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Bioactive peptides are present in a latent state, encrypted within the amino acid sequence of milk proteins, requiring
enzymatic proteolysis for their release. They can be produced by gastrointestinal digestion or food processing, thus they can
be present in fermented milks, cheese and also in the by-products of dairy industry such as waste whey. The spectrum
of biological activity covered by milk-derived peptides is extremely wide, including antibacterial, immunostimulating,
antihypertensive, antithrombotic and opioid actions. However, the characterisation of milk-derived peptides with classical
analytical methodologies is severely challenged by the complexity of the milk protein fraction and by the wide dynamic range
of relative peptide abundance in both dairy products and by-products. Here we report the characterisation of the peptide
fraction released in the whey during the different production stages of Mozzarella di Bufala Campana cheese. The peptide
extracts were separated by RP HPLC and analysed by MS in order to identify the peptides produced and to trace the pathway of
formation of potential bioactive peptides. The antioxidant properties and the modulatory effect on the cell cycle exerted by the
peptide extracts were also studied in CaCo2 cell line. We found that a significant antiproliferative effect on CaCo2 was exerted
by Mozzarella di Bufala waste whey peptides. Copyright c© 2008 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

During the last two decades it has progressively emerged that
milk proteins are a source of biologically active peptides [1–3],
which remain inactive within the sequence of the parent protein
until they are released in consequence of either gastrointestinal
digestion or food processing [4]. Once bioactive peptides are
liberated, they may act as regulatory compounds with hormone-
like activity [5].

The peptides generated from milk proteins can influence
a wide number of physiological processes as they exhibit
antibacterial [6,7], immunomodulating [8–10], antihypertensive
[11], antithrombotic [12], cytomodulant [2] and opioid [13]
activities. Most of the known bioactive peptides are composed
of short amino acid sequences. Oligopeptides present several
advantages in comparison with large-sized molecules in view of a
possible therapeutic use; they can more easily pass through the
digestive tract and reach the blood circulation to be transported
to their target organs.

A number of studies have been carried out on peptides
produced in vitro from bovine milk proteins, mainly by use of
purified proteases or microbial cell-wall proteinases [14]; on the
contrary, peptides naturally occurring in milk or in cheese whey
have not been exhaustively characterised, and their potential
bioactive properties have not been studied so far [15]. It must
be underlined that even though bioactive peptides have been
isolated in vivo in individuals following ingestion of caseins (CNs)
or of milk-containing foods [16,17], their pharmacodynamic and

pharmacocynetic parameters, as well as their bioavailability,
remain to be established. In particular, no study has been carried
out on peptides in buffalo milk.

The need for the characterisation of the peptide fraction in
buffalo milk arises from the fact that the production of Mozzarella
di Bufala Campana Protected Denomination of Origin (PDO)
cheese has recorded a strong increase in Regione Campania in the
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last years. A large amount of whey has to be disposed off yearly,
as about 80% milk volume remains as whey after transformation.
Three kinds of whey are produced: sweet whey, formed imme-
diately after or simultaneously to milk clotting; waste whey – the
acid whey formed through curd maturation; ‘scotta’, the liquid
fraction remaining after removal of thermally coagulated whey
proteins for the production of ‘ricotta’ from the sweet whey. After
separation of the valuable whey proteins, the residue remaining
is putrescible and has high chemical oxygen demand. Therefore,
whey has to be considered as a by-product in milk processing
and, according to the Italian legislation (D. L. 22/97), it is a ‘special
waste’ and its disposal engraves highly on costs.

On the other hand, during the production of Mozzarella, it is
expected that a large number of peptides can be released in
the whey, for the combined proteolytic effect on milk caseins
endogenous enzymes (plasmin, cathepsin D) [18], rennet enzymes
(chymosin, pepsin) and lactic acid bacteria exo- and endo-
peptidases [19–22]. The mild manufacturing conditions employed
in the production of Mozzarella di Bufala cheese could effectively
preserve the bioactive molecules in whey, particularly in sweet
whey and waste whey.

In this study we characterised the soluble peptide extract
from river buffalo sweet whey (BSW), waste whey (BWW) and
‘scotta’ (BS), tracing the breakdown pathway generating potential
bioactive peptides, starting from raw river buffalo milk (BM).
The aim of this investigation was to identify biologically active
peptide candidates which could be recovered from the whey of
Mozzarella cheese. The peptide fractions were characterised with
MS techniques, such as MALDI-TOF and electrospray ionisation
(ESI) MS; the latter is either off-line or on-line with RP-HPLC. In
addition, we investigated the antioxidant and cytomodulatory
effects of the peptide extracts on hydrogen-peroxide-induced
oxidative damage in CaCo2 cell lines [23].

Materials and Methods

Materials

River buffalo raw milk and whey samples from manufacturing
of Mozzarella di Bufala Campana PDO cheese were provided
by a local dairy farm of the Salerno area (Southern Italy).
To prevent undesired peptide hydrolysis, immediately after
collection, samples were added with 1-mM phenyl-methyl-sulfonyl
fluoride (PMSF, Sigma St. Louis, MO) and stored at −20 ◦C until
used.

All chemicals and reagents were of analytical grade or better
from Sigma. HPLC-grade acetonitrile (AcN) was purchased from
Carlo Erba (Milano, Italy). Dulbecco’s Modified Eagle’s Medium
(DMEM), PBS (phosphate buffer saline, composed of 0.1 M

phosphate buffered saline containing NaCl 0.138 M, KCl 0.0027 M,
pH 7.4), minimum essential medium (MEM) non-essential amino
acids, streptomycin, penicillin, L-glutamine, FBS (foetal bovine
serum), and Nonidet P40 were obtained from Gibco-BRL (Grand
Island, NY). Tissue culture plasticware was furnished from Becton
Dickinson (Lincoln Park, NJ, USA). Hydrogen peroxide (H2O2) 1
M solution was prepared immediately before use. Hydroethydine
(HE) was purchased from Invitrogen Srl (Milan, Italy).

Extraction of Peptides from Milk and Whey Samples

BM, BSW, BWW and BS samples were collected at the proper
stage of the technological process of Mozzarella manufacturing.

The cream was separated from milk or whey by centrifugation at
4500 g at 4 ◦C for 30 min (Haereus Biofuge, Kendro, Germany). To
harden the cream, the tubes were kept at −20 ◦C for 10 min and
finally the cream was scraped off.

Skimmed whey samples (25 ml) were ultra-filtered on
Centriprep cartridges having a 3-KDa cut-off membrane (Mil-
lipore, Bedford, MA). The permeates, lyophilised and solubilised in
6 ml 0.1% (v/v) aqueous TFA, were purified from saline contami-
nants and lactose with a Sep-pak C18 cartridge (Waters, Milford,
MA), previously equilibrated in 0.1% TFA and eluted with 70/30/0.1
AcN/water/TFA (v/v/v). The peptide extracts were dried using a
Savant concentrator (Speed-Vac, Milan, Italy) and stored at −20 ◦C
either for structural analysis or for biological assays. Fresh milk was
processed as above after skimming and isoelectric precipitation of
casein as previously reported [24].

MALDI-TOF-MS Analysis

MALDI-TOF-MS experiments were carried out on a Voyager DE-
PRO mass spectrometer (PerSeptive Biosystems, Framingham,
MA) equipped with an N2 laser (337 nm, 3 ns pulse width)
operating both in the linear and reflector positive ion modes
using the Delayed Extraction. Samples were co-cristallised with
2,5-dihidroxybenzoic acid (DHB) and α-ciano-4-hydroxycinnamic
acid (CHCA) used as the matrices, both prepared at concentration
10 mg/ml by dissolving the powder in 50% AcN (v/v)/0.1%
(v/v) TFA. External calibration was performed by acquiring
separate spectra of a mixture of standard peptides (Perseptive
Biosystems). Post-source decay (PSD) fragment ion spectra were
obtained after isolation of the appropriate peptide precursor
using timed ion selection. Fragment ions were refocused onto
the final detector by stepping the voltage applied to the
reflector and the individual segments were combined using the
software developed by PerSeptive BioSystems furnished with the
instrument. Signals detected in the mass spectra were associated
with the corresponding peptides on the basis of the expected
molecular weight deduced from the sequence of the casein
fractions [25] by using a suitable computer programme (GPMAW
5.1, Lighthouse data, Odense, Denmark).

LC/ESI-MS Analysis of Peptides

The BWW peptide extract was fractionated by HPLC using an HP
1100 modular system (Agilent Technology, Palo Alto). Sample was
loaded onto a 218TP52, 5-µm reversed-phase C18, 250 × 2.1 mm
column (Vydac, Hesperia, CA). Solvent A was water containing
0.1% TFA (v/v) and solvent B was AcN containing 0.1% TFA (v/v). A
linear gradient from 5 to 70% solvent B was applied over 90 min,
after 5 min of isocratic elution at 5% solvent B, at a constant
flow rate of 0.2 ml/min. UV detection was carried out at 220 nm.
The effluents were directly injected, through a 100-µm i.d. fused
silica capillary into the electrospray source of a Platform single
quadrupole mass spectrometer (Waters, Manchester, UK). The ESI
mass spectra were scanned in the positive ion mode, from 1600
to 400 m/z at a scan cycle of 4.9 s/scan and 0.1 s inter-scan delay.
The source temperature was 180 ◦C and the capillary and orifice
voltages were 3.6 kV and 40 V, respectively. Mass scale calibration
was performed using the multiple charged ions from a separate
injection of horse heart myoglobin. Mass spectra were elaborated
using the software MassLynx 2.0, furnished with the spectrometer.

Tandem MS (MS-MS) data were obtained by using a Q-STAR
PULSAR (Applied Biosystems, Foster City, CA) equipped with
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nanospray interface (Protana, Odense, Denmark). Dried samples
were resuspended in 0.1% TFA, desalted by using ZipTip C18

microcolumns (Millipore, Bedford, MA), and sprayed from gold-
coated ‘medium-length’ borosilicate capillaries (Protana). The
capillary voltage used was 800 V. Double-charged ion isotopic
clusters were selected by using the quadrupole mass filter and
then induced to fragment by collision. The collision energy was
20–40 eV, depending on the size of the peptide. The collision-
induced dissociation was processed by using Analyst 5 software
(Applied Biosystem). The deconvoluted MS-MS spectrum was
manually interpreted with the help of Analyst 5 software.

Cell Culture and Cell Proliferation Assay

CaCo2 cells (American Type Culture Collection, Rockville, MD)
were grown at 37 ◦C in h-glucose MEM containing: 1% (v/v)
MEM non-essential amino acids and supplemented with 10% (v/v)
decomplemented FBS (Flow, McLean, VA), 100 U/ml penicillin,
100 µg/ml streptomycin, 1% L-glutamine and 1% sodium pyruvate.
The cells (17–21 passages) were grown in a humidified atmosphere
of 95% air/5% CO2 at 37 ◦C and were plated in 12 multi-well plates
at different densities. After incubation for 4 h in DMEM with 10%
FBS, the cells were washed with 1% PBS to remove unattached
dead cells.

The starved cells (DMEM without serum) were pre-treated for
30 min with 50 µM H2O2 (H-CaCo2) and then incubated with the
peptide extracts. To this aim, the dry peptide extracts from BM,
BSW, BWW and BS were weighed, dissolved in DMEM without
serum and added to the H-CaCo2 cells at the final concentrations
of 0.1 or 1 mg/ml. 1.0 × 105 H-CaCo2 cells treated with the
peptides extracts were seeded in 12 multi-well plates and
incubated at 37 ◦C. After 12 h the cells were counted with a
hemocytometric counter and cell proliferation was determined
through CyQuant Cell Proliferation Assay Kit (Invitrogen, Milan,
Italy) with dye fluorescence measurement at 480 and 520 nm
excitation maximum.

The control sample was constituted by H-CaCo2 cells not added
of peptide extract (untreated cells). Cell proliferation was expressed
as percentage of proliferation compared with the control sample,
which was therefore assumed as 100%. All experiments were
performed on triplicate cultures and data are the mean ± SD of
three experiments.

Flow Cytometry Analysis of H-CaCo2

H-CaCo2 cells were seeded in six multi-well plates at the density
of 25 × 105 cells/plate. After 12-h incubation with 0.08 mg/ml of
peptide extracts from BM and BWW in DMEM without serum
at 37 ◦C, cells were washed in PBS, pelleted in centrifuged and
directly stained in a propidium iodide (PI) solution (50 mg PI in 0.1%
sodium citrate, 0.1% Nonidet P40, pH 7.4) for 30 min at 4 ◦C in the
dark. Flow cytometric analysis was performed using an FACScan
flow cytometer (Becton Dickinson, San Jose, CA, USA). To evaluate
cell cycle PI fluorescence was collected as FL2 (linear scale) by
the ModFIT software (Becton Dickinson). For the evaluation of
intracellular DNA content, at least 20 000 events for each point
were analysed in at least three different experiments giving an SD
lower than 5%.

The mitochondrial superoxide anion production was analysed
by hydroethidine (HE) staining. The cells were incubated for 1 h at
the end of treatment with 20 ng/ml HE. At the time of processing,
cells were scraped, washed twice with PBS and the pellet was
added to 1-ml PBS. The hydroethidine-superoxide anion (HE-
O) accumulation was determined using the CellQuest software
(FACScan, Becton Dickinson) furnished with the cytometer. For
each sample, 2×104 events were acquired. Analysis was carried out
by triplicate determination on at least three separate experiments.

Results and Discussion

Characterisation of Peptides in Buffalo Milk and in Mozzarella
PDO Cheese Whey

The peptides of river buffalo raw milk.

The peptide extracts from raw BM were analysed in mixture by
MALDI-TOF-MS (Figure 1). The mass spectrum clearly showed the
presence of two families of casein fragments, those deriving
from the N-terminal end of αs1-CN and those from the C-
terminal end of β-CN. The simultaneous occurrence of peptides
progressively shortened in the same mixture suggested the
possible identity of the signals in the spectrum, as it was
possible to reconstruct entire sequences on the basis of the
differences in molecular masses corresponding to amino acids
(Figure 1, inset). For unambiguous assignment of peptide identity,

Figure 1. MALDI-TOF mass spectrum of the low-molecular-mass peptide fraction extracted from river buffalo raw milk (BM). In the insets the peptides
derived from the main fragments β-CN f193–209 and αs1-CN f1–23 are schematised.
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Figure 2. MALDI-TOF mass spectra of the low-molecular-mass peptide fractions extracted from whey at the different stages of Mozzarella di Bufala
Campana production: (a) sweet whey (BSW); (b) waste whey (BWW); (c) ‘scotta’ (BS). Assignment of the main mass signals is given in Table S1 in the
Supporting Information.

MALDI-TOF-MS PSD and ESI-MS/MS tandem MS analyses were
carried out.

The peptide αs1-CN f1-23 arose from primary cleavage at the
level of the Phe23 –Phe24 bond, a well-known chymosin proteolytic
cleavage site [26]. As chymosin is only added at the beginning
of the cheese-making process and is not present in raw milk,
the peptide bond Phe23 –Phe24 was probably hydrolysed by the
milk endogenous enzyme cathepsin D [18]. Furthermore, Oomen
[27] showed that also the proteolytic action of L. delbrueckii
spp. bulgaricus on αs1-CN produced peptide 1–23 in cow milk.

This finding, combined with a possible carboxypeptidase-like
enzyme activity producing the shorter peptides αs1-CN f1–22
and f1–21, suggested that αs1-CN N-terminal fragments could
be generated by action of extracellular PI- and PIII-proteinases
of lactic acid bacteria similarly to what occurs in bovine αs1-CN
[28].

The bovine peptide αs1-CN f1-23 presents an antimicrobial
activity towards Staphylococcus aureus and Candida albicans [6].
However, the sequence of cow αs1-CN f1–23 differs from its buffalo
homologue in two amino acid substitutions: His4 → Pro and

www.interscience.com/journal/psc Copyright c© 2008 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 251–258
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Figure 3. HPLC/ESI-MS chromatogram of the BWW peptide extract. The
total ion current (TIC) chromatogram is shown. Co-elution of several
peptides in each chromatographic peaks (inset) emphasises the great
complexity of the peptide fraction.

Glu14 → Gly [29]. Therefore a possible antimicrobial activity for
buffalo milk-derived peptide should be confirmed experimentally.

Similarly, for the C-terminal portion of buffalo β-CN, the finding
of the precursor peptide β-CN f193–209, followed by the shorter
peptides f193–208 and f193–207, supported the hypothesis
of a carboxypeptidase-like activity in BM. Furthermore, β –CN
f193–209 is non-specifically produced by isolated proteolytic
enzymes (unpublished data) indicating that the entire Leu192-Leu-
Tyr194 sequence is particularly susceptible to hydrolysis, possibly
because it is located in an exposed protein region.

A multifunctional activity has already been described for the
193–209 region of bovine β-CN, which contains the bioactive
sequence β-casokinin-10. Since the C-terminal sequence of β-CN
is conserved between river buffalo and cow species, precursors of
peptides with immunostimulatory and angiotensin converting
enzyme (ACE)-inhibitory activities [11] are therefore possibly
present also in BM.

The peptides of Mozzarella PDO sweet whey.

k-CN is the main substrate of chymosin in cheese-making,
but natural calf rennet contains traces of other proteases,
such as pepsin or gastricsin (pepsin C) [30]; furthermore,
the microflora of ‘starter’ cultures significantly contributes to
proteolysis. Accordingly, the MALDI-TOF-MS peptide pattern of
BSW (Figure 2(a)) was more complex than that observed for BM
peptide extract. Several peptides produced from the C-terminal
portion of β-CN, from k-CN (in particular from the k-casein
macropeptide, CMP) and from αs1-CN were identified in BSW
peptide extract (Table S1 in the Supporting Information).

The precursor peptide αs1-CN f1–23 previously detected in
BM disappeared completely in BSW, although its increase was
expected because of the known susceptibility of the Phe23 –Phe24

bond to chymosin action [31,32]. This finding could be justified
by the secondary proteolysis on the early casein fragment f1–23
which sequentially produced αs1-CN f1–22, f1–21, f1–19; the
identification of αs1-CN f24–37 confirmed the cleavage at sites
Phe23 –Phe24 and Val37 –Asn38, the latter by action of chymosin
[28].

The fragments derived from β-CN C-terminal region were still
present in the MALDI-TOF spectrum of BSW peptide extract,
although at a lower relative intensity. The precursor peptide
f193–209 found in milk was also present in BSW. Identification of
β-CN f193–206, f193–207, f193–208 and f195–206, f195–207,
f195–208, f195–209 supported the occurrence of secondary
proteolysis by action of aminopeptidase and carboxypeptidase

removing amino acids sequentially from both the ends of primary
peptides.

The peptide β-CN f161–177 was produced by hydrolysis
at the level of the residues Gln160 –Ser161, as already known
for bovine β-CN [33]. Similarly β-CN f57–68 and f58–68 were
produced, supporting the hypothesis that, since β –CN is resistant
to chymosin action [15], its proteolysis can be ascribed to bacterial
hydrolytic enzymes.

Para-k-CN (the N-terminal peptide 1–105 of k-CN generated by
chymosin action on casein during milk curding) was scarcely sensi-
tive to proteolysis, whereas several CMP fragments were detected
(Table S1 in the Supporting Information), confirming the CMP
sensitivity to proteolysis [15,34]. As expected by the specificity of
chymosin action, significant amount of intact CMP (k-CN f106–169)
either glycosylated or non-glycosylated (data not shown) was also
found. CMP-derived peptides could have a beneficial role in mod-
ulating the gut microflora, as the casein macropeptide is known
to promote the growth of bifidobacteria mainly because of its car-
bohydrate content (mainly sialic acid) [35]. Furthermore, CMP and
CMP-derived peptides (casoplatelins) may have important biolog-
ical value as in bovine they exhibited antithrombotic activity [36].

Only the peptides f185–206 (MH+ = 2723.8) and f185–207
(MH+ = 2836.1), both with the N-terminal Gln converted to
pyroglutamic acid (p-Glu) were identified from αs2-CN (Table S1
in the Supporting Information).

The peptides of Mozzarella PDO waste whey

As evidenced by MALDI-TOF-MS analysis (Figure 2(b)), the BWW
peptide pattern was very complex because of secondary protease
and peptidase action during curd maturation under whey. A
multiplicity of peptides from β-, k- and αs1-casein were identified.
In the MALDI-TOF spectrum, the most prominent signals arose
from the C-terminus of β-CN, probably also because of their high
ionisation efficiency in MALDI. For this reason, the BWW peptide
mixture was also characterised by HPLC/ESI-MS (Figure 3).

A number of peptides derived from β-CN, not present in the
BSW peptide extract, were identified in peptide extracted from
BWW (Table S1 in the Supporting Information). A drastic progress
in the proteolysis of the primary peptide αs1-CN f1–23 was also
observed. Several fragments of this peptide were likely produced
by the lactic acid bacteria cell-wall envelope enzymes [34].
Furthermore, k-CN fragments either from CMP (f116–127, already
identified in BSW) or from para-k-CN, such as f25–40 and f25–45,
occurred in BWW. The region 66–79 of para-k-CN was particularly
exposed to proteolytic attack, as several fragments derived from
it. It has to be underlined that para-k-CN following the increase
of bacterial proteolytic activity and the pH lowering during curd
maturation, becomes sensitive to proteolysis. In bovine, this was
already reported by Visser et al. [34] who noted that peptides
from para k-CN are generated by action of lactic acid bacteria
belonging to Lactococcus lactis ssp. cremoris AM1.

The peptides from ‘Scotta’.

‘Scotta’ is the residual whey resulting from the thermal coagu-
lation of whey proteins during the production of ‘ricotta’ starting
from sweet whey. Figure 2(c) shows the MALDI-TOF spectrum
of peptide extracted from BS and the peptides identified are
reported in Table S1 in the Supporting Information. The signals
MH+ = 2723.8 and MH+ = 2145.5 dominating the MALDI
spectrum, assigned to αs2-CN f185–206 and αs1-CN f180–199,

J. Pept. Sci. 2009; 15: 251–258 Copyright c© 2008 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 4. H-CaCo2 cell proliferation assay. Starved cells were pre-treated for 30 min with H2O2 (50 µM) and then incubated with 0.1 and 1 mg/ml of
peptides extracted from BM, BSW, BWW and BS at 37 ◦C for 12 h. The control sample was constituted by H-CaCo2 cells untreated with the peptide extracts.
Cell proliferation measured in treated samples was expressed as percent increase (proliferative effect) or decrease (antiproliferative effect) compared with
that of the control sample, assumed as 100%. All experiments were performed on triplicate cultures and data are the mean ± SD of three experiments.

Figure 5. Flow cytometry analysis of oxidative stress in H-CaCo2 after
incubation with peptide extracted from buffalo milk (BM), sweet whey
(BSW), waste whey (BWW) and ‘scotta’ (BS). The control represented
H-CaCo2 cells untreated with peptide extract. All experiments were
performed on triplicate cultures and data are the mean ± SD of three
experiments.

respectively, were found unchanged from BSW to BS, most
likely because of proteolytic enzyme inactivation due to thermal
treatment applied in the production of ‘ricotta’. The finding that
the BSW peptide pattern is practically conserved in BS allowed
us to conclude that most of the peptides of BSW are not included
in ‘ricotta’ whey protein network and that the peptide content of
whey is scarcely affected by mild thermal treatment.

Functional effects of peptides extracted from buffalo milk on CaCo2
cells

Recent studies, carried out on several human cancer cell lines,
have shown that milk-derived peptides may act on the regulation
of cell growth, differentiation and apoptosis [37–40]. On the basis
of these considerations, we decided to evaluate the protective
effects of peptides derived from Mozzarella whey samples against
H2O2-induced DNA damage in CaCo2 cell lines. Starved cells were
exposed to 50 µM H2O2 for 30 min (H-CaCo2) and then treated
for 24 h with 0.1 and 1 mg/ml of peptide extracted from BM,
BSW, BWW and BS. Interestingly, we observed that only exposure
of H-CaCo2 cells to BWW resulted in a 43% reduction in cell
proliferation (Figure 4) and decreased mitochondrial superoxide

Figure 6. BM and BWW effects on G1 and S phase of H-CaCo2 cell cycle. All
experiments were performed on triplicate cultures and data are the mean
± SD of three experiments.

CaCo2 anion production analysed by FACS. The adduct mean
fluorescence intensity decreased from 6.2% (H-CaCo2 cells) to
3.7% with BWW peptide extract fraction (Figure 5). To further
investigate the effect of peptide extracted from BWW on cell
proliferation, the distribution in each phase of the cell cycle
was determined by flow cytometric analysis of DNA content. As
reported in Figure 6, a significant reduction (p < 0.05) of cells in
S phase and an accumulation in the G1 phase were observed in
CaCo2 cells treated with 0.08 mg/ml BWW for 24 h. Concomitantly
a sub-G1 peak in CaCo2 cells (data not shown) was detected.
These results suggest that, at the experimental concentration,
BWW peptide extract is able to inhibit cell proliferation, interfere
with cell cycle and exert a possible pro-apoptotic activity in CaCo2
cancer cells.

It is worth noting that the difference in the biological
activity between the peptide extracted from BWW and the
other three samples finds a correspondence in the different
peptide composition defined by the structural study (compare the
MALDI spectra in Figures 1–2). This means that the components
responsible for the biochemical effects are specifically produced
in the transition from BSW to BWW during curd maturation.

www.interscience.com/journal/psc Copyright c© 2008 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 251–258
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Conclusions

The proteolysis of milk proteins during the production of
Mozzarella di Bufala Campana PDO cheese is the result of a complex
series of events because of the combined action of native or
endogenous milk proteases, milk clotting enzymes, starter culture
and contaminating microflora. During the maturation of curd
under whey, proliferation of bacterial microflora results in a rapid
acidification of whey and in a prominent secondary proteolysis
performed by endo- and exo-cellular peptidases and proteinases.
Accordingly, we found that composition of low-molecular-mass
peptides in BWW was highly heterogeneous, with a large number
of different oligopeptides. Thermal treatments also influence the
peptide composition in BS, by activating or more likely inhibiting
the activity of peptidases and proteases. This means that the
production of peptides with potential bioactivity occurs mainly in
BWW. This hypothesis is also supported by the biochemical assays
carried on CaCo2 cell cultures.

In agreement with the structural characterisation, we found that
peptides in BWW exerted the greater reduction in H-CaCo2 cell
proliferation. The absence of this effect in the peptide extract from
original milk (BM) suggests that the production of specific bioactive
compounds occurs specifically during the production process
of Mozzarella cheese. Previous studies [41,42] have suggested
protective activity of peptides originating either from the bacterial
cell-wall or by hydrolysis products of the lactic acid bacteria.

The complexity of BWW peptide extract makes almost impos-
sible to identify the peptide(s) responsible of the cytomodulatory
activity. However, in BWW, we have identified two peptides β-CN
f57–68 and f60–68, which are precursors of the agonist opioid
β-casomorphin 7 and β-casomorphin 5 [11]. Recently, it has been
reported that casomorphin-agonist peptides derived from the
limited proteolysis of caseins, interacting with both opioid [43,44]
and somatostatin receptors [45], acted in decreasing cell prolifer-
ation. In particular, Hatzglou et al. [46] have proved that in T47D
human breast cancer cells in vitro, α- and β-casomorphins inhibit
cell proliferation in a dose-dependent manner, by interaction with
δ - and κ-opioid receptors. Opioid and somatostatin receptors are
present in the cells of nervous, endocrine and immune system as
well as in the intestinal tract of mammals [47], including CaCo2
cells. Therefore, the proliferation decrease we observed in colon
cells could be mediated by a direct interaction between opioid
precursors contained in BWW peptide extract and the specific opi-
oid and somatostatin receptors [48,49] expressed on CaCo2 cells.
Work is in progress in our laboratory to confirm this hypothesis by
analysis of the effect of homogeneous synthetic peptides corre-
sponding to the opioid peptides found in BWW. These assays will
lead to a deeper definition of the structure-activity relationship
(SAR) in milk-derived peptides. Another, not a secondary issue
under investigation, is the confirmation of the effects observed on
CaCo2 cells on other cell systems. The information obtained could
also drive research in the utilisation of industrial by-products for
the development of dietary supplements for functional foods and
of novel drugs for pharmaceutical industry.
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Supporting information may be found in the online version of this
article.
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