16
4.79x10 + 1.27x16P
3.52x10 + 1.06x16°
1.01x16 + 6.77x10°
4.04x10 + 4.26x10°
5.06x10 + 7.12x10
1.66x10 + 8.02x10
4.96x10 £ 6.73x10

8.99x10 + 2.44x10
2.49x10 + 2.32x10¢
7.06x10 + 4.75x10°
4.52x10 + 4.21x10P
1.72x16 + 2.41x106
4.42x1G + 2.47x16¢

2.27x10 £ 1.77x16
1.50x10 + 1.31x10

1.76x1G + 1.08x10

1.09x1G + 7.56x10
5.57x1G £ 7.73x106

2.70x10 + 3.04x10°

2.80x10 + 2.75x106
5.57x10 + 1.64x10




LPVPQ BCN 171-175 n.d. n.d. 2.25x10 + 1.14x106
Anxiolytic

YLGYLEQLLR asiCN 91-101 6.79x10+ 4.29x10%  6.64x10 + 2.65x10%  1.14x16 + 4.95x16°

@Abbreviations are: ACE, angiotensin converting enegyDPPIV, dipeptidyl peptidase 1V; CN, casein.

®One code letter was used for amino acid nomeneafotential bioactivities were achieved from MBPB&abases
(Nielsen et al., 2017RAnti-hypertensive activity was measured on spordasly anti-hypertensive rats.

Multifunctional peptides were labelled with supeigtletters:“antioxidant activityeantimicrobial activity;
fimmunomodulator?ACE-inhibitory activity.

‘Relative amount was expressed as the area undepetile (AUP) ¢ of cheese measured from the extracted ion
chromatograms (EIC) obtained for each peptide. felans peptide not detected in the sample. Difteseperscript
letters within the same row indicate that the valaee significantly differentR<0.05)



Table 2. Relative amount of bioactive peptides iidfiex in digested peptide fractions from
Parmigiano Reggiano samples at 12 (PR12), 18 (P&1Bp4 (PR24) months of ripening with

previously demonstrated bioactivity

Sequence”

Fragment

Relative amount in
digested PR12¢

Relative amount in
digested PR18°

Relative amount in
digested PR24°¢

Peptides with increasing trend according to the ripening time

LVYPFP

NIPPLTQTPVVVPPFLQ

EMPFPKe
LHLPLP®f
LHLPLPLY
YQEPVLY
YKVPQLY
NMAINPSKY
SRYPSY
INNQFLPYPY?
LPYPY®h
IPAVFh
VLDTDYK ¢

BCN 58-63
BCN 73-89
BCN 108-113
BCN 133-138
BCN 133-139
BCN 193-198
asiCN 104-109
asCN 25-32
KCN 33-38
KCN 51-60
KCN 56-60
BLB 78-82

BLB 94-100

1.80x10+ 1.15x102
1.18x16+ 7.45x1G2
7.28x10+ 1.02x162
2.45x10+ 1.85x102
2.75x10+ 1.51x162
5.87x10+ 4.25x102
4.06x10+ 3.65x102
2.05x19+ 3.38x162
n.d.
1.34x190+ 1.39x102
3.61x19+ 5.51x102
4.67x10+ 6.27x102
n.d.

1.18x10 + 8.77x102
6.91x10 + 5.74x10°
3.04x10 + 1.98x16°
4.33x16 + 3.88x10°
6.95x10 + 6.87x16°
4.38x10 + 5.53x16°
6.25x10 + 7.97x16°
3.83x10 + 2.50x16°
4.81x16 + 5.04x162
1.10x1G + 1.26x10°
2.19x10 + 1.72x16°
1.88x10 + 2.90x16°
2.61x16 + 1.92x16?

Peptides with increasing trend according to the ripening time reaching a plateau at 18 months

PVVVPPFLQPE
VENLHLPLPLL®
VLPVPQK!
AVPYPQRefi
DAYPSGAW!

SDIPNPIGSENSEK

FFSDkKe
YIPIQY®
GLDIQK®
DAQSAPLR
IIAEK ¢
IDALNENK ©

BCN 81-91
BCN 130-140
BCN 170-176
p177-183

asiCN 157-164

asiCN 180-193
kCN 17-21
kCN 25-30
BLB 9-14

BLB 33-40

BLB 71-75

BLB 84-91

n.d.

n.d.
2.22x10+ 3.68x162
3.00x10+ 1.31x162

7.32x10 1.43x162

3.79x10t 5.49x162
3.65x19+ 3.09x162
2.59x10+ 2.49x102
n.d.
n.d.
1.76x10+ 1.50x162
n.d.

1.57x10 + 1.67x162
1.19x16 + 1.80x162
1.00x10 + 1.49x16°
5.48x16¢ + 5.31x10°

4.61x10 + 9.28x16°

2.48x10 + 3.92x10°
1.26x10 + 1.32x1G6P
9.80x10 + 1.45x16°
4.53x10 + 7.53x162
1.34x16 +1.17x162
5.46x10 + 6.79x16°
1.96x10 + 1.53x162

Peptides with increasing trend according to the ripening time reaching a maximum at 18 months

TEDELQDKIHPF
DKIHPF
PGPIPN
EAMAPKS®
KVLPVPQK!

BCN 41-52
BCN 47-52
BCN 63-67
BCN 100-105
BCN 169-176

1.80x19+ 1.93x102
7.34x19+ 5.30x102
7.73x10+ 2.89x102
1.61x1%0¢ 2.06x102
1.89x 10t 2.73x162

4.39x10 + 1.81x16°
2.66x10 + 1.77x16°
8.89x10 + 4.46x10°
2.55x10 + 3.22x16°
5.85x10 + 2.34x10°

7.60x10 + 4.66x10°
9.09x10 + 1.50x10°
7.90x1@ + 3.90x10°¢
6.83x1G + 6.22x1G°
8.63x10 + 4.92x16°
1.98x10 + 2.40x16¢
1.38x16 + 3.32x14°¢
6.00x10 + 3.12x16°¢
7.55x10 + 8.60x10°
2.48x16 + 6.84x16°
4.64x10 £ 3.20x16°
7.95x10 + 1.29x16°¢
5.27x16 + 1.15x16°

1.32x10 + 3.94x162
1.44x10 + 2.64x162
1.08x10 + 5.94x16°
6.01x1G + 2.76x10°

5.11x16 + 9.02x16°

2.69x10 + 6.55x10°
1.71x10 + 2.43x1@P
1.23x10 + 2.95x1@P
3.95x16 + 3.39x16?
1.87x10 + 2.95x162
4.61x10 + 3.52x16°
2.06x16 + 1.82x162

3.80x10 + 3.45x10°
1.28x16 + 5.57x10°
6.55x10 + 3.66x10°
1.61x1G + 3.29x1G2
3.35x10 + 1.88x106°




QEPVL™ BCN 194-198 n.d. 1.17x10 + 2.08x16 n.d.

AYFYPELYfo! asiCN143-149 2.19x10+ 2.51x102 5.54x10 + 6.29x16°  1.38x10 + 1.67x106°
FYPEL® asiCN145-149 5.89x10t 5.16x102 9.52x1G + 3.07x10° 6.43x16 + 6.22x102
IPIQY" «CN 26-30 n.d. 1.28x1¢ + 6.83x162  6.56x10 + 1.23x10°

Peptides with decreasing trend according to the ripening time

HKEMPFPK BCN 106-113 5.30x10+ 4.36x16°  3.96x10 + 2.55x16P n.d.

TQTPVVVPPFLQPE BCN 78-91 1.04x10z 8.33x16 n.d. n.d.

LVYPFPGPF BCN 58-66 3.32x10+ 7.09x16°  2.20x10 £ 7.67x16° 1.55x10 + 3.63x16°
VYPFPGP! BCN 59-66 4.62x10+ 4.34x10°  3.75x1G+ 7.67x10°  2.24x10 + 5.46x16°
VYPFPGPIPN! BCN 59-68 5.35x10+ 1.86x102  4.70x10 +8.66x16° 3.20x10 + 4.84x16°
YPFPGPYo™ BCN 60-66 6.87x10+ 1.20x16°  2.49x10 + 1.34x16° 1.79x10 + 5.68x10°
YPFPGPIPN!h BCN 60-67 1.13x10+ 3.80x16°  3.13x10+2.88x16° 2.66x10 + 1.02x16°
PFPGPY BCN 61-66 9.65x10+ 1.02x10°  4.84x10 2.01x16° 3.56x10 + 1.36x10°
NIPPLTQTPV BCN 73-82 1.45x10+ 1.73x10 n.d. n.d.

HLPLP BCN 134-138 2.27x10t 1.06x16 n.d. n.d.

LPVPQ! BCN 171-175 1.25x10¢ 1.55x16°  4.58x10 +9.46x18° 2.07x10 + 1.29x10°
FVAPFPEVFG asiCN 24-33 8.90x10+ 1.75x10°  3.21x10 % 2.94x16° 5.80x10 + 4.05x16°
YFYPE? asiCN 144-148 3.36x10+ 1.13x16°  1.59x1G+9.18x16° 2.02x10 + 1.95x16°
AMKPW¢ assCN 189-193 2.15xT0t 3.04x16°  1.32x10 % 1.08x16° 1.58x10 + 6.12x16°

Peptides found in constant amount according to the ripening time

YPVEPF" BCN 114-119 1.40x10t 7.92x10%° 1.44x10 +1.98x1G2  1.38x10 + 2.99x10°
GPFP? BCN 203-207 1.96x10t 4.74x162 1.72x10 + 9.60x102  1.82x10 + 3.61x1G2
YFYPELY asiCN 144-149 3.35x10+ 5.18x162 4.54x10 £ 7.41x16* 3.66x10 + 5.20x162
TPEVDDEALEK®" BLB 125-135 1.69x10+ 1.93x162 2.06x10 £ 2.43x16%  1.85x10 +2.97x162

@Abbreviations are: CN, casein; LB, lactoglobulin.
®One code letter was used for amino acid nomeneaRwstential bioactivities were achieved from MBP@®abases
(Nielsen et al., 2017Anti-hypertensive activity was measured on spordasky anti-hypertensive rats. Bioactive
peptides are labelled as follosCE-inhibitory activity;®anti-microbial activity/anti-hypertensive activityopioid,;
"DPPIV-inhibitory activity; antioxidant activity!hypocholesterolemi¢iimmunomodulator!PEP-inhibitory activity;
°catepsin B-inhibitory activity. Abbreviations a®®CE, angiotensin converting enzyme; DPPIV, dipeptkptidase

IV; PEP, prolyl endopeptidase.

‘Relative amount was expressed as the area undepetile (AUP)/g of cheese measured from the extraited
chromatograms (EIC) obtained for each peptide. leans peptide not detected in the sample. Diffeseperscript
letters within the same row indicate that the valaee significantly differentR<0.05).



Table 3. Amount of bioactive peptides in water-btdlextract (WSPE) and in digested peptidic
fractions from Parmigiano Reggiano samples at 83rid 24 months of ripening

WSPE PR12 WSPE PR18 WSPE PR24  Digested PR12 Digested PR18 Digested PR24

Sequence” mg kg'* mg kg'! mg kg™ mg kg™ mg kg'! mg kg™
VPP 6.87+068 11.34+100 4524028  7.73+09% 12.46+097  2.74+0.08
PP 1634082 4244085 0664005 3264028 564+012  0.66+0.28
YPFPGPI n.d. n.d. n.d. 2018+3.00 891074  6.38+1.39

30ne code letter was used for amino acid nomenéatur
N.d. means peptide not detected in the sample
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