1428 DOI 10.1002/mnfr.200900443

ReseArRcH ARTICLE

Mol. Nutr. Food Res. 2010, 54, 1428-1435

The (193-209) 17-residues peptide of bovine p-casein

is transported through Caco-2 monolayer

Daniela Regazzo', Daniel Molle??, Gianfranco Gabai', Daniel Tome*, Didier Dupont??>,

l2,3

Joélle Leonil?? and Rachel Boutrou*?

TDepartment of Experimental Veterinary Science, University of Padua, Viale dell’'Universita, Legnaro, Padua, Italy

2INRA, UMR1253, Science et Technologie du Lait et de I'CEuf, Rennes, France

3 Agrocampus Ouest, UMR1253, Science et Technologie du Lait et de I'GEuf, Rennes, France
* AgroParisTech, CRNH-IdF, UMR914 Nutrition Physiology and Ingestive Behavior, Paris, France

Although the bioavailability of large peptides with biological activity is of great interest, the
intestinal transport has been described for peptides up to only nine residues. B-casein (B-CN,
193-209) is a long and hydrophobic peptide composed of 17 amino acid residues (molecular
mass 1881 Da) with immunomodulatory activity. The present work examined the transport of
the B-CN (193-209) peptide across Caco-2 cell monolayer. In addition, we evaluated the
possible routes of the B-CN (193-209) peptide transport, using selective inhibitors of the
different routes for peptide transfer through the intestinal barrier. The results showed that
the B-CN (193-209) peptide resisted the action of brush-border membrane peptidases, and
that it was transported through the Caco-2 cell monolayer. The main route involved in
transepithelial transport of the B-CN (193-209) peptide was transcytosis via internalized
vesicles, although the paracellular transport via tight-junctions could not be excluded. Our
results demonstrated the transport of an intact long-chain bioactive peptide in an in vitro
model of intestinal epithelium, as an important step to prove the evidence for bioavailability
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1 Introduction

Milk proteins are a source of peptides that exhibit numerous
bioactivities including antihypertensive, opiate, immuno-
modulatory, antimicrobial, antioxidant or mineral-binding
activities [1-5]. Among those, the B-casein (B-CN, 193-209)
peptide is released from the C-terminal end of B-CN by
hydrolysis with pepsin. This peptide was isolated and
identified from yoghurt and fermented milks as well as
several types of cheese [6-8]. It is a 17 residues long peptide
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with the amino acid sequence Tyr-Gln-Glu-Pro-Val-Leu-
Gly-Pro-Val-Arg-Gly-Pro-Phe-Pro-Ile-Ile-Val. This peptide
displays immunomodulatory properties and shows mito-
genic activity on primed lymph node cells and unprimed rat
spleen cells [9]. It manifests chemotactic activity on L14
lymphoblastoid cell line [10], and enhances phagocytosis in
rat macrophages [11, 12].

To exert their biological activity, some peptides have to
cross the gastrointestinal barrier, and reach the circulation
and target sites in an active form [13]. Resistance to
enzymatic degradation and transport through intestinal cells
are the two important factors influencing the bioavailability
of orally ingested peptides. There are some distinctive
features determining the possibility of a peptide to be
absorbed intact through the intestinal epithelium, such as
its molecular mass, hydrophobicity, charge or tendency to
aggregate [14, 15]. Interestingly, the presence of four
proline residues within the sequence can protect the long
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B-CN (193-209) peptide from the action of peptidases.
As a consequence, this peptide appears as a good candidate
for crossing the intestinal barrier in an intact bioactive
form. The main routes recognized for transepithelial
absorption of peptide in the gut include the PepT1 trans-
porter-mediated transport for di- and tri-peptides, the para-
cellular passive transport via tight junctions, the
transcellular passive diffusion and transcytosis that is a
transcellular route involving endocytotic uptake, intracel-
lular transport via transcytotic vesicles and basolateral
secretion [16].

The aim of this study was to determine the sensitivity of
the B-CN (193-209) peptide to hydrolysis by brush border
enzymes and its transepithelial transport across Caco-2 cell
monolayer as a model of intestinal epithelium. The pathway
of transepithelial transport was investigated by using
selective inhibitors of the different routes, including the
dipeptide Gly-Pro that competitively inhibits the peptide
transporter PepT1 [14], cytochalasin D that opens tight
junctions by altering the cytoskeletal structure [17] and
increasing the passive paracellular route, and wortmannin
as an inhibitor of transcytosis [18].

2 Materials and methods
2.1 Chemicals

DMEM, non-essential amino acids, gentamycin sulfate,
Hank’s balanced salt solution and PBS were purchased from
Lonza, Switzerland. l-Glutamine and trypsine-EDTA were
purchased from Gibco (Invitrogen, France). Fetal calf serum
was supplied by Dutscher, France. Cytochalasin b, Glycil-
Proline dipeptide (Gly-Pro), neutral red powder, glycine,
glucose, HEPES, DMSO and trinitrobenzenesulfonic acid
were supplied by Sigma-Aldrich, France. Wortmannin was
obtained from LC Laboratories, MA, USA. Acetonitrile and
TFA were purchased from Fluka, France.

2.2 Preparation of the p-CN (193-209) peptide

The peptide was obtained in a purified form as previously
described [19]. Conditions for hydrolyzing B-CN were
slightly modified for B-CN concentration (5 g/L), molar ratio
chymosin/B-CN (1/8000) and duration of hydrolysis
(150 min). Then, the reaction was stopped by heat inactiva-
tion of the enzyme (80°C, 15min). The pH of the mixture
was subsequently adjusted to 4.6 with 1 M HCl to precipitate
and remove by centrifugation (7000 x g for 20 min) whole
casein and its large fragments. After readjusting the pH to
6.5, the supernatant was ultra-filtered (Spiral-wound UF
cartridge S10T3 MWCO 3 Kda; Amicon, Lexington, MA,
USA) and the ultrafiltrate was concentrated with a
membrane (Filtron membrane 1 KDa) and freeze-dried. The
B-CN (193-209) peptide, identified by ESI/MS, was obtained
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with a purity of 98% estimated by RP-HPLC-ESI/MS as
described in Section 2.5.

2.3 Cell culture

Caco-2 cells were obtained from the American Type Culture
Collection (Rockville, MD, USA). Cells were cultured in
DMEM supplemented with 20% fetal calf serum, 1% non-
essential amino acids, 2mM 1-Glutamine and 25 pg/mL
gentamycin sulphate. They were incubated at 37°C in
humidified atmosphere containing 5% CO,. The monolayer
became confluent 4-5 days after seeding 3000000 cells/
flask (75 cm? flasks, Greiner Bio-one, France), and the cells
were subcultured at split ratio of 1:5 by trypsinization (0.5%
trypsin and 0.05% EDTA). The medium was changed every
second day. The cells used in this study were at passage
35-45. For transport studies, cells were seeded in cell
culture inserts with Anopore®™ membranes (0.2um pore
sizes; 25 mm diameter; 4.7 cm? grown surface, from Nunc,
Denmark) at 450000 cells x cm? density and incubated in
six-well culture plates. The medium was changed every 2
days. The monolayer became confluent after 4 days, and the
cells differentiated for another 21 days before performing
transepithelial transport experiments. The integrity of the
cell layer was evaluated by transepithelial electrical resis-
tance (TEER) measurement with EVOM epithelial volt-ohm
meter (World Precision Instruments, FL, USA). Only Caco-2
monolayers showing TEER higher than 300Q x cm” were
used for the experiments.

The integrity of the monolayers was checked before,
during and after the experiment. TEER values remained
stable around 300Q x cm? and no reduction was observed
following the incubation with the peptide. Neither the B-CN
(193-209) peptide administration nor incubation with inhi-
bitors affected cellular viability that, at the end of the
experiments, was not significantly different from the viabi-
lity of the control (cell monolayers without B-CN (193-209)
peptide, assessed at the beginning of the experiments).

2.4 Transepithelial transport studies

After TEER measurement, Caco-2 cells monolayers were
gently rinsed twice with PBS, and transport medium (TM,
Hank’s balanced salt solution supplemented with 25 mM
glucose and 10 mM HEPES) was added to the apical (2 ml)
and to the basolateral (2mL) compartments. After 30 min of
incubation, medium was replaced with fresh TM containing
0, 0.5, 1, 2 or 4mM of B-CN (193-209) peptide. The inserts
were incubated at 37°C for 120min and the apical and
basolateral solutions were sampled at the beginning
and at the end of incubation period for RP-HPLC-ESI/MS
analyses to measure the concentration of the B-CN
(193-209) peptide in both compartments. For inhibition
experiments, Gly-Pro (5, 10, 20 mM) was dissolved in TM,
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and wortmannin (0.25, 0.5, 1 pM) and cytochalasin p (0.25,
0.5, 1pg/mlL) were dissolved in DMSO and immediately
diluted in TM (0.05% DMSO final concentration). The cell
monolayers were incubated for 30 min with the inhibitors or
with 0.05% DMSO, as a control, before the peptide transport
experiments. During and at the end of the experiments,
TEER was measured and data were recorded only from
experiments in which TEER was higher than 250Q/cm?
To exclude that addition of the B-CN (193-209) peptide
and/or inhibitors could be toxic for the cells, cellular
viability was assessed at the end of each experiment using
the vital dye neutral red, according to the manufacturer’s
instructions.

2.5 RP-HPLC-ESI/MS analyses

Analytical RP-HPLC was carried out using Agilent HP1100
chromatographic system (Agilent Technologies, Massy,
France). Separations were performed on a narrow-bore
Symmetry C;g column (5pm particle size, 2.1 x 150 mm,
Waters, WAT 056975, Milford, MA, USA), equipped with a
Cyg cartridge guard. The elution was run at 0.25mL/min
and 40°C by a binary gradient with acetonitrile as an organic
modifier. Solvent A contained 0.106% TFA in Milli Q water
(v/v) and solvent B contained 0.1% TFA in acetonitrile-Milli
Q water (80:20, v/v). Samples were analyzed by on-line RP-
HPLC-ESI/MS. The column was initially equilibrated with
10% of solvent B. Samples were applied to the column and
eluted by a linear gradient of solvent B performed as follows:
0-25 min, 10-70%; 25-27 min 100%, the column was held
at 100% during 3 min and then equilibrated at 10% during
10 min. Throughout on-line coupling, splitting of chroma-
tographic flow was achieved by a low dead volume with 85%
of the flow directed to the ultraviolet (UV) detector and 15%
to the mass spectrometer. This split allows a perfect
superposition between UV and TIC detection. Peaks were
detected both by UV absorbance at 214 nm and peptide MS
by TIC.

The B-CN (193-209) peptide was quantified in accor-
dance to a standard curve established with chosen quantities
(from 0.053 to 1.063nmol) of purified B-CN (193-209)
peptide. B-CN (193-209) quantity (x) in apical and baso-
lateral solutions was calculated with the equation y = bx+c,
where y is the UV absorbance at 214nm, ¢ is the y-axis
intercept and b the slope of the standard curve.

The proteolysis of the peptide was analyzed by LC-MS.
The mass spectrometer (API III+SCIEX, Thornhill, ON,
Canada) comprises a triple quadrupole equipped with an
atmospheric pressure ionization source. Analysis was
carried out in positive detection mode. A 75 pm sprayer was
usually set at 4800V for generated multiply-charged ions
and orifice set between 60 and 90V depending on experi-
ments. The nebulizer pressure was set around 0.5 MPa and
the curtain gas set to 1.2 L/min. The instrument mass-to-
charge (m/z) scale was calibrated with polypropylene
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glycols. All peptide mass spectra were obtained from the
average signal of multiple scans. Each scan was acquired
over the range of m/z values from 500 to 2000 using a step
size of 0.5Da and a dwell time of 0.5ms. The measured
masses were matched with predicted enzymatic fragments
by using the software BioMultiview 1.3.1 (MDS Perkin
Elmer Sciex, Thornhill, Canada).

2.6 Data analysis

The results were expressed as the mean values of at least
three independent experiments. The basolateral concentra-
tion of the B-CN (193-209) peptide in function of its admi-
nistered apical concentration was subjected to regression
analysis using the Logistic Dose-Response interpolation
equation (four parameters) provided by Table-Curve2D
software program (Jandel Scientific, San Rafael, CA, USA).
The effect of the inhibitors on the B-CN (193-209) peptide
flux was evaluated by analysis of variance. The differences
between each experimental condition and the control were
analyzed by the Dunnett test (Statgraphics Plus 4; Manu-
gistics, MD, USA). Differences with p-values <0.05 were
considered as significant.

3 Results

3.1 Transepithelial transport of the -CN (193-209)
peptide across a Caco-2 monolayer

The RP-HPLC-ESI/MS analysis and the standard curve
generated using pure B-CN (193-209) peptide permitted the
quantification of this peptide in apical and basolateral
solutions (Fig. 1). We verified using LC-MS/MS that the
B-CN (193-209) peptide was the sole one present in
the apical solution at the beginning of the incubation. After
120 min incubation, the peptide was not significantly
hydrolyzed by the brush border exopeptidases, and the
products of hydrolysis were the B-CN (194-209) and B-CN
(193-208) peptides (Fig. 2). The hydrolysis of the B-CN
(193-209) peptide in apical solution was quantitatively
limited over the experimental duration and regardless of the
peptide concentration (Figs. 3A and B). When the peptide
was added at 2mM, a 10% decrease in its concentration in
the apical compartment was observed after 2h incubation,
and the peptide left remained intact. For higher concentra-
tions, the hydrolysis was less than 10%.

RP-HPLC-ESI/MS analysis of basolateral solution
showed that the B-CN (193-209) peptide and its two derived
fragments were absorbed intact through Caco-2 monolayer.
After 120 min incubation in the apical compartment at the
milli molar range, the B-CN (193-209) peptide appeared in
basolateral compartment at the micro-molar range with
concentration values following a saturable pattern (Fig. 4),
described by a sigmoidal curve.
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Figure 2. RP-HPLC-ESI/MS analysis of the apical solution after
120min of incubation. The B-CN (193-209) peptide was
previously added (2mM) in the apical compartment at time 0.
During the incubation with Caco-2 monolayer, B-CN (194-209)
and B-CN (193-208) peptides were generated from p-CN
(193-209) peptide hydrolysis.
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cellular route was similarly expanded regardless of the
concentration of chytochalasin p. Nevertheless, the presence of
cytochalasin p at 0.25, 0.5 and 1pg/mL did not significantly
alter apical to basolateral flux of the B-CN (193-209) peptide. On
the contrary, the addition of the inhibitor of transcytosis wort-
mannin in the range 0.25-1 puM significantly (p<0.05) reduced
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the flux of the peptide through the Caco-2 monolayer and an
average 53% decrease of transport was determined (Fig. 5).

4 Discussion

The hypothesis that peptides escape digestion and are trans-
ported from the intestinal lumen into blood circulation is
gaining acceptance for small peptides, mainly due to the
growing number of studies describing the in vitro transepithe-
lial transport of bioactive peptides [13, 20-29]. In the present
study we demonstrate that the 17 residues B-CN (193-209)
peptide and the derived B-CN (193-208) and B-CN (194-209)
peptides are transported across Caco-2 cell monolayer, with the
major contribution of the transcytosis mechanisms.
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matograms.

To exert its biological effects an ingested peptide must
first resist intestinal hydrolysis. To study the resistance of
the B-CN (193-209) peptide to brush-border membrane
peptidases, we used Caco-2 cell monolayer because, under
specific culture conditions, Caco-2 cells undergo a process
of differentiation leading to the expression of several
morphological and functional characteristics of the entero-
cyte including the microvillus structure and of brush-border
enzymes in the apical membrane [30, 31]. About 10% of
the B-CN (193-209) peptide were hydrolyzed through
the action of amino- and carboxypeptidases present on the
apical membrane, but the B-CN (193-209) peptide and the
two derived peptides, B-CN (193-208) and B-CN (194-209),
were not further hydrolyzed by brush-border membrane
exopeptidases. Moreover, the three peptides resisted the
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Figure 4. Concentration-dependent transport of the pB-CN
(193-209) peptide across Caco-2 monolayer. Different amounts
of peptide were incubated in apical compartment and B-CN
(193-209) evaluated in basolateral solution after 120 min incu-
bation at 37°C. Quantification was as described in Section 2.5.
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Figure 5. Effects of Gly-Pro (a competitive inhibitor of peptide
transporter PepT1), cytochalasin b (a disrupter of tight junction)
and wortmannin (an inhibitor of transcytosis) on transport of
2mM of B-CN (193-209) peptide across the Caco-2 cell mono-
layers. Results are expressed as the mean+SEM (n = 3). Means
were compared with the control using the Dunnett test
(*p<0.05).

action of intracellular peptidases. In general, due to their
rapid hydrolysis by the brush border or cytoplasmic pepti-
dases, the bioavailability of two to nine residues-peptides is
extremely low [13, 21, 23, 24, 26, 28, 29, 32]. The resistance
of the B-CN (193-209) peptide to the action of Caco-2 brush-
border peptidases is possibly related to its proline-rich
sequence (four proline residues on 17 residues), and other
proline-containing peptides were found to be resistant to
intestinal proteolysis [33, 34]. This finding is further
confirmed by Savoie et al. [35], who observed that peptides
rich in proline and glutamic acid are more resistant to
pepsin and pancreatin activity, suggesting that the B-CN
(193-209) peptide would resist gastric and duodenal diges-
tion. This hypothesis was affirmed by a regular appearance
of the B-CN (193-209) peptide among the main peptides
released from the stomach of milk-fed calf [36]. Thereafter
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this peptide appears in the intestinal lumen where it can be
absorbed. To our knowledge no data exist on the hydrolysis
of the C-terminal end of B-CN in human fed a milk diet.
Caco-2 cells cultured on a semi permeable filter were used
to demonstrate that the B-CN (193-209) peptide could be
transported trough the intestinal barrier. Moreover, additional
experiments using selective inhibitors of the different routes
for the transepithelial transport of the B-CN (193-209) peptide
suggested the involvement of transcytosis among the different
transport pathways. Caco-2 cells have been used for the present
study because they express the carrier-mediated transport
systems for amino acids and di- and tri-peptides [37, 38], show
a transcytotic activity [39] and develop tight junctions that are
involved in the paracellular route [31, 40]. Our results did not
permit to exclude a possible involvement of the paracellular
route in the transport of the B-CN (193-209) peptide because of
large standard deviation observed when cytochalasin p was
administrated to the cells. In addition, the 20% reduction of
the TEER might be insufficient to increase the paracellular
transport of macromolecules. Nevertheless the fact that the
B-CN (193-209) peptide was mainly transported by transcytosis
is possibly related to its physico-chemical characteristic: it is a
large and hydrophobic peptide, negatively charged under the
experimental conditions (neutral pH). So the passive para-
cellular transport via tight junctions was not the probable route
because it is normally applicable to the absorption of water-
soluble low-molecular-weight substances [41] and short-chain
peptides [21, 23, 42, 43] and, in general, it is specific for
positively charged molecules because tight junctions are overall
negatively charged [44]. Regarding the transcellular route, our
results showed that the transporter PepT1 was not involved in
the transport of the B-CN (193-209) peptide across Caco-2 cell
monolayer. This result reinforces the assumption that this
large peptide have only little possibility to be transported by the
H+-coupled PepT1 transporter because PepT1 is an active and
saturable symporter known for intestinal absorption of di- and
tri-peptides [14, 15, 45]. The low level of degradation of the
peptide during its transepithelial transfer strongly suggests
that passive transcellular diffusion is not the main pathway
involved in the transport of the peptide. In contrast, the
significant reduction of the transport in the presence of wort-
mannin indicated transcytosis as a potential candidate for the
transepithelial transport of the B-CN (193-209) peptide [18].
Simultaneously to its identification, the B-CN (193-209)
peptide was quantified in apical and basolateral compart-
ments using RP-HPLC-ESI/MS analysis. The concentration
of peptide absorbed was 0.2-0.3mM, even if higher
concentrations were applied in the apical compartment.
From these results obtained via a model approach, it is
difficult to evaluate whether the absorption of the peptide
when present in food matrix would be comparable. Never-
theless, the food matrix such as cheese will be extensively
disorganized when reaching the small intestine. After
120 min incubation, the B-CN (193-209) peptide appeared in
the basolateral compartment at 2puM. Thus the actual
amount of peptide transepithelially transported was about
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1%. This value is similar to the one determined for the
antihypertensive tripeptide Val-Pro-Pro of which 2% was
transported from the apical to the basolateral side [21]. In
contrast to our 17-residues peptide, 87% of the tripeptide
were absorbed by the cells. Consequently the absorption via
endocytosis appears as to be the limiting step in the trans-
epithelial transport of the long peptide. The low amount of
B-CN (193-209) peptide absorbed is probably linked to its
physico-chemical characteristics, in particular its hydro-
phobicity [46, 47]. Assuming that the B-CN (193-209)
peptide is transported mainly through a transcytosis route, a
vesicular-mediated internalization, the mechanism involved
is probably absorption by apical cell membrane through
hydrophobic interactions [48]. Moreover, considering the
presence of arginine residue in its sequence, the B-CN
(193-209) peptide could form hydrogen bonds with lipid
phosphates of cell membranes, thus favoring the translo-
cation process via transcytosis route [49]. A similar
mechanism has been described for the absorption of some
peptides, as bradykinin that is a nine residues peptide with
three proline residues and basic oligopeptides [23, 32, 50].
In conclusion, this study demonstrated the transepithe-
lial transport of the B-CN (193-209) peptide, a long and
hydrophobic peptide across a well-known in vitro model of
intestinal epithelium. The significant inhibitory effect of
wortmannin on the transepithelial transport of B-CN
(193-209) peptide suggests that transcytosis is the most
important mechanism of transport for the peptide through
the Caco-2 cells monolayer, even if other mechanism of
transport cannot be completely excluded. It remains to
confirm the exact molecular mechanism underlying B-CN
(193-209) peptide translocation into the cells to more
precisely identify the tissue target for this peptide to exert a
regulatory physiological effect. As a consequence, to visua-
lize the translocation steps would be of crucial importance to
characterize the route for intestinal -CN (193-209) passage.
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