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Research on new strategies to regulate glucose homeostasis to prevent or manage type 2 diabetes is a
critical challenge. Several studies have shown that protein-rich diets could improve glucose homeostasis.
Whey protein hydrolysis allows the release of amino acids and bioactive peptides, which exert numerous
well-documented bioactivities. This study evaluates and compares the hypoglycemic potential of a whey
protein hydrolysate and a whey protein isolate after static in vitro simulated gastrointestinal digestion
(SGID) using the INFOGEST protocol. The peptide molecular mass distributions of the digested samples
were evaluated by size exclusion chromatography and show that after digestion, the whey hydrolysate is
significantly more hydrolyzed. After SGID, the whey protein hydrolysate induces a significative greater
secretion of GLP-1 after two hours of contact with the enteroendocrine STC-1 cell line than the whey
protein after isolation. In addition, the digested whey hydrolysate increases preproglucagon (GCG) and
pro-convertase-1 (PCSK1) expression. The digested hydrolysate also inhibits the DPP-IV activity after an
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intestinal barrier passage challenge using a Caco-2/HT29-MTX mixed-cell model. Our results highlight
that the prehydrolysis of whey proteins modify the intestinal peptidome, leading to a potentially greater
hypoglycemic effect. This study confirms the previously observed in vitro hypoglycemic effect of this
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1. Introduction

Glucose homeostasis allows the maintenance of an adequate
glucose concentration in the blood throughout the day and
according to energy intake. Many organs, including the intes-
tine, take part in glucose homeostasis regulation. Its dysregula-
tion leads to various pathologies, including diabetes. Although
there are different types of diabetes, type 2 diabetes (T2D) is
the most widespread form, representing 90% of diagnosed
forms of diabetes." The etiology of the disease is complex,
involving both genetic and environmental causes. In addition,
some factors favor the appearance of T2D, such as obesity or
ageing.” The disease results from insufficient insulin pro-
duction to compensate for an increased demand caused by
insulin resistance of the target tissues.® Diabetes may lead to
many complications such as ketoacidosis, vascular compli-
cations, retinopathy, nephropathy, heart disease, and neuro-
pathy.’ In addition to physical exercise and dietary measures,
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hydrolysate and evidences the beneficial impact of the industrial hydrolysis process.

there are various antidiabetic treatments, including metfor-
min, alpha-glucosidase inhibitors, glucagon-like peptide 1
(GLP-1) mimetics, and dipeptidyl peptidase-4 (DPP-IV)
inhibitors.*

At the intestinal level, glucose homeostasis is regulated
mainly by intestinal hormones, including incretins such as
GLP-1, which is known to not only increase insulin secretion
and decrease glucagon secretion in the pancreas but also to
delay gastric emptying and increase satiety.” GLP-1 is produced
by the enzymatic cleavage of the pro-glucagon protein, which
is derived from the preproglucagon gene (GCG). The enzyme
responsible for its cleavage is pro-convertase-1 (PCSK-1). GLP-1
secretion is stimulated by glucose, fatty acids, dietary peptides,
amino acids, acetylcholine, and interleukin-6. Its receptor,
GLP-1-R, is present on the surface of various cell types, includ-
ing key organs involved in glucose homeostasis regulation.®
However, the half-life of GLP-1 is short due to the action of
DPP-IV, which is a peptidase of the serine protease family.
DPP-IV exists in transmembrane and circulatory forms and is
widely expressed and present in the blood compartment and
enterocytes.” This enzyme is involved in numerous cellular
and molecular functions. Regarding glucose homeostasis,
DPP-IV inactivates the incretins, glucose-dependent insulino-
tropic polypeptide (GIP) and GLP-1.®
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Cow milk contains an average of 35 g " of proteins, which
are caseins and whey proteins, representing 80% and 20% of
the protein content, respectively. Whey proteins are mainly
p-lactoglobulin, o-lactalbumin, and other proteins such as
immunoglobulin and enzymes. Whey could be used in obesity
and T2D prevention since its action on insulin secretion, post-
prandial glycemia, and weight loss have been demonstrated
via the incretin system.’™>

During gastrointestinal digestion, dietary proteins are
broken down into peptides by enzymes in the stomach and the
intestine and then digested by peptidases in the brush border
into free amino acids and di- and tri-peptides, which are
absorbed. Numerous resistant peptides interact especially with
receptors of enteroendocrine cells (EECs), leading to intestinal
hormone secretion, such as GLP-1."*'* In vitro, it was evi-
denced that digested dietary proteins stimulate the secretion
of intestinal hormones, including GLP-1, and concomitantly
inhibit the action of DPP-IV.">*®

The regulation of blood glucose at the intestinal level may
also involve the increase of the proglucagon gene expression.
In the intestine, several peptides are released after the proteo-
lytic cleavage of proglucagon by the enzyme pro-convertase 1
(PCSK1), including GLP-1. These different peptides (GLP-1,
GLP-2, Oxyntomodulin, Glicentin, and IP-2) have a major role
in glucose homeostasis, particularly in maintaining the circu-
lating GLP-1 levels.'®*° Dietary proteins also increase progluca-
gon and PCSK1 gene expression in enteroendocrine STC-1
cells.*"*?

Pep2dia® is a whey protein hydrolysate containing AP
dipeptides, which are known to inhibit alpha-glucosidase, a
digestive enzyme that hydrolyzes polysaccharides into glucose.
A previous clinical study evidenced that when it was taken
before a meal by prediabetic individuals, the postprandial gly-
cemia was reduced significantly.>?

In this study, we measure the impact of static in vitro gastro-
intestinal digestion (SGID) on the peptide molecular mass dis-
tribution of a digested whey protein hydrolysate ({WPH) and a
digested whey protein isolate (dWPI) and investigate and
compare their effects on GLP-1 secretion and DPP-IV activity.
The ability of dWPH to modulate GCG and PCSK1 gene
expressions and to inhibit the DPP-IV activity after intestinal
barrier (IB) passage was also assayed.

2. Experimental

2.1. Materials

The whey protein isolate (WPI), Promilk852FB1, was produced
from native whey extracted by filtration according to Boutrou
et al®* Pep2Dia® is a whey protein hydrolysate (WPH)
obtained by protease hydrolysis of the WPI and containing a
bioactive arginine-proline (AP) dipeptide (between 0.15% and
0.4%) with alpha-glucosidase inhibiting properties.>® The two
protein preparations were prepared by Ingredia S.A. (Arras
CEDEX, France). The total nitrogen content of the powders
was evaluated by the Kjeldahl method and was converted to
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the protein content with a conversion factor of 6.3. The protein
contents of WPI and WPH were 80.1% and 73.0%, respectively.

2.2. Simulated gastrointestinal digestion (SGID)

WPI and WPH (2 grams of protein) were digested in vitro
according to the harmonized static INFOGEST protocol,>”
which was adapted for the protein alone.”® The simulated
fluid composition and the different digestion steps were
described previously.>” Briefly, the samples previously solubil-
ized in water (8 mL) were added to the simulated salivary fluid
(8 mL) for 5 minutes at pH 7.0. In the second step, simulated
gastric fluid containing pepsin (SIGMA, P6887, 6500 U mL™")
was added (volume to volume) to the incubator, and the whole
mixture was incubated for 2 hours at pH 3.0. In the last step,
simulated intestinal fluid containing pancreatin (SIGMA,
P1750, trypsin activity 45 U mL™") was added (volume to
volume) to the mix and incubated for 2 hours at pH 7.0. All
steps were performed at 37 °C under agitation. The intestinal
phase was collected, heated at 95 °C for 5 minutes for enzyme
denaturation, centrifuged at 13 400g for 5 minutes, and the
supernatant was frozen at —20 °C until the different experi-
ments. The control used for the various experiments is a blank
SGID (BLK): SGID performed without any sample but with gas-
trointestinal enzymes and fluids.

2.3. Size exclusion chromatography by fast protein liquid
chromatography (SEC-FPLC)

Digested samples (50 pL) at a concentration of 31.25 mg mL ™"
were separated on a Superdex peptide 10/300 GL column
(Cytiva, Velizy Villacoublay, France) under isocratic elution
with a flow rate of 0.5 mL min™" in a solvent: 69.9% ultrapure
water; 30% acetonitrile; 0.1% TFA. The separation was per-
formed for 1 hour. The column was previously calibrated with
the following molecular mass standards: Bovine Serum
Albumin (60 kDa); Cytochrome C (12384 Da); Vitamin B12
(1355 Da); Glutathione (612.6 Da) from Sigma-Aldrich
(St Louis, MO, USA), a decapeptide (1266.7 Da) and a tri-deca-
peptide (3416 Da) chemically synthesized (Genecust, Boynes,
France). The absorbance was measured at 214 nm using an
AKTA purifier protein purification system (Cytiva).

2.4. Cell line and culture

In this study, three intestinal cell lines were used: Caco-2 cells,
human colorectal carcinoma cell line (Sigma-Aldrich, St Louis,
MO, USA); HT29-MTX cells, human mucus-secreting adeno-
carcinoma cell line (Sigma-Aldrich); and STC-1 cells, murine
enteroendocrine cell line (Sigma-Aldrich). Cell lines were cul-
tured in a complete medium: Dulbecco’s Modified Eagle’s
Medium (DMEM) (PAN Biotech, Aidencach, Germany), sup-
plemented with 10% (v/v) Fetal Bovine Serum (FBS), with 100
U mL™" of antibiotics (penicillin and streptomycin) and 2 mM
r-glutamine. The cells were maintained in 75 cm® flasks
(Sarstedt, Niimbrecht, Germany) at 37 °C under 5% CO,.

This journal is © The Royal Society of Chemistry 2023
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2.5. GLP-1 secretion

STC-1 cells were seeded in 24-well plates at a concentration of
20 000 cells per cm® and were grown at 37 °C under 5% CO,
until confluence. On the day of the experiment, cells were
washed in PBS and incubated with different digested samples
diluted to the chosen concentration in HEPES buffer (4.5 mM
KCl, 1.2 mM CacCl,, 140 mM NacCl, and 20 mM Hepes, pH 7.4)
for 2 hours. Supernatants were recovered and centrifuged at
1200 rpm for 5 minutes to eliminate cellular debris. Then, the
supernatants were frozen at —80 °C until the day of analysis.
Secreted GLP-1 was measured using the Glucagon-Like
Peptide-1’>® Amide EIA kit, EK-028-11CE (Phoenix
Pharmaceuticals, Burlingame, USA). The viability of the cells
(>95%) was verified for each condition using the cell counting
kit-8 (CCK-8, Tebu-Bio, Le Perray en Yvelines, France).

2.6. DPP-IV activity determination

To measure the intestinal DPP-IV activity before the IB
passage, the method using Caco-2 cells described by Caron
et al. was used with minor modifications.”® Concisely, cells
were seeded in black 96-well plates at 25 000 cells per cm?®. On
the day of the experiment, Caco-2 cells were washed with pH
7.4 PBS. To measure the inhibition of epithelial cell DPP-IV
activity, cells were incubated with 125 pL of digested samples
diluted in PBS at four different concentrations and 50 pL of
Gly-Pro-AMC fluorescent substrate at a final concentration of
1 mM. The viability of the cells (>95%) was verified for each
condition using the CCK-8 assay (Tebu-Bio, France).

To measure the DPP-IV activity without cells, human recom-
binant DPP-IV was used (Sigma-Aldrich). Digested samples
(100 pL) diluted in PBS at four different concentrations were
incubated with 25 pL of recombinant human DPP-IV enzyme
at 0.018 U mL™" and 50 uL of fluorescent DPP-IV substrate,
Gly-Pro-AMC at a final concentration of 1 mM.

To measure the DPP-IV activity of dWPH after IB passage,
100 pL of the recovered basal medium were incubated with the
recombinant enzyme and the fluorescent substrate under the
same conditions as mentioned before.

In each protocol, positive control was performed containing
only enzyme and substrate in the absence of samples. The
fluorescence (360 nm excitation, 438 nm emission) was
recorded for 1 hour at 37 °C on a Xenius-XC spectrofluorom-
eter (Xenius Safas, Monaco). Slopes were calculated and used
to determine the ICs, of the digested protein samples.

2.7. Intestinal barrier (IB) passage experiment

The model described by Fleury et al. with minor adaptations
was used for the analysis of the IB passage,” a recognized IB
model using cocultured intestinal epithelial absorptive (Caco-
2) and goblet (HT29-MTX) differentiated cells.>**!

In brief, Caco-2 and HT29-MTX cells were seeded at a ratio
of 90/10 and a density of 20000 cells per cm® on inserts
(microporous PET membrane, 3 pm pore size, Corning,
Glendale, CA, USA) and grown for 21 days to ensure good cell
differentiation. On the day of the experiment, the differen-
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tiated cell monolayer was washed with PBS, and 500 uL of the
digested samples were diluted in DMEM without FBS, at 10
and 31.25 mg mL ™", and placed in an apical compartment,
while 1.5 mL of DMEM without FBS was added in the basolat-
eral compartment. After two hours of incubation at 37 °C
under 5% CO,, the basolateral media was recovered and frozen
at —20 °C until analysis. The viability of the cells (>95%) was
verified for each condition using the CCK-8 assay (Tebu-Bio,
France). The IB integrity was evaluated on the day of the
experiment at 0 and 120 minutes by measuring the transe-
pithelial electrical resistance (TEER) with a Voltmeter
Ohmmeter MilliCell Electrical Resistance System (Merck-
Millipore Burlington, MA, USA).

The apparent paracellular permeability was measured using
Lucifer Yellow (LY) just after the experiment. LY (1 mL) diluted
at 100 pM in HBSS was added in the apical compartment,
whereas 2 mL Hank’s buffer containing HEPES were added in
the basolateral compartment. Caco-2/HT29-MTX monolayer
was then incubated for 90 minutes and 100 pL of the basolat-
eral media were collected at 15, 30, 45, 60, and 90 minutes.
The luminescence was read with a Xenius-XC spectrophoto-
meter (Safas) at 530 nm (excitation) and 585 nm (emission).
The apparent permeability coefficient (P,p,) was calculated
according to the following equation.

T SxCo dt

Pypp(cms™)

S is the insert membrane surface area, C, is the initial concen-
tration of LY in the apical compartment, and dQ,/dt¢ is the
lucifer yellow rate of appearance in the basolateral chamber.

2.8. GCG and PCSK1 gene expression

STC-1 cells were seeded at a density of 20 000 cells per cm” in
24-well plates and grown to confluence in complete DMEM at
37 °C under 5% CO,. On the day of the experiment, cells were
washed in PBS and incubated with digested samples at 10 mg
mL™" for 4 and 24 hours in DMEM medium without FBS. The
viability of the cells (>95%) was verified for each condition
using the CCK-8 assay (Tebu-Bio, France). At the end of the
incubation, the supernatant was removed, and the RNAs were
extracted using the modified NucleoZOL protocol (Macherey-
Nagel, Diiren, Germany). The concentration and purity of the
RNAs were determined using a Nanodrop lite spectrophoto-
meter (ThermoFisher Scientific, Waltham, MA, USA). RNAs
were retrotranscribed into cDNAs using the RevertAid H Minus
First Strand cDNA Synthesis kit (ThermoFisher Scientific).
Quantitative PCR experiments were performed with the
Takyon™ No Rox SYBR® MasterMix dTTP Blue kit
(Eurogentec, Seraing, Belgium) on the CFX connect Real-Time
PCR detection system (Biorad, Hercules, Ca, USA). The specific
primers (Eurogentec) of the different genes studied in this
study are presented in Table 1.

2.9. Statistical analysis

Data were expressed as mean values with their standard devi-
ations. Statistical analyses were carried out using GraphPad
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Table 1 Specific primers used for quantitative PCR experiment
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Species Genes Forward primer Reverse primer

Mus musculus PCSK1 GCCGAAGAACTGGGGTATGA CCCACGTCACACGATCATCA
GCG AGAGACATGCTGAAGGGACC CTTTCACCAGCCACGCAATG
HPRT1 CAGCGTCGTGATTAGCGATGA CGAGCAAGTCTTTCAGTCCTGT

Prism. The experiments including two groups were analyzed
with a ¢-test or a Mann-Whitney test. The experiments includ-
ing more than two group were analyzed with a one-way ANOVA,
followed by a Turkey or a Dunnett test when the values follow a
normal distribution. A Kruskal-Wallis test with a Dunn test
was performed when the values did not follow a normal
distribution.

3. Results

3.1. dWPH and dWPI peptide molecular mass profiles are
different after SGID

Whey protein isolate and hydrolysate before and after SGID
were subjected to size exclusion chromatography to compare
their peptide molecular mass distribution (Fig. 1A and B).

The molecular mass distribution before digestion confirms
the presence of unhydrolyzed proteins in the WPI (data not
shown) conversely to WPH, which presented a half of the
peptide with an estimated molecular mass lower than 2000
Da.

100 B3 up to 2000 Da

3 600 to 2000 Da
3 300-600 Da
3 Below to 300 Da

754

50

% of total AUC

254

% of total AUC
8
1

S ey

dVIVPI dWIPH

Fig.1 WPI and WPH peptide molecular mass distribution before and
after SGID. The peptide molecular mass profiles of the whey protein
isolate (WPI) and the digested whey protein hydrolysate (WPH) before
(A) and after (B) digestion (dWPI and dWPH) were obtained by size exclu-
sion chromatography-fast protein liquid chromatography. The apparent
molecular weight distribution, expressed as a percentage of the total
area under the curve (AUC), was calculated from the linear regression
relationship, which correlates the log of standard molecular mass mole-
cules and their elution volume. The SGID was performed in three repli-
cates (N = 3) and the peptide molecular mass dispersion of dWPI and
dWPH was compared in each class of molecular mass by an unpaired
T-Test (*p < 0.05, **p < 0.001, ***p < 0.0001).
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The molecular profiles of the dWPH and the dWPI were sig-
nificantly different after SGID. Indeed, the digested whey
hydrolysate was significantly more hydrolyzed after SGID as it
contained more than a 2-fold higher proportion of low mole-
cular mass peptides (<600 Da) and more than a 1.5-fold lower
proportion of high molecular mass peptides (>2000 Da).

3.2. dWPH stimulates GLP-1 secretion dose-dependently and
is more potent than dWPI

STC-1 enteroendocrine cells were first incubated with increas-
ing concentrations of dWPH at 2, 5, and 10 mg mL™". A dose-
dependent secretion of GLP-1 was observed (Fig. 2A).

Thus, at 2 mg mL™", the induction of GLP-1 secretion was
low and not significant, whereas GLP-1 secretion increased sig-
nificantly at 5 and 10 mg mL™" and was respectively 2.77 and
8.79 fold higher than the one obtained with the Blk SGID. We
subsequently compared the effect of digested whey protein
isolate to the digested whey protein hydrolysate on GLP-1
secretion at 10 mg mL™" (Fig. 2B). The GLP-1 amount recov-
ered in the cell supernatants after 2 hours of contact with
dWPH was significantly 2.1- and 3.8-fold higher than with
dWPI and bIK SGID, respectively.

3.3. dWPI and dWPH inhibit DPP-1V activity in vitro and
in situ in intestinal epithelial cells

The ability of dWPI and dWPH to inhibit DPP-IV activity was
compared in vitro using human recombinant DPP-IV and
in situ in Caco-2 live cells. The digested samples were tested at
four different concentrations to characterize the relationship
between the DPP-1IV activity inhibition (% of control value) and
the digested sample concentration, permitting the calculation
of the concentration for which the enzyme activity was
reduced by 50% when compared to the control (ICs).

No significant differences were observed between the ICs,
values obtained with dWPI and dWPH both in vitro and in situ
(Table 2).

3.4. Digested whey protein hydrolysate inhibits DPP-IV
activity after intestinal barrier passage

To know if the pool of peptides recovered after the IB passage
was able to inhibit the DPP-IV activity, we used a recognized IB
model using cocultured of Caco-2 and HT29-MTX. The ability
of the basolateral media recovered after the permeation of
dWPH at 10 and 31.25 mg mL~" and Blk SGID at the same
dilutions was assessed. When cells were incubated with 10 mg
mL™" dWPH in the apical compartment, the basolateral media
tend to inhibit DPP-IV activity but not significantly (p =
0.0745) when compared to the blk SGID. When tested at

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 dWPH and dWPI effects on GLP-1 secretion in STC-1 cells. STC-1 enteroendocrine cells were incubated for 2 hours with increasing concen-
trations of dWPH (A). STC-1 cells were incubated for 2 hours with dWPI and dWPH at 10 mg mL™* (B). The amount of GLP-1 was determined using
an EIA kit and results are expressed as a fold of the Blk SGID mean, which is set at 1. Results are the mean + SD of 3 independent experiments (N =
3). After a normality and log normality test, a Kruskal—Wallis followed by a Dunn'’s test (A) and a one-way ANOVA followed by a Tukey's test (B) were

performed. (**p < 0.01, ****p < 0.0001).

Table 2 1C5q of dWPI and dWPH on DPP-IV activity

DPP-IV origin dWPI - IC5, (mg mL™") dWPH - IC5 (mg mL™")

1.36 £ 0.55
1.31+£0.49

1.49 + 0.46
1.28 £ 0.38

Caco-2
Recombinant

Inhibitory concentration inducing 50% DPP-IV activity inhibition
(ICs0) of the dWPI and dWPH digests. Values are reported as the mean
from triplicate determinations with SD.

31.25 mg mL™", the recovered basolateral media of dWPH sig-
nificantly decreased (p = 0.0007) the DPP-IV activity by 3.8%
when compared to the blk SGID basolateral media (Fig. 3A).

Concomitantly, the effects of dWPH and blk SGID on IB
integrity and permeability were evaluated by measuring the
TEER and the apparent permeability (P.pp), respectively. At
10 mg mL™", no significant changes were observed compared
to the control condition (blank SGID) regarding apparent
TEER (Fig. 3B) and permeability (Fig. 3C). At 31.25 mg mL ™",
TEER was significantly decreased (Fig. 3B) without a signifi-
cant impact on the P, (Fig. 3C).

3.5.
levels

dWPH increases the preproglucagon and PC-1 mRNA

The effect of dWPH on GCG and PCSK1 gene expression was
measured in STC-1 cells at 4 and 24 h. dWPH significantly
increased the preproglucagon and PC-1 mRNA levels in enter-
oendocrine cells at 4 and 24 hours compared to blank SGID

(Fig. 4).

4. Discussion

The key to fighting diabetes and metabolic syndrome is a
change in diet, including a reduction in saturated fat and

This journal is © The Royal Society of Chemistry 2023

cholesterol and an increase in the consumption of low-fat
dairy products, vegetables, and cereals. A high-protein diet has
already shown positive results on the satiety and production of
hypoglycemic hormones such as insulin.**”* In addition, a
high-protein diet may yield better results than an isoenergetic
diet of fat and carbohydrates.>®

Dairy products are known to be rich in proteins and thus
could potentially exert antidiabetic effects. Whey protein
preload administration was evidenced to increase GLP-1
response and decrease plasma glucose in women with polycys-
tic ovarian syndrome, which is associated with a higher risk to
develop T2D.?® The bioactive effect of dairy proteins is also
attributed to the peptides resulting from their hydrolysis.
Whey proteins are a good source of peptides and amino acids.
After in vitro digestion, a comparative study of the potential
antidiabetic effect of whey protein isolate (Promilk 852FB1®)
and whey protein hydrolysate (Pep2Dia®) was performed here.
Then, a part of the mechanisms by which digested WPH regu-
lates glycemia at the intestinal level was investigated.

The enzymatic hydrolysis used to obtain the whey protein
hydrolysate modifies the peptide profile of whey proteins after
gastrointestinal digestion (Fig. 1). Indeed, the SGID of whey
protein hydrolysate generates a higher proportion of small
peptides than that of the whey protein isolate, potentially
leading to different bioactivities. It has been shown that the
protein source and thus the size and sequence of released pep-
tides and amino acids during digestion were related to their
effect on glycemic regulation, particularly on incretin
secretion. Indeed, better response in plasma GLP-1 and
insulin concentrations was observed in healthy subjects
3 hours after the ingestion of standardized breakfasts contain-
ing whey proteins than those containing soy proteins and
caseins.?” Another study showed that the digestion of different
casein matrices (micellar casein or sodium caseinate) pro-
duced different peptide profiles, impacting GLP-1 secretion

Food Funct., 2023,14, 4173-4182 | 4177
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Fig. 3 DPP-IV inhibition activity of dWPH after in vitro IB passage. A co-culture of Caco-2/HT29-MTX cells was grown on inserts for 3 weeks. Cell
monolayers were incubated with dWPH or blk SGID at 10 and 31.25 mg mL™! in the apical compartment for 2 hours. DPP-IV activity inhibition of the
basolateral media was then measured in vitro using recombinant DPP-IV. Results are the mean + SD of 3 independent experiments (N = 3) (A).
ATEER is expressed as the percentage of variation of the TEER (Q cm™2) after 2 hours-incubation with dWPH and blank SGID (B). The P,,, (cm s7%) of
the cell monolayer was determined using lucifer yellow (C). After a normality and log normality test, a Kruskal—Wallis followed by a Dunn’s multiple
comparison test (B and C) and a one-way ANOVA followed by a Dunnett's multiple comparison test (A) were performed (***p < 0.001, ****p <
0.0001).
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Fig. 4 Digested whey protein hydrolysate increased GCG and PCSK1 gene expression. mRNA from STC-1 cells incubated for 4 and 24 h with 10 mg
mL~? of digested dWPH was extracted, retro-transcribed, and quantified by quantitative PCR. Preproglucagon (A) and PC-1 (B) mRNA relative levels
were normalized to the housekeeping gene HPRTL. Results are expressed as relative amounts compared to the blank SGID (Blk SGID) condition,
which is set at 1. Mean + SD of 3 independent experiments (N = 3). After a normality and lognormality test, a Mann—Whitney test was performed (**p
< 0.001, ****p < 0.0001).

stimulation in GLUTag cells.*® In humans, it has been shown
that hydrolyzed whey increased insulin secretion compared to
non-hydrolyzed protein.>®> Amino acids, GLP-1, cholecysto-
kinin, and glucose insulinotropic peptide plasma levels were
found to be higher over 3 hours after preloaded ingestion of
whey proteins compared to caseins.’” Due to the structural
and physicochemical properties, caseins and whey proteins are
differently digested and respectively considered as “slow” and
“fast” proteins as caseins were digested in more than 6 hours
and whey proteins in 2 hours in humans. These differences in

4178 | Food Funct, 2023, 14, 4173-4182

digestive behavior can lead to different metabolic roles, par-
ticularly in the stimulation of protein synthesis. Indeed, the
faster release in a higher proportion of amino acids during the
digestion of whey proteins affect the appetite and coincide
with a greater intestinal hormonal secretion and a stronger
insulin response.*’™* Our results are in line with the afore-
mentioned observations as the dWPH was able to induce
GLP-1 secretion (Fig. 2A) and enhanced GLP-1 secretion by
STC-1 cells compared to dWPI (Fig. 2B). Prehydrolysis of whey
proteins increases and potentiates their effect on GLP-1

This journal is © The Royal Society of Chemistry 2023
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secretion after SGID. The different molecular mass distri-
butions of dWPH and dWPI confirm the importance of the
peptidome nature in intestinal peptide sensing, leading to
GLP-1 secretion, as previously described.'*'”

Recently, we showed that the origin of the proteins led to
different gastrointestinal-resistant peptidomes notably as a
result of their native sequence, digestibility, and conformation.
These differences impacted the inhibitory potential of the
DPP-1V activity in vitro and in situ at the intestinal level but
also in vivo in rat plasma.”® In contrast, in the present study,
the prehydrolysis of whey proteins did not modify the DPP-IV
activity inhibitory effect in vitro and in situ at the intestinal
level before the passage of the intestinal barrier. This is in
keeping with the results obtained by Nongonierma et al.,
which evidenced the positive impact of the SGID on the
DPP-1V inhibitory activity of a whey protein hydrolysate, for
which the IC5, measured in vitro after SGID was closed (1.02 +
0.05 mg mL™") of the value obtained here for dAWPH (1.28 +
0.38 mg mL™").** The IC;, values obtained here for the
digested whey protein isolate (1.36 + 0.55 mg mL™") with the
intestinal cell-based in situ method are comparable with those
we obtained (1.64 + 0.11 mg mL™") for dWPI in a precedent
study and slightly higher than those obtained by Santos-
Hernandez et al. (1.17 = 0.09 mg mL™") for a digested whey
protein concentrate.*

In the present work, the DPP-IV inhibitory activity of the
dWPH was recovered after the in vitro IB passage (Fig. 3A). We
previously observed in similar conditions that it was not the
case for in vitro digested whey protein isolate inversely that for
caseins, hemoglobin, and ovalbumin.?® Compared to dWPI,
dWPH may contain free amino acids and low MW peptides
that can facilitate passage through the intestinal barrier. The
small peptides in dWPH, such as AP dipeptides, can pass the
intestinal barrier via intracellular junctions, unlike larger pep-
tides that can interact with membrane receptors of epithelial
cells or transporters.*®™*® Thus, whey protein prehydrolysis, fol-
lowed by SGID, would allow the production of peptides with a
better chance of being found in the blood compartment and
thus increase their bioactive roles. This has been shown, for
example, in insulin secretion: the insulinotropic effect of
hydrolysates is correlated to a better absorption rate of amino
acids and small peptides at the intestinal level.*®

In addition, TEER and the apparent permeability of the co-
culture monolayer were measured to investigate the effect of
dWPH on intestinal barrier permeability and integrity. dWPH
decreases TEER and increases apparent permeability after
2 hours of incubation at a concentration of 31.25 mg mL™" but
has no effect at 10 mg mL™" (Fig. 3B and C). This is in agree-
ment with our already published result, which showed that a
digested whey protein isolate decreased the TEER of Caco-2/
HT-29MTX monolayer.>® The apparent permeability coefficient
calculated with 31.25 mg mL™" of dWPH remained acceptable
(9.2 %1077 £ 6.2 x 1077 cm s ). In the literature, the accepted
apparent permeability coefficient for a monolayer of Caco-2
cells is 1 x 107° em s7".*° In our study, a co-culture involving
HT29-MTX cells was used and could therefore explain the

This journal is © The Royal Society of Chemistry 2023
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small decrease in this coefficient. Digested whey and infant
milk formula containing digested whey proteins can affect the
expression of tight junction proteins, which are involved in
passive diffusion.>®”" Taken together, results on the peptide
size and dWPH effect on membrane permeability suggest that
peptides cross the epithelial membrane through passive
diffusion, without excluding the possible involvement of
peptide transporters also known to be involved in peptide
uptake.*®

Furthermore, in addition to GLP-1 secretion stimulation
and DPP-1V activity inhibition, dWPH increased in STC-1 cells,
the expression of gene coding for preproglucagon and PC-1
(Fig. 4). It has already been shown that the regulation of
glucose homeostasis by the peptides generated during diges-
tion could also involve gene expression upregulation®*”* but
only for GCG. The expression of GLP-1 is due to posttransla-
tional modifications involving tissue-specific enzymes, i.e.,
PC-1 in the intestine.>® In our study, we show that the induc-
tion of GLP-1 level could also be mediated by the increase in
PC-1 expression, contrary to what had been shown with pep-
tides derived from the hemoglobin-intestinal digest.>*

5. Conclusion

This study evidenced in vitro that the prehydrolysis of whey
proteins, followed by gastrointestinal digestion, allows the
release of amino acids and small peptides involved in regulat-
ing glycemia at different levels. Indeed, the secretion of GLP-1
and the expression of GCG and PCSK1 genes in enteroendo-
crine cells were increased. The digested WPH exerted a good
DPP-iV inhibitory activity at the intestinal level and after intes-
tinal barrier passage. These results taken together with those
obtained with the same WPH, which evidenced the reduction
of postprandial glycemia in prediabetic individuals, confirm
the good potential of this whey protein hydrolysate in prevent-
ing T2D.
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