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This study aimed to evaluate the bioaccessibility, stability to brush border peptidases, bioavailability, intestinal safety, and
bioactivity of low molecular weight (LMW)-milk protein hydrolysate on intestinal Caco-2 and STC-1 cellular models. Milk
proteins were first subjected to simulated gastrointestinal digestion, and the resulting peptide mixture was analyzed for intestinal
absorption using differentiated human Caco-2 cells. Using high-performance liquid chromatography-mass spectrometry
(HPLC-MS), 82 peptides from casein and 16 peptides from B-lactoglobulin were identified as bioaccessible and stable, with some
peptides already known to circulate in human plasma. Notably, 47% of apical peptides successfully crossed the epithelial barrier to
the basolateral side. Importantly, the peptide mixtures preserved the intestinal monolayer integrity as shown by unchanged
transepithelial electrical resistance (TEER) values at 5mg/mL and demonstrated the intestinal safety through the absence of
cytotoxicity in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) viability experiment in differentiated
Caco-2 cells. Moreover, the bioactivity of the LMW-milk protein hydrolysate was assessed through in vitro and cell-based assays.
Antioxidant potential was assessed using the 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
and ferric reducing antioxidant power (FRAP) assays, revealing a strong radical scavenging effect (up to 72.6%) and a FRAP
increase of 3864% at 2.5 mg/mL. In addition, LMW hydrolysate significantly inhibited dipeptidyl peptidase-IV (DPP-IV) activity
by 70.1% in vitro and 20.9% in Caco-2 cells at 10 mg/mL and stimulated glucagon-like peptide-1 (GLP-1) secretion in STC-1 cells
by up to 122.4%. Finally, angiotensin-converting enzyme (ACE) inhibition reached 23% at 6.67 mg/mL in a dose-dependent
manner. These findings demonstrate that LMW-milk peptides are safe, bioavailable, and exert multifunctional biological activities
antioxidant, hypoglycemic, and hypotensive, supporting their potential application in functional food development.
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1. Introduction

Milk, particularly bovine milk, is a remarkable source of
bioactive peptides, which are essentially short chains of
amino acids that can offer numerous health benefits beyond
basic nutrition [1]. Indeed, milk peptides have been in-
corporated into various food and nutrition products, such as
functional foods, dietary supplements, and infant formula
[2], and they have been successfully detected in human

bloodstream upon consumption [3]. These bioactive pep-
tides, mainly derived from casein and whey proteins, are
encrypted in the primary structure of the parent protein in
their inactive form and become active during digestion, food
processing, or bacterial fermentation. They provide several
health benefits, such as lowering blood lipid levels, regu-
lating blood pressure, modulating immunity, reducing in-
flammation, and preventing blood clots [4-6]. The tripeptide
Val-Pro-Pro (VPP) and the tetrapeptide Ile-Pro-Pro-Lys
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(IPPK) are two such peptides that have been suggested to
have potential health benefits [7]. In addition, dedicated
studies have been conducted to determine the bioavailability
and absorption of milk peptides in the body, involving the
use of in vitro models, such as Caco-2cells, and in vivo
studies in animals and humans [8]. Notably, lactoferrin,
known for its antibacterial and anti-inflammatory proper-
ties, also yields bioactive peptides [9, 10] that can be
transported by human colon adenocarcinoma (Caco-2) cells,
such as lactoferricin and lactoferrampin. In this context, the
dipeptides Val-Tyr (VT) and Leu-Val (LV), along with the
tripeptides Tyr-Gly-Leu (YGL) derived from f-lactoglobulin
and Val-Leu-Pro (VLP) from a-lactalbumin, have been
identified as bioactive peptides capable of being transported
by Caco-2 cells [11].

However, peptides and peptide mixtures are typically
prone to degradation by intestinal peptidases and proteases,
leading to low bioavailability. For these peptides to exert
health benefits, they must resist digestive enzymes and cross
the intestinal epithelial barrier in an intact, active form to
reach target organs [12]. Despite growing interest, the
transepithelial transport, stability, and multifunctional po-
tential of milk peptides remain incompletely understood,
and in vivo evidence is still limited. The traditional bottom-
up approach does not address crucial aspects in the de-
velopment of food protein hydrolysates, i.e., bioaccessibility,
metabolic stability, bioavailability, and safety of the gener-
ated peptide mixture [5, 13]. These factors are essential for
the translational application of bioactive peptides in func-
tional food development. To overcome these limitations, we
adopted an integrated strategy involving differentiated
Caco-2 cells, which, when cultured on semipermeable filters,
spontaneously develop into confluent monolayers that
simulate the human intestinal [14].

This model is widely recognized for its ability to assess
the transport, metabolic fate, and barrier interactions of
food-derived compounds.

Importantly, Caco-2 models also enable the evaluation of
cytotoxicity and epithelial integrity through transepithelial
electrical resistance (TEER) measurements, offering critical
insight into the safety of food-derived hydrolysates. Previous
studies have shown that certain natural compounds, such as
polyphenols, can alter TEER in a dose-dependent manner,
where excessive concentrations may impair barrier function
[15]. Similarly, digestion may modify the toxicity profile of
peptide mixtures by generating potentially reactive frag-
ments [16-20]. Thus, their generally safe profile is a worthy
perspective for promoting their potential role as bioactive
ingredients in functional foods. Furthermore, milk-derived
peptides have been shown to influence tight junction pro-
teins, including occludins and claudins, by strengthening
barrier integrity through the modulation of paracellular
permeability [21].

In this context, the present study aimed to perform an in-
depth analytical characterization and identification of bio-
accessible and bioavailable milk peptides. We hypothesized
that peptides derived from simulated gastrointestinal di-
gestion of milk could cross the intestinal epithelium, while
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maintaining cellular safety, viability, and monolayer in-
tegrity. By addressing these aspects, this study aims to
provide a more holistic understanding of milk peptides to
support their potential application as functional food
ingredients.

To assess the peptide bioaccessibility, milk proteins were
subjected to simulated gastrointestinal digestion using
a combination of physiological pepsin and trypsin. Human
intestinal Caco-2 cells, differentiated on a Transwell system,
were used to investigate peptide transport across the in-
testinal epithelium. The apical (AP) side of the monolayer,
representing the luminal side of the intestine, was exposed to
milk peptides. After 2h, the AP and basolateral (BL) so-
lutions were collected and analyzed using HPLC-MS/MS. 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) assay and TEER measurements were per-
formed, assessing their potential cytotoxic effects on
intestinal cells.

The second goal of this study was to investigate the
multifunctional activity of milk-derived peptides, focusing
on antioxidant, hypoglycemic, and hypotensive -effects
in vitro and at cellular level since milk-derived peptides,
from casein and whey proteins, demonstrated significant
antioxidant effects by combating free radicals and reducing
oxidative stress, protecting cells from oxidative damage
related to chronic diseases [22].

By integrating advanced HPLC-MS/MS analysis and
Caco-2 cell models, this study concurrently evaluates pep-
tide bioaccessibility, stability, biological safety, and bio-
activity comprehensively. Unlike previous research focused
solely on peptide identification after digestion or fermen-
tation, this work emphasizes stability and bioaccessibility in
both AP and BL chambers, an essential aspect for un-
derstanding their efficacy and safety in vivo. Cutting-edge
monitoring techniques were applied to dynamically assess
peptide transport and cellular responses, providing detailed
insights into their behavior across the epithelial barrier.

In summary, this study adopted a comprehensive and
methodologically rigorous approach to evaluate the bio-
accessibility and multifunctional properties of low-molec-
ular-weight-milk protein hydrolysates (LMW-MPH), while
also assessing their safety and biological relevance on in-
testinal cells, thereby supporting their future development as
tunctional food ingredients.

2. Materials and Methods

2.1. Chemicals and Reagents. Dulbecco’s modified Eagle’s
medium (DMEM), L-glutamine, fetal bovine serum (FBS),
phosphate-buffered saline (PBS), penicillin/streptomycin,
and 24- or 96-well plates. Other essential components
comprised MTT reagent, porcine pepsin, bovine trypsin,
MES and HEPES buffers, precast protein gels, methanol,
acetic acid, Coomassie Brilliant Blue G-250, Laemmli sample
buffer, the DPP-IV enzyme with its specific substrate (H-
Gly-Pro-AMC), and an active GLP-1 ELISA kit. A complete
list of all reagents, including product specifications and
suppliers, is available in the Supporting Information.
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2.2. Simulation of the Gastrointestinal Digestion of Milk
Protein. Milk proteins, primarily composed of micellar
caseinates (approx. 90% protein content), were enzymati-
cally hydrolyzed to simulate gastrointestinal digestion. The
process involved sequential treatment with pepsin and
trypsin, and the resulting product is hereafter referred to as
MPH. To initiate digestion, the pH of the protein solution
was adjusted to 2.0 using 1M HCI, after which pepsin
(P7012, lyophilized powder, > 2500 units/mg protein) was
added at a final concentration of 4 mg/mL in NaCl, with an
enzyme-to-substrate (E/S) ratio of 1:100. The mixture was
incubated at 37°C for 60 min. Digestion proceeded with the
addition of trypsin (T1426, lyophilized powder, > 10,000
units/mg protein) following pH adjustment to 8.0 using 1 M
NaOH. Trypsin was prepared in double-distilled water at
4mg/mL and used at an E/S ratio of 1:50, with incubation at
37°C for an additional 60 min. Reactions were performed in
2mL tubes on a thermo-mixer and terminated by heating at
95°C for 5min. The hydrolysate was then subjected to ul-
trafiltration using 3-kDa molecular weight cutoff mem-
branes (Millipore, Bedford, MA, USA) to isolate the LMW
fraction. Final peptide products were lyophilized and stored
at —80°C until analysis.

2.3.8DS-PAGE Analysis. The efficiency of the hydrolysis was
assessed by SDS-PAGE analysis. A detailed description of
the procedure, including gel composition, sample prepa-
ration, electrophoresis conditions, staining and destaining
steps, as well as image acquisition using Image] software, is
provided in the Supporting Information.

2.4. In Vitro Measurement of the DPP-IV Inhibitory Activity.
The DPP-IV inhibitory capacity of the LMW-MPH was
assessed using a fluorescence-based assay conducted in 96-well
plates. Reactions were carried out in triplicate, including dif-
ferent concentrations of the hydrolysate, a substrate solution,
and a positive control (sitagliptin). After incubation at 37°C,
fluorescence was measured to determine enzyme activity [23].
Complete assay conditions, reagent compositions, and pro-
cedural details are provided in the Supporting Information.

2.5. In Vitro Measurement of the Angiotensin-Converting
Enzyme (ACE) Inhibitory Activity. The ACE inhibitory ac-
tivity was evaluated by quantifying the hippuric acid (HA)
released from the synthetic substrate hippuryl-histidyl-
leucine (HHL), followed by HPLC analysis. The percentage
of inhibition was calculated based on HA peak areas under
defined controls [24, 25]. All reagents, buffers, and detailed
analytical protocols, including HPLC conditions, are de-
scribed in the Supporting Information.

2.6. Evaluation of the Direct Antioxidant Activity of LMW-
MPH

2.6.1. 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic Acid)
Diammonium Salt (ABTS) Assay. The antioxidant potential
of the samples was assessed using the Trolox Equivalent

Antioxidant Capacity (TEAC) assay, based on the scav-
enging activity against the ABTS"e radical cation [26]. For
the assay, 5 uL of LMW-MPH at final concentrations of 0.1,
0.5, 1.0, and 2.5 mg/mL was added to 70 puL of the prepared
ABTS solution. The reaction mixtures were incubated for
30min at 30°C, and absorbance was recorded at 730 nm
using a Synergy H1 microplate reader (BioTek).

2.6.2. FRAP Assay. The ferric reducing antioxidant power
(FRAP) assay was employed to evaluate the capacity of the
samples to reduce ferric ions (Fe**) to ferrous ions (Fe**), as
previously described [27]. To perform the assay, 5pL of
LMW-MPH, at final concentrations of 0.1, 0.5, 1.0, and
2.5mg/mL, was added to 70 uL of freshly prepared FRAP
reagent. The reaction mixtures were incubated for 30 min at
37°C in a microplate format, after which absorbance was
measured at 595nm using a Synergy HT multimode
microplate reader (BioTek). Full methodological details are
available in the Supporting Information.

2.7. Cell Culture. Caco-2cells (obtained from INSERM,
Paris, France) and secretin tumor cells (STC-1) (ATCC, HB-
8065; distributed via LGC Standards, Milan, Italy) were
cultured routinely at approximately 50% confluence under
standard conditions. Cells were maintained at 37°C in
a humidified incubator with an atmosphere composed of
90% air and 10% CO,. Culture medium consisted of DMEM
supplemented with 25mM glucose, 3.7 g/L sodium bi-
carbonate (NaHCO3;), 4 mM stable L-glutamine, 1% non-
essential amino acids, 100 U/mL penicillin, and 100 ug/mL
streptomycin. Additionally, the medium was enriched with
10% heat-inactivated FBS (HyClone Laboratories, Logan,
UT, USA). Culturing conditions followed those previously
reported by Bollati et al. [28].

2.8.  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT) Assay. Caco-2 and STC-1 were seeded in
96-well plates at a density of 3 x 10* cells/well and exposed to
LMW -milk-derived protein fractions (< 3kDa) at concen-
trations ranging from 0.5 to 20.0 mg/mL, or vehicle control
(H,0), under standard culture conditions. Treatments were
applied for 48 h (Caco-2) or 2h (STC-1) at 37°C with 5%
CO,. Cell viability was assessed using the MTT assay, and
absorbance was recorded at 570 and 630 nm using a Synergy
H1 plate reader (BioTek) [29, 30]. Cell viability percentages
were calculated based on the ratio of absorbance values from
treated and control samples. Detailed methodology, reagent
preparation, and formulas are provided in the Supporting
Information.

2.9. Evaluation of the Inhibitory Effect of LMW-MPH on
Cellular DPP-IV Activity. Black 96-well plates with a clear
bottom were seeded with 3 x 10* Caco-2 cells/well. The cells
were treated with 100 uL/well of LMW-MPH at concen-
trations of 5.0 and 10.0 mg/mL or vehicle (C) in growth
media for 24 h at 37°C on the second day following seeding,
after which the spent medium was discarded. Following the
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removal of treatments, 100 pL of PBS without Ca** and Mg**
was used to wash the Caco-2 cells once. Next, 50 pL of Gly-
Pro-AMC substrate at a concentration of 50.0 uM in PBS
without Ca®* and Mg>" was added to each well. A Synergy
H1 fluorescent microplate reader from BioTek (excitation/
emission wavelengths of 350/465 nm, respectively) was used
to measure the fluorescence signals resulting from the re-
lease of free AMC every 1 min, for up to 10 min.

2.10. Evaluation of the Incretin Hormone GLP-1 Secretion at
Cellular Level. A GLP-1 ELISA kit (Millipore, catalog no.
EGLP-35K; Watford, UK) was employed to evaluate the
secretion of GLP-1. STC-1 were seeded in 96-well plates at
a density of 6x10°cells per well and incubated for 24 h.
Subsequently, the cells were exposed either to vehicle control
(C) in complete medium or to LMW-MPH at concentra-
tions of 5.0 and 10.0 mg/mL for 1 h. After treatment, culture
supernatants were harvested and centrifuged at 500 x g for
5min at 4°C. The resulting samples were then transferred to
96-well microplates precoated with a monoclonal antibody
and incubated at 4°C for 20-24 h. After washing, a detection
conjugate was added and incubated for 2h. Following an
additional wash step, a substrate solution was applied for
20 min. The reaction was stopped using a stop solution, and
fluorescence was measured with a Synergy H1 microplate
reader (Biotek Instruments, Winooski, VT, USA) at an
excitation/emission wavelength of 355/460 nm.

2.11. Caco-2 Cell Differentiation and Monolayer Integrity
Evaluation. For differentiation, Caco-2 cells (3.5 x 10 cells/
cm? density) were seeded on polycarbonate filters, 12-mm
diameter, 0.4-um pore diameter (Transwell, Corning Inc.,
Lowell, MA, USA), and cultured according to our published
protocol [28]. To monitor the cell monolayers integrity, the
TEER of differentiated Caco-2 cells was estimated at 37°C
using the voltmeter apparatus Millicell (Millipore Co.,
Billerica, MA, USA). Differentiated Caco-2 cells were con-
sidered when the TEER value was more than 800 Q/cm?. For
the experiments, the TEER was measured after 0, 30, 60, and
120 min (the end of the absorption experiments) according
to previously described conditions [16].

2.12. Transepithelial Transport of LMW-MPH. Before initi-
ating the experimental procedures, the integrity and dif-
ferentiation of the Caco-2 cell monolayer were verified by
transepithelial electrical resistance (TEER) measurements,
as previously outlined. The transport of milk-derived pep-
tides across the epithelial barrier was evaluated using dif-
ferentiated Caco-2 cells maintained in a transport buffer
composed of 137 mM NaCl, 5.36 mM KCl, 1.26 mM CaCl,,
1.1 mM MgCl,, and 5.5mM glucose, following established
protocols [16]. To mimic the physiological pH gradient
present in the small intestinal environment, the AP com-
partment was buffered at pH 6.0 with 10 mM MES, while the
BL side was maintained at pH 7.4 using 10 mM HEPES.
Before peptide exposure, the cell layers were rinsed twice
with 500 uL of PBS containing calcium and magnesium ions.
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The transport assay was performed by introducing 500 pL of
AP transport buffer containing 5.0 mg/mL milk peptides
into the AP chamber, and 700 pL of BL transport buffer into
the BL chamber. Cells were then incubated at 37°C, and
samples from the BL side were collected at 30, 60, and
120 min. All AP and BL fractions were stored at —80°C until
subsequent analysis, in accordance with previously de-
scribed methods [16].

2.13. High-Resolution HPLC-MS/MS Analysis and Data
Elaboration. LMW-MPH, collected in AP (mimicking the
intestinal lumen) and BL chambers (mimicking the in-
terstitial space), respectively, were desalted using ZipTip C18
microcolumns, lyophilized, and reconstituted in 50 uL of
a solution containing 99% water and 1% acetonitrile (ACN)
with 0.1% formic acid. Samples were analyzed at UNITECH
OMICs (University of Milan, Italy) using a Dionex Ultimate
3000 nano-LC system (Sunnyvale, CA, USA) coupled to an
Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Sci-
entificc Bremen, Germany) equipped with a nano-
electrospray ionization source. Peptide mixtures were pre-
concentrated on an Acclaim PepMap 100 C18 trap column
(100 um x 2 cm, Thermo Scientific) and separated on an
EASY-Spray analytical column (ES900; 25 cm x 75 um ID)
packed with Thermo Scientific Acclaim PepMap RSLC C18
(3 um, 100 A). Separation was performed using mobile phase
A (0.1% formic acid in water) and mobile phase B (0.1%
formic acid in ACN, 20:80 v/v) at a flow rate of 0.300 uL/min,
following the gradient reported by Li et al. [17]: 0.00 min, 4%
B; 3.00 min, 4% B; 103.00 min, 28% B; 113.00 min, 40% B;
114.00 min, 95% B; 117.00 min, 95% B; 129.00 min, 4% B.
Column temperature was maintained at 35°C, and all
samples were injected in triplicate. MS spectra were acquired
in the m/z range 375-1500 at a resolution of 120,000 (m/z
200), operating in data-dependent acquisition mode with
a cycle time of 3s between master scans. Higher-energy
collisional dissociation (HCD) was performed with a nor-
malized collision energy of 35eV under positive ionization
mode. Full experimental details are provided in the Sup-
porting Information.

2.14. Statistical Analysis. All results were expressed as the
mean + standard deviation (s.d.), where p values < 0.05 were
significant. Statistical analyses were performed by one-way
ANOVA followed by Dunnett’s post-test (GraphPad Prism
9, GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Evaluation of Protein Hydrolysis via SDS-PAGE. To
verify the efficiency of the hydrolysis of milk proteins, an
SDS-PAGE assay was carried out, loading the total protein
sample (TP) and the hydrolyzed sample at the end of the 2h
of simulated gastrointestinal digestion (Figure 2S). The
SDS-PAGE clearly shows that in the digested sample, the
protein fractions were completely hydrolyzed by the two
enzymes pepsin and trypsin at the end of the enzymatic
process.
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3.2. Evaluation of LMW-MPH on Caco-2 Cell Viability.
The MTT experiments were conducted on Caco-2 cells
treated with LMW-MPH in the range of concentration
0.5-20 mg/mL. As indicated in Figure 1, LMW-MPH did not
exhibit cytotoxicity at any of the concentrations tested.
Although this dosage is higher than typical real-world
concentrations of milk proteins, the experiment confirms
that milk-derived peptides remain safe at significantly higher
levels, reinforcing their further usage as food ingredients
(Figure 1(a)). Furthermore, the MTT experiment was con-
ducted on Caco-2 cells treated with undigested milk proteins
as well (see supporting information, Figure 1S), suggesting
no alteration of cellular viability up to 50 mg/mL.

3.3. Transepithelial Transport of LMW-MPH Using Differ-
entiated Caco-2 Cells and Assessment of Cells Monolayers
Integrity. The integrity of the Caco-2 cells monolayer was
monitored measuring TEER at 37°C, during the experi-
ments. Results showed no significant changes of TEER value
after 30, 60, and 120 min in cells treated with 5mg/mL of
LMW-MPH versus the control cells (Figure 1(b)). Results
indicated that milk peptides did not alter the intestinal
monolayer permeability, thus confirming the suitability of
Caco-2 cell monolayers for such investigations. In particular,
the TEER values were 1085 +49, 1105+ 35, 1100 + 14, and
950 + 28 Q/cm” for LMW-MPH-treated cells after 0, 30, 60,
and 120 min, respectively, while the corresponding values
for control (untreated) cells were 1070+ 14, 1085+21,
995+ 21, and 870 + 28 Q/cm?, respectively (Figure 1(b)).

3.4. Characterization of LMW-MPH and Their Stability and
Bioavailability. The peptide composition of LMW-MPH
was investigated by HPLC-MS/MS, at two different levels:
before and after the incubation with Caco-2 cell monolayer.
Table 1S reports the total number of identified peptides in
LMW-MPH and in AP and BL compartments, respectively.
Figure 2(a) shows the distribution of identified peptides in
LMW-MPH, after incubation in AP side (peptide stability)
and in BL compartment (peptide bioavailability), re-
spectively. Approximately 47% of the peptides identified in
the AP compartment successfully crossed the epithelial
barrier. Specifically, 206 peptides from casein and whey
proteins were identified in AP compartment, whereas 98
were detected in BL side after the incubation.

Overall, the peptides identified in the BL side appear to
be proteolytic by-products or fragments of the longer se-
quences originally present in the AP compartment. This
fragmentation is likely the result of proteolytic degradation
mediated by enzymes present in the Caco-2 cell line, such as
trypsin, chymotrypsin, aminopeptidases, and carboxypep-
tidases. These proteases play a crucial role in protein di-
gestion by cleaving peptide bonds at specific sites, generating
shorter peptides from longer polypeptides. For instance, the
peptide PPFLQPEVM [ox] detected in the BL side corre-
sponds to a fragment of PVVVPPFLQPEVM[ox]GVSKYV,
a longer sequence identified in the AP one. Similarly,
DAQSAPLR in the BL corresponds to a truncated form of

SLLDAQSAPLR identified in AP, which suggests proteolytic
action by aminopeptidases, responsible for removing N-
terminal amino acids. Additionally, LSSSEESITR detected
the BL compartment, appearing to be a proteolytic fragment
of the longer sequence ELEELNVPGEIVESLSSSEESITR,
indicating cleavage near the C-terminal region by specific
peptidases.

Among the 98 identified peptides in the BL compart-
ment, five (QEPVLGPVR, VESLSSSEESITR, QNIPPLTQT,
ASDISLLDAQSAPLR, LVLDTDYK) were uniquely de-
tected in both AP and BL compartments but not in the
LMW-MPH, suggesting they originated as breakdown
fragments of longer peptides present in the AP compart-
ment. Additionally, two peptides (TVDM[ox]ESTEVFTK
and EIVPNSAEER) were detected in intact form in both AP
and BL compartments.

The presence of oxidized residues (e.g., M [ox]) further
suggests that oxidative modifications might influence the
susceptibility of peptides to proteolysis, potentially altering
the cleavage sites or the rate of peptide degradation. It is
interesting to note that some peptides containing oxidized
methionine maintain the modification upon absorption.
Opverall, the peptides in the BL are most likely the result of
proteolytic degradation processes occurring in Caco-2 cells,
reflecting the physiological breakdown of peptides in the
intestinal environment. This degradation highlights the
critical role of proteases in modulating peptide stability and
bioavailability during the digestive process.

Figures 2(b) and 2(c) show the MW (Da) distribution
among peptide detected in AP and BL compartments, re-
spectively. The results underline that BL compartment was
mainly enriched of LMW peptides distributed among 780
and 1000 Da, whereas the AP compartment was richer in
peptides with molecular weights of 1000 and 1300 Da. After
2h of incubation, the number of peptides endowed of 1000
and 1300 Da reduced by about half in BL compared to AP
compartment, demonstrating the capability of Caco-2 to act
as a molecular sieve. Moreover, the grand average of hy-
dropathy (GRAVY) score, which is a numerical value that
represents the hydrophobicity or hydrophilicity of peptides,
showed a different distribution among AP and BL com-
partments. Calculated based on the hydropathy values of
individual amino acids in the sequence of the peptides,
GRAVY scores (arbitrary unit) below 0 are more likely
globular (hydrophilic peptides), while scores above 0 are
more likely membranous (hydrophobic peptides). Our
findings suggested that the absorbed peptides are pre-
dominantly hydrophilic as suggested by the higher fre-
quency of BL peptides whose values ranged in [-2; —1]
compared to AP one (Figures 2(d) and 2(e)).

The HPLC-MS analysis identified a significant number
of peptides in the AP and BL compartments, primarily
derived from [-casein, k-casein, and a-casein (Table 1S).
Overall, 82 peptides belonging to casein proteins were de-
tected in the BL compartment, with k-casein-derived pep-
tides being the most abundant (44 peptides), followed by
B-casein (33 peptides) and a-casein (5 peptides) (Table 1).
Additionally, 16 peptides derived from B-lactoglobulin were
detected in the BL compartment.
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FIGURE 2: (a) Distribution of identified peptides in LMW-milk protein hydrolysates, AP, and BL compartments. (b, ¢) Molecular weight
(MW, Da) distribution in the AP and BL compartments, respectively. (d, e) Distribution of the GRAVY score in the AP and BL com-
partments, respectively. The GRAVY score (average hydrophobicity and hydrophilicity) of AP and BL peptides was measured using the
peptide analyzing tool (Thermo Fisher Scientific). The histogram panels represent the frequency distribution of the GRAVY score for
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TABLE 1: Sequences of peptides belonging to caseins and whey identified in both basolateral and apical chambers.

Theo. MH"* Sequence of Sequence of

Peptide sequences Modifications (ba) peptides identified peptides identified GRAVY score
in the AP in the BL

B-casein (P02666)
RELEELN 902,458 v v -1.56
PVVVPPFLQ 995,592 4 v 1.21
LEELNVPGE 999,499 v v -0.47
QNIPPLTQT 1,011,547 v 4 -0.76
HPFAQTQSL 1,028,516 v v —0.54
PPFLQPEVM 1 x oxidation [M9] 1,073,534 v 4 0.1
PVVVPPFLQP 1,092,645 4 v 0.93
VYPFPGPIPN 1,100,578 v 4 -0.01
LSSSEESITR 1,108,548 4 4 -0.71
PQNIPPLTQT 1,108,600 v v —0.84
ELEELNVPGE 1,128,542 4 4 -0.77
SLSSSEESITR 1,195,580 v 4 -0.72
LPQNIPPLTQT 1,221,684 v v -0.42
PVVVPPFLQPE 1,221,688 4 v 0.53
RELEELNVPGE 1,284,643 4 4 -1.11
SLPQNIPPLTQT 1,308,716 4 v —-0.45
PVVVPPFLQPEV 1,320,756 4 v 0.83
RELEELNVPGEI 1,397,727 4 v —-0.64
VESLSSSEESITR 1,423,691 4 v -0.55
EELNVPGEIVESL 1,427,726 4 v 0.02
PVVVPPFLQPEVM 1 x oxidation [M13] 1,467,792 4 v 0.92
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TaBLE 1: Continued.

Theo. MH"* Sequence of Sequence of

Peptide sequences Modifications (ba) peptides identified peptides identified GRAVY score
in the AP in the BL

ELEELNVPGEIVE 1,469,737 v v -0.19
IVESLSSSEESITR 1,536,775 v v -0.19
FQSEEQQQTEDEL 1,610,682 v v -2.03
EEQQQTEDELQDK 1,619,703 v v -2.75
PVVVPPFLQPEVMGV 1 x oxidation [M13] 1,623,881 v v 1.05
RELEELNVPGEIVE 1,625,838 v 4 -0.5
PVVVPPFLQPEVMGVS 1 x oxidation [M13] 1,710,914 v v 0.93
TQTPVVVPPFLQPEVM 1 x oxidation [M16] 1,797,946 v v 0.44
PVVVPPFLQPEVMGVSK 1 x oxidation [M13] 1,839,008 v v 0.65
FQSEEQQQTEDELQDK 1,981,862 v v -2.33
K-casein_P02668
MAIPPKK 784,475 v v -0.4
MAIPPKK 1 x oxidation [M1] 800,470 v 4 -0.4
TVQVTSTAV 905,494 v 4 0.89
NQDKTEIP 944,468 v 4 -1.96
VIESPPEIN 997,520 4 4 -0.14
IESPPEINT 999,499 v 4 -0.69
KTEIPTINT 1,016,562 4 v -0.62
GEPTSTPTTE 1,019,453 4 4 -1.42
NTVQVTSTAV 1,019,537 4 v 0.45
DKTEIPTIN 1,030,542 4 v -0.93
VIESPPEINT 1,098,568 4 v -0.2
SGEPTSTPTTE 1,106,485 4 v -1.36
EVIESPPEIN 1,126,563 v v —-0.48
DKTEIPTINT 1,131,589 v v -0.91
AVESTVATLED 1,134,552 4 4 0.28
QDKTEIPTIN 1,158,600 v v -1.19
SGEPTSTPTTEA 1,177,522 4 v -1.1
PEVIESPPEIN 1,223,615 v v -0.58
IESPPEINTVQ 1,226,626 v v -0.5
EVIESPPEINT 1,227,610 v v -0.5
QDKTEIPTINT 1,259,648 v v -1.15
NQDKTEIPTIN 1,272,643 v v -14
IASGEPTSTPTTE 1,290,606 v v -0.67
PEVIESPPEINT 1,324,663 v v -0.59
TIASGEPTSTPTTEA 1,361,643 v v -0.49
NQDKTEIPTINT 1,373,691 4 v -1.34
TIASGEPTSTPTTE 1,391,654 v v -0.67
KNQDKTEIPTIN 1,400,738 4 v -1.61
SPEVIESPPEINT 1,411,695 v v -0.61
DSPEVIESPPEIN 1,425,674 4 v -0.82
EVIESPPEINTVQ 1,454,737 4 4 -0.37
KNQDKTEIPTINT 1,501,786 4 v -1.54
EDSPEVIESPPEIN 1,554,717 v v -1.01
EDSPEVIESPPEINT 1,655,765 v v -0.99
LEDSPEVIESPPEIN 1,667,801 v v -0.69
TLEDSPEVIESPPEIN 1,768,849 v v -0.69
LEDSPEVIESPPEINT 1,768,849 v v -0.69
TLEDSPEVIESPPEINT 1,869,896 4 v -0.69
EDSPEVIESPPEINTVQ 1,882,892 4 v -0.84
ATLEDSPEVIESPPEINT 1,940,934 v 4 -0.56
VATLEDSPEVIESPPEINT 2,040,002 4 v -0.31
STVATLEDSPEVIESPPEINT 2,228,082 v v -0.35
AVESTVATLEDSPEVIESPPEINT 2,527,230 v 4 -0.2
a-S1-casein_P02662
EIVPNSAEER 1,143,564 v v -1.04
HQGLPQEVLNE 1,263,633 v v -0.99
SDIPNPIGSENSEK 1,486,702 v v -1.31
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TaBLE 1: Continued.

Sequence of Sequence of

+
Peptide sequences Modifications The(;.) MH peptides identified peptides identified GRAVY score
(Da) in the AP in the BL
a-S2-casein_P02663
TVDMESTEVF 1 x oxidation [M4] 1,173,498 4 4 0.04
TVDMESTEVFTK 1 x oxidation [M4] 1,402,641 4 4 -0.35
B-lactoglobulin_P02754
TPEVDDEALEKFDK 1,635,775 v 4 -1.32
TPEVDDEALEK 1,245,585 4 v -1.26
ASDISLLDAQSAPLR 1,556,828 v v 0.15
ELKPTPEGDL 1,098,568 4 4 -1.11
VEELKPTPEGDL 1,326,679 v v -0.87
YVEELKPTPEGDLE 1,618,785 v 4 -1.09
DAQSAPLR 857,448 4 4 -0.81
LDAQSAPLR 970,532 v 4 -0.3
EVDDEALEKFDK 1,437,674 v 4 -1.35
VYVEELKPTPEGDL 1,588,810 v v —0.54
DAQSAPLRV 956,516 v v -0.26
LVLDTDYK 966,514 4 4 -0.14
LDAQSAPLRV 1,069,600 v 4 0.15
EVDDEALEK 1,047,484 4 v -1.29
YVEELKPTPEGDL 1,489,742 v v -0.9
SLAMAASDISLLDAQSAPLR 1 x oxidation [M4] 2,046,054 4 v 0.54

After 120 min of incubation, the abundance ratio of each
peptide in the BL compartment relative to its abundance in
the AP compartment was calculated. These ratios are sub-
sequently plotted in Figure 3.

The peak intensity profile of peptides across the AP and
BL compartments, based on HPLC-MS/MS data, provided
a visual representation of peptide abundance differences
between these compartments. Interpreting the peak intensity
profile is crucial for gaining insights into the transport
mechanisms, cellular processes, and directional movement
of peptides across a cellular barrier.

Figure 3(a) highlights peptides with higher intensity in the
BL compartment compared to the AP compartment, with more
detailed data shown in Figure 3(b). Specifically, x-casein-
derived peptides were more abundant in BL compartment,
suggesting active secretion or transport to the BL compartment.
The SGEPTSTPTTE (k-casein, [148-158]), EVIESPPEIN
(k-casein, [172-181]), and NQDKTEIPTINT (k-casein, [134—
145]) appeared as the most absorbed and bioaccessible peptides
from x-casein. Moreover, the peptides identified in the BL
compartment, and thus absorbed, were analyzed using the
online bioavailable software ToxinPred (http://crdd.osdd.net/
raghava/toxinpred/), with the aim to address the safety of the
hydrolysate. The analysis revealed the absence of toxicity (“Non-
Toxin”), confirming the intestinal safety of the bio-absorbed
peptides present in the LMW-MPH (Supporting Table 2S).

3.5. Direct Antioxidant Activity Exerted by LMW-MPH.
Both ABTS and FRAP assays were performed to screen the
direct antioxidant property. In detail, ABTS assay was used to
measure the residual fraction of ABTS radicals after treatment
with LMW-MPH at 0.1, 0.5, 1.0, and 2.5 mg/mL, which showed
residual ABTS radical levels of 69.02 +1.42%, 45.09 +0.89%,
35.80 +£2.92%, and 27.37 + 1.03%, respectively (Figure 4(a)).

Moreover, as reported in Figure 4(b), LMW-MPH im-
proved the FRAP levels by 532.8 + 35.33%, 1340.0 + 19.81%,
2095.0 +74.36%, and 3864.0 +260.8%, at final concentra-
tions of 0.1, 0.5, 1.0, and 2.5mg/mL, respectively
(Figure 4(b)).

3.6. LMW-MPH Inhibits In Vitro and Cellular DPP-IV Ac-
tivity, Efficiently Promoting GLP-1 Production. Results in
Figure 5 show that LMW-MPH decreased in vitro DPP-IV
activity by 25.04 £ 0.28%, 54.97 + 1.06%, and 70.06 + 0.36%
at 1.0, 5.0, and 10 mg/mL, respectively (Figure 5(a)).

In addition, LMW-MPH dropped the cellular DPP-IV
activity by 16.26+9.16% and 20.90 £ 6.60%, at the final
concentrations of 5.0 and 10.0mg/mL, respectively
(Figure 5(b)). Furthermore, after having proved no toxicity
on STC-1 after 2 h of treatment with LMW-MPH (data not
shown), as shown in Figure 5(c), data suggest that
LMW-MPH can significantly increase the GLP-1 production
up to 117.6+16.0%, and 122.4+5.01%, at the final con-
centrations of 5.0 and 10.0 mg/mL, versus control untreated
cells, respectively (Figure 5(c)).

3.7. LMW-MPH Inhibits In Vitro ACE Activity. The results of
in vitro ACE inhibitory activity of LMW-MPH at different
concentrations are reported in Figure 6. The inhibition
activity increased in a dose-dependent manner, reaching
approximately 23% at the maximum tested concentration
(6.67 mg/mL). At lower concentrations, the inhibitory effect
was minimal, with a progressive increase as the concen-
tration of the sample increased. These findings suggest that
the tested hydrolysate exhibits bioactive potential, demon-
strating promising ACE inhibitory properties that may
contribute to blood pressure regulation (Figure 6).
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FIGURE 3: (a) Peak intensity profile of LMW -milk protein hydrolysates on Caco-2 monolayer. (b) Peak intensity of k-casein-derived peptides
on Caco-2 monolayer. Blue lines refer to AP peptides, whereas the orange line refers to BL peptides detected by HPLC-MS.
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4. Discussion

This study provides comprehensive evidence on the mul-
tifunctional properties, intestinal absorption, metabolic
stability, and safety of LMW-MPHs. Using an integrated
in vitro approach, our results highlight that LMW-MPH did
not exhibit cytotoxicity at any of the concentrations tested.
Moreover, our findings demonstrate that differentiated
Caco-2 cells function as a physiological sieve, shaping the
peptidomic profile of LMW-MPHs and selectively regulat-
ing peptide transport across the intestinal barrier. HPLC-
MS/MS peak intensity profiles revealed distinct differences
in peptide abundance between the AP and BL compart-
ments, shedding light on transport mechanisms and cellular
processing (Figure 3). Data indicate that 47% of peptides
derived from casein and whey proteins reached the BL
compartment post-incubation, predominantly as proteolytic

by-products or fragments from longer sequences in AP,
likely due to enzymatic degradation (Table 1). Furthermore,
BL was enriched with LMW peptides (780-1000 Da), while
AP contained larger ones (1000-1300Da), and after 2h,
peptides in the 1000-1300 Da range decreased by about half
in BL compared to AP, reinforcing Caco-2 role as a mo-
lecular sieve. Notably, k-casein-derived peptides were more
abundant in BL, suggesting active secretion or preferential
transport. GRAVY score analysis revealed that absorbed
peptides were predominantly hydrophilic, further sup-
porting the selective permeability of Caco-2 cells in peptide
bioavailability (Figure 2). Importantly, results indicate that
some of bioaccessible milk-derived peptides maintain their
metabolic stability in the presence of brush border pepti-
dases. Peptides detected in the BL solution were enriched in
physiologically relevant bioactive compounds, some of
which have been identified in human plasma after milk
consumption [3]. Specifically, SDIPNPIGSENSEK (a-casein,
[16-20, 31-39]), TPEVDDEAL (p-lactoglobulin, [141-149]),
VYPEPGPIPN (B-casein [74-83]), and QEPVLGPVR
(B-casein, [209-217]) are the four peptides identified in both
the AP and BL sides of intestinal Caco-2 cells and even
detected in the human plasma [3]. In addition, our data
suggest that these peptides are safe for the differentiated
Caco-2 cells permeability and tight junction integrity as well
as cell vitality.

Additionally, our findings suggest that LMW-milk hy-
drolysates exhibit multifunctional activity, including a direct
antioxidant effect and the modulation of both DPP-IV and
ACE activity. Interestingly, this hydrolysate can efficiently
stimulate the GLP-1 secretion by STC-1.

Antioxidant peptides derived from food matrices play
a crucial role in combating oxidative stress by neutralizing
free radicals and reducing cellular damage. Consequently,
these bioactive compounds have gained significant attention
for their potential health benefits, particularly in protecting
against chronic diseases [18]. In agreement with literature
evidence [19, 20] LWM-milk peptide mixture displayed the

85U801 7 SUOWILLOD AR 3ded! [dde au Aq peuenob ae il VO ‘85N JO 3N o Akeiq 18Ul UO A8 ]I LD (SUORIPUOD-PLE-SWLBIALIO A8 | 1M Afe.d1|Bu [UO//STIY) SUORIPUOD Pue S 18U S *[6202/60/6Z] Uo AriqiTauluo A&(IM elIN 1A IPMS 1iBearISIeAIN - IWwe ] usweD Aq 98ETESE/QM}I/GSTT 0T/I0p/Loo A8 | Im Ake.q Ul |uo//Scny wouy pepeojumoq ‘T ‘520z ‘0!



12

ability to scavenge ABTS radicals and to convert ferric ions
(Fe**) into ferrous ions (Fe**) with a dose-response trend,
respectively, confirming a direct antioxidant activity.

It is fully recognized that oxidative stress occurs in di-
abetic conditions, where one of the main targets for its
management is represented by DPP-IV. The literature
highlights that many food-derived hydrolysates can inhibit
DPP-1V, a serine protease with a catalytic triad consisting of
serine, histidine, and aspartic acid, which plays a key role in
glucose metabolism by degrading incretin hormones, which
are essential for regulating blood sugar levels and stimu-
lating insulin release through peripheral sensor activation
[15, 31, 32]. Therefore, identifying peptides that can inhibit
DPP-IV activity is crucial, as this would help preserve
incretin function, leading to enhanced glucose regulation
and improved metabolic control [33]. In this context, results
indicated that LMW-milk hydrolysates can efficiently
modulate the in vitro DDP-IV activity in the range of
concentration 1-10 mg/mL. These findings are consistent
with previous evidence showing that casein hydrolysate
(CH) can effectively inhibit DPP-IV activity in vitro, with
ICso values of 0.38 mg/mL. Notably, CH maintained this
inhibitory potential also in cell-based models (Caco-2 cells),
remaining active within a concentration range of 0.1-5 mg/
mL, depending on the exposure time. The observed bio-
activity was primarily attributed to LMW peptides (< 3 kDa),
which accounted for approximately two-thirds of the CH
composition. In particular, this article has been available as
a thesis [34]. In agreement with our findings, Lacroix et al.
demonstrated that the DPP-IV inhibitory activity of sodium
caseinate, skim milk powder, and milk protein concentrate
hydrolysates increased during in vitro pepsin-pancreatin
digestion. Notably, among all protein sources tested, the
peptic hydrolysate of whey protein isolate exhibited the
highest inhibitory activity, with an ICs, value of
0.075 mg/mL [35]. Several B-casein-derived peptides have
been identified as inhibitors of DPP-IV. Chen et al. reported
that LPQNIPPL (p-casein [85-92]) showed a DPP-IV in-
hibitor activity (80 uM) [36]. Among the BL peptides be-
longing to a-casein, only five were absorbed, of which only
two were reported as bioactive, i.e., SDIPNPIGSE (a-casein
[195-203]) and SDIPNPIGSENSEK (a-casein [195-208])
with antidiabetic properties [37]. Besides casein-derived
peptides, whey-derived peptides displayed potential bio-
activities, i.e., LKPTPEGDLE (pB-lactoglobulin [62-71]) and
LKPTPEGDL (B-lactoglobulin [62-70]), which was pre-
dicted to show DPP-IV inhibitor activity [38], were here
detected as intact in BL compartment. In detail, these results
are in line with a previous study, according to which pepsin
digested B-lactoglobulin was reported to be enriched with
the most potent uncompetitive DPP-IV inhibiting peptides,
LKPTPEGDL and LKPTPEGDLEIL, with ICs, values of
45 uM and 57 uM, respectively [39]. Our studies also confirm
the bioaccessibility of these peptides, whose structure re-
mains unchanged upon contact with the gastro-epithelial
barrier. Furthermore, the human intestinal Caco-2 cell line,
which represents the most used model for studying human
intestinal enterocytes, expresses on their surface various
intestinal enzymes involved in food digestion, including
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DPP-1V. Given that LMW-MPH exhibits DPP-IV inhibitory
activity in vitro, a validated Caco-2 cell-based assay was used
to assess its effects on DPP-IV activity at the cellular level.
Results indicated that LMW-milk peptides maintain their
ability to drop the cellular DPP-IV in the range of con-
centration of 5-10mg/mL, even though, our data suggest
that the DPP-IV inhibitory activity is less effective at the
cellular level than at in vitro conditions. In fact, at the highest
tested concentration of 10 mg/mL, LMW-MPH decreased
the in vitro DPP-IV activity by 70.06 + 0.36%, whereas it
dropped the cellular DPP-IV activity only by 20.90 £ 6.60%.
This might be explained considering that peptides can be
degraded or absorbed, reducing their availability at the
membrane where DPP-IV is expressed. This could affect
their inhibitory potency compared to in vitro assays,
highlighting the importance of considering peptide stability
and bioavailability in cellular models. Caco-2 cells act as
a dynamic sieve, modulating peptide stability and bio-
availability through selective absorption and metabolism,
mimicking intestinal peptide breakdown.

In addition, the regulation of energy balance heavily
depends on the release of satiety hormones by enter-
oendocrine cells in response to nutrients present in the
gastrointestinal tract; Glucagon-like peptide-1 (GLP-1)
hormone is secreted by intestinal L-cells and plays a key role
in insulin secretion and antidiabetic mechanisms, even
though GLP-1 is rapidly broken down by DPP-IV enzyme
[40]. It is widely recognized that, together with glucose-
dependent insulinotropic peptide (GIP), GLP-1 contributes
to the incretin effect by interacting with GLP-1 receptors on
pancreatic B-cells, leading to an increase in intracellular
calcium levels, ultimately stimulating insulin release in re-
sponse to glucose [41]. Additionally, GLP-1 enhances gly-
cemic control by suppressing glucagon secretion and
improving glucose metabolism in peripheral tissues [41].
Given that intestinal STC-1 exhibit many similarities to
native enteroendocrine cells, they are commonly used as an
in vitro model to screen compounds that influence gas-
trointestinal hormone secretion. Since inhibiting DPP-IV to
extend the half-life of GLP-1 is a major focus in the de-
velopment of functional foods, the promising in vitro results
of LMW-MPH on DPP-IV inhibition prompted further
investigation into their potential to regulate GLP-1 pro-
duction in STC-1.

In agreement with the previous results which pointed
out the ability of milk peptides to inhibit the cellular DPP-IV
activity, using the same range of concentrations of 5.0 and
10.0 mg/mL, we have observed the ability of LMW protein
hydrolysates to promote the production and secretion of
GLP-1 (Figure 5(c)). These results allowed us to better
understand the multifunctional behavior of milk peptide
mixture.

MPHs have been widely studied for their ACE inhibitory
activity, which contributes to their potential antihyperten-
sive effects. The LMW-MPH showed dose-dependent ACE
inhibitory activity, reaching a maximum of approximately
23% at 6.67 mg/mL. At lower concentrations, inhibition was
minimal but increased progressively. These results suggest
the presence of bioactive peptides with potential for blood
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pressure regulation in the final hydrolysate, and they are in
line with literature data reporting ACE inhibitory activity for
milk-derived peptides.

Indeed, several P-casein-derived peptides have been
identified in the literature as inhibitors of ACE, thereby
promoting vasodilation and reducing blood pressure. These
peptides, including LNVPGEIVE (B-casein [16-19, 26-30]),
PFPGPIPN (B-casein [76-83]), TPVVVPPFLQP (B-casein
[95-105]), and VYPFPGPIPN (B-casein [74-83]), are well
known in the literature for their ACE inhibitory activity
[42-45]. Specifically, PFPGPIPN, which is structurally
similar to YPFPGPIPN, known as p-casomorphin-9 [46],
which has demonstrated an exceptional potency of ACE
inhibition, with an ICs, value of 14.8 uM [47], was detected
in absorbed peptides by Caco-2 epithelium. This peptide has
been extensively studied, particularly in aged dairy products
such as Cheddar cheese, where its concentration peaks
during ripening, highlighting the influence of fermentation
and maturation processes on its bioactivity [43]. Studies on
hydrolyzed B-casein fractions, which identified the peptide
TPVVVPPELQP, reported an ICs, of approximately
749 uM. This value highlights its strong binding affinity and
high effectiveness in inhibiting ACE activity [42]. Our
findings further demonstrate that these peptides are not only
bioactive but also absorbed across the intestinal epithelium,
as evidenced by their detection in the BL compartment of
differentiated Caco-2 cells. A significant presence of k-ca-
sein-derived peptides was observed in the BL compartment
including MAIPPKK (k-casein [127-133]), PPEIN (k-casein
[177-181]), and VTSTAV (k-casein [185-190]). These
peptides exhibited ACE inhibition, as well documented in
several studies [48, 49]. Interestingly, among them,
MAIPPKK belongs to glycomacropeptide (GMP). Notably,
GMP is a peptide fragment corresponding to the C-terminal
region (residues 106-169) of k-casein, released into whey
during cheese production through chymosin-mediated
cleavage. Several studies have shown that bovine GMP
can generate peptides with in vitro ACE inhibitory activity,
either following enzymatic hydrolysis with trypsin or
through simulated gastrointestinal digestion [49]. Moreover,
GMP-derived peptides displayed hypocholesterolemic and
antidiabetic activity in both in vitro on human hepatic
HepG?2 cells and in vivo in animal models [50]. Its current
main use is for the nutritional management of phenylke-
tonuria. Since GMP lacks phenylalanine in its amino acid
sequence, it serves as an excellent protein source for in-
dividuals with phenylketonuria—an inherited disorder that
impairs phenylalanine metabolism. Interestingly, the well-
known tripeptide IPP, which has been shown to improve
vascular endothelial function in subjects with stage I hy-
pertension, is contained within the parent fragment
MAIPPKK. This fragment is resistant to brush border
peptidases and capable of crossing the Caco-2 cell mono-
layer. Our results indicate that the GMP-derived fragments
not only survive across the digestive tract, where they can
exert these functions but that some of them, ie,
SGEPTSTPTTE and NQDKTEIPTINT, are preferentially
transported to the BL compartment (Figure 3(b)).
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Our findings highlight the potential of LMW-MPHs as
a source of bioactive peptides with metabolic stability, se-
lective intestinal absorption, and multifunctional properties.
These peptides exhibit antioxidant activity, DPP-IV, and
ACE inhibition, and stimulate GLP-1 secretion, suggesting
glucose regulation and cardiovascular health benefits. The
selective transport across the Caco-2 monolayer underscores
their bioavailability and physiological relevance. Notably,
some peptides were previously detected in human plasma,
supporting their potential functional role. This study ad-
vances our understanding of food-derived peptides and their
applications in functional nutrition and disease prevention.
This integrated approach not only enhances the traditional
bottom-up methodology by avoiding the time-consuming
fractionation steps but also provides a robust framework for
exploring bioactive peptides from other food sources. By
linking peptide absorption, bioactivity, and safety, the study
represents a step forward in the field and paves the way for
applications beyond traditional dietary uses.

Nomenclature

ABTS 2,2'-Azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

ACE Angiotensin-converting enzyme
AP Apical
BL Basolateral

DPP-IV  Dipeptidyl peptidase-IV

GRAVY Grand average of hydropathy

HA Hippuric acid

HHL Hippuryl-histidyl-leucine

HPLC-  High-performance liquid chromatography-mass
MS spectrometry

LMW Low molecular weight

MES Morpholinoethane sulfonic acid

HEPES  (4-(2-Hydroxyethyl)-1)-
piperazineethanesulfonic acid
TEER Transepithelial electrical resistance
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