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Abstract

Food proteins may release biologically active peptides in a consequence of enzymatic degradation.
Such hydrolysates may affect the balance of intestinal bacteria and their adhesive potential. This study
aimed at determining the impact of the pea protein extract and its pepsin hydrolysate on the adhesion of
heterogeneous bacterial culture to Caco-2 cell line, and their impact on enterocytes as a function of pro-
liferative and immunosecretive activity. The total number of immobilized bacteria was established with flu-
orescent marker DAPI, whereas their biodiversity was assessed with a FISH technique. Enterocytic pro-
liferation was assessed with the BrdU test and a cytokine secretion was analyzed with the ELISA assay.
Obtained results demonstrated that the pea protein hydrolysate stimulated adhesion of Lactobacillus/Ente-
rococcus and did not influence the adhesion of Escherichia coli. The pea protein extract and its hydrolysate
hindered mitotic division of Caco-2 cells as well as triggered a significant higher secretion of IL-8. Pea
protein hydrolysate may therefore be considered as a potential modulator of bacterial adhesion and meta-
bolic activity of enterocytes. Hence, it may impact the balance of gut microbiota as well as the maintenance

and strengthening of the intestinal barrier. In consequence, it may modulate a human health status.
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Introduction

Food proteins are believed to encrypt peptides that,
when released by gastrointestinal enzymes, display a broad
spectrum of biological activity thus influencing the health
status of a consumer [1, 2]. Peptides and glycopeptides
released by the hydrolysis of proteins may significantly
modulate the condition and activity of intestinal ecosystem,
particularly bacteria and intestinal cells. Thus, such
hydrolysates may exert an effect far beyond nutrient sup-
ply, acting directly in the intestinal tract or via receptors
located on the surfaces of the cells or via pathways of intra-
cellular signal transduction [2]. Additionally, hydrolysis
enhances food digestibility, what is of great importance in
terms of legumes, which digestibility is hindered [3]. Pea
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proteins are of nutritional importance due to abundance of
proteins, carbohydrates, fibre, vitamins and minerals, how-
ever they also contain low amount of antinutritional factors
[4]. Recent studies demonstrated that pea protein hy-
drolysate diversely modulated physiological activity of
planktonic and immobilized bacteria typical for small intes-
tinal region [5]. The observed detrimental effect on plank-
tonic bacteria was abolished in the case of bacteria immo-
bilized to the solid surfaces, whereas lactobacilli displayed
adaptive properties enabling them to utilize pea proteins
hydrolysates regardless their state of existence [5]. The diet
enriched with the pea protein hydrolysate was suggested to
potentially beneficially modulate small intestinal bacterial
flora via the stimulation of the proliferation rate, metabol-
ic activity and adhesion of lactic acid bacteria [5].
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Therefore, this study aimed at establishing the influence
of the pea protein hydrolysate on the physiological activity
of bacteria commonly colonizing the human small intestine.
However, the biological activity of the mentioned hydro-
lysate required further in vitro studies. For that reason, this
study aimed at estimation of the impact of the pea protein
extract and the pea protein hydrolysate on the adhesion of
heterogeneous bacterial population to the surface of Caco-
2 cells as well as on their proliferation and IL-8 secretion.

Material and methods

Protein extraction from raw peas

Raw peas (Ramrod type) were delivered from the Pro-
duction and Experimental Research Station, located in Bal-
cyny, Poland and were subsequently ground to flour in the
laboratory mill.

Proteins were extracted from ground pea flour accord-
ing to Simpson [6]. In short, 35 g of the flour were extract-
ed with 140 ml of 50 mM Tris-HCl (pH 8.8) for 1 hour at
4°C and subsequently centrifuged (20 000 g, 20 min). The
supernatant was then dialysed at 4°C for 48 hours against
distilled water and lyophilised [6—7]. The concentration of
proteins was determined with the Bradford’s method [8]
with bovine serum albumin (BSA) as a standard.

Pepsin hydrolysis of pea proteins

The kinetic of pea protein hydrolysis was carried out at
pH 2.0. The solution was prepared as follows: 0.6 g of the
pea proteins extract was dissolved in 200 ml of distilled
water at pH 2.0 (obtained by addition of 1 M HCI) and fol-
lowed by addition of 10.5 mg of pepsin (90 mAU activity,
Sigma, P-7000). The hydrolysis was carried out at 37°C for
2 hours and stopped by freezing at —20°C.

Obtained protein hydrolysates were filtrated through
syringe cellulose filters of pores size 0.22 pm (Millipore)
and then characterised in terms of the degree of hydrolysis
(DH) [5] calculated from the equation of Adler-Nissen [9].
The hydrolysed and non-hydrolysed protein extract were
compared by SDS-PAGE according to Laemmli [10].

Bacterial strains and inoculum preparation

The strain Enterococcus faecalis PCM 1861 was
obtained from the Polish Collection of Microorganisms,
Institute of Immunology and Experimental Therapy, Polish
Academy of Sciences (Wroctaw, Poland), whereas Esche-
richia coli and Lactobacillus acidophilus were obtained
from the Faculty of Food Science, University of Warmia
and Mazury (Olsztyn, Poland).

Single bacterial strains were transferred from agar slants
into liquid medium (nutrient broth for E. coli, Brain Heart
Infusion (BHI) for enterococci and MRS for lactobacilli)
and incubated for 24/48 hours at 37°C. The cultures were
refreshed by transferring 0.5 ml into freshly prepared lig-
uid media and again incubated under identical conditions
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with constant absorbance measurement until reaching
A, 550 ym = 0.2. Such prepared bacterial suspensions were
used for inoculation in further microbial analysis.

The Caco-2 cell line

The Caco-2 cell line was routinely cultured in the fil-
trated DMEM medium (Dulbecco’s Modified Eagle’s Medi-
um, Sigma) containing 20% of inactivated foetal bovine
serum (FBS, Gibco), 1% of non-essential amino acid mix-
ture (NEAA, Gibco) and 1% of penicillin/streptomycin solu-
tion (Sigma). The incubation was carried out at 37°C in 5%
of CO, atmosphere and the humidity of approximately 95%.
The 21-day-old Caco-2 cultures were used in the experi-
ments as differentiated and fully confluent cells according
to Peterson and Mooseker [11].

The adhesion assay to Caco-2 cells in the presence
of pea proteins

The Caco-2 cells were seeded at the concentration of
2.5 x 104 cells/well in 96-well standard tissue culture plates
(Becton Dickinson). Twenty four hours before the test, the
DMEM medium supplemented with penicillin/streptomycin
solution was replaced with the same medium without
antibiotics. The Caco-2 monolayer was incubated for one-
and-a-half-hour at 37°C with 50 ul of solutions of the pea
protein extract (E) and the pea protein hydrolysate (H) at
the final concentration of 1 mg/ml. After the incubation the
cultures were supplemented with 100 pl of an inoculating
solution at pH 7.0 containing 40% L. acidophilus, 30%
E. coli and 30% E. faecalis suspended in DMEM without
antibiotics. The cultures were subjected to further 1.5-hour
incubation. The cultures without any pea proteins/
hydrolysate supplementation were treated as controls (C).
After the incubation, the media were removed and the cul-
tures were washed out twice with PBS to remove non-
adherent bacteria. In order to liberate adhered bacteria from
the Caco-2 surface, the cultures were incubated on ice for
10 minutes with 200 ul of 0.1% cold Triton X-100 solution
(Sigma). The solutions containing the bacteria were
hybridised with EC 1531 and LAB 158 probes and count-
er-stained with DAPI according to the procedure described
by Swiatecka et al. [12]. The analyses were conducted in
three parallel repetitions.

Proliferation of Caco-2 cells estimated by the BrdU
incorporation

Caco-2 cells were plated in 96-well plates and cultured
as described above. To measure DNA synthesis, cells were
incubated in the presence of examined substrates at concen-
tration of 1 mg/ml during 1.5 and 6 hours. After labeling,
BrdU incorporation into cellular DNA was measured by a col-
orimetric immunoassay using a commercially available cell
proliferation ELISA kit (Roche, France). Absorbance from
peroxidase reaction with OPD (o-Phenylenediamine dihy-
drochloride) substrate was measured by a scanning multiwell
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spectrophotometer at 492 nm. Each experimental condition
was conducted in triplicate. BrdU incorporation for all exper-
iments was expressed as the percentage in comparison to the
control which was calculated as 100%.

Determination of interleukin 8 secretion by enzyme
linked immunosorbent assay (ELISA)

Post-confluent cell monolayers were washed two times
with pre-wormed PBS. To measure the IL-8 secretion were
incubated in the presence of analyzed substrates in con-
centration: 0.05, 0.5 and 1 mg/ml during 24 hours. Cyto-
kine production (pg/ml) were compared with the results
obtained for cells incubated in the control medium. Each
experimental condition was conducted in triplicate. The
content of IL-8 in media was measured using a commer-
cially available ELISA according to the manufacturer’s
instructions (BD Biosciences, OptEIA, Pharmingen, San
Diego, CA).

Statistical analysis

The Statistica 9 Software was used to conduct statisti-
cal analysis of the results obtained. The standard error was
used to demonstrate the obtained results. The statistical sig-
nificance was determined by the variance analysis using the
F distribution by Fisher. Differences at the level of p < 0.05
were consider as significant.

Results

Hydrolysis of pea protein extract

The effect of enzymatic degradation of the pea protein
extract is presented in Fig 1. Enzymatic activity of pepsin
triggered their 7, 11 and 15% hydrolysis at 15, 60 and
20 min, respectively (Fig. 1A).

The SDS-PAGE separation of the pea protein extract
(E) and the pea protein hydrolysate (H) (Fig. 1B) showed
that pepsin hydrolysis resulted in degradation of high weight
fractions, and in a consequence a wide range of peptides of
molecular weight below 14.2 kDa appeared. However, two
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high protein fractions (68.03 kDa and 56.70 kDa) demon-
strated susceptibility to pepsin hydrolysis.

Influence of pea protein extract and its hydrolysate
on bacterial adhesion

The pea protein extract as well as the pea protein
hydrolysate stimulated the adhesion of bacteria to the surface
of Caco-2 cells when compared to the control culture
(Fig. 2). However, solely the hydrolysate triggered signifi-
cantly higher number of adherent cells than observed in the
control (two times higher) and in the examined extract (one-
and-a-half higher). The number of adhered bacteria from the
genera of Lactobacillus and Enterococcus was higher than
E. coli in the control culture and the observed tendency
remained in the cultures supplemented with the pea protein
extract. However, the positive effect of the hydrolysate on bac-
terial adhesion resulted from a significantly higher adherence
of bacteria from genera Lactobacillus/Enterococcus (Fig. 2).

Impact of pea protein extract and its hydrolysate
on proliferation of Caco-2 cells

The proliferation of the Caco-2 cells was drastically
reduced by both of the analyzed substrates to the level below
20% of the proliferation observed in the control culture
(Fig. 3). The strongest inhibitory impact was exerted by the
pea protein hydrolysate (Fig. 3). The hindrance of entero-
cytic proliferation was deepened in the passage of time,
whereas the pea protein hydrolysates maintained the Caco-2
proliferation at constant, low level below 10% in compar-
ison to the control culture.

Impact of pea proteins extract and hydrolysate on
interleukin 8 secretion

Both of analysed substrates stimulated the secretion of the
proinflammatory cytokine IL-8 from the Caco-2 cells in com-
parison to the control culture (Fig. 4). This effect was exert-
ed when the pea proteins extract and hydrolysates were pres-
ent in the cultures at concentration of 0.5 mg/ml. The strongest
stimulation of interleukin secretion was observed for the pea
protein extract and reached the level of 240 pg/ml.
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Fig. 1. A — the degree of hydrolysis (DH) of the pea protein extract; B — SDS-PAGE of the pea protein extract (E) and the pea

protein hydrolysate (H); M — molecular weight marker (kDa)
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Fig. 2. The impact of the pea protein extract (E) and the pea
proteins hydrolysate (H) on bacterial adhesion to the surface
of Caco-2 cells. Legend: TBN - total bacterial number; EC —
adhesion of bacteria from the genus Escherichia, LAB — adhe-
sion of bacteria from genera Lactobacillus and Enterococcus.
Significantly different values (p < 0.05) of TNB and LAB
adhering to Caco-2 cells are indicated with different digits or
letters, respectively
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Fig. 4. The impact of the pea protein extract (E) and the pea
proteins hydrolysate (H) on secretion of IL-8 from Caco-2 cells.
Legend: M — control culture; E — culture supplemented with
the pea protein extract in different concentrations (0.05, 0.5 and
1.0 mg/ml), H — culture supplemented with the pea protein
hydrolysate in different concentrations (0.05, 0.5 and 1.0
mg/ml). The secretion of IL-8 differed significantly among all
Caco-2 cultures when supplemented with analyzed substrates

Discussion

An enzymatic hydrolysis of food proteins is a substan-
tial process frequently used to improve the physical, chem-
ical, functional and nutritional properties of native proteins
[13]. It is also used in order to produce a functional food
designed to fulfill demands of specific groups of consumers
such as children, elderly, sportsmen or for constructing
a medical diets [14, 15]. The 15% degradation of the pea
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Fig. 3. The impact of the pea protein extract (E) and the pea
protein hydrolysate (H) on proliferation of Caco-2 cells. Leg-
end: C — control culture; E — culture supplemented with the pea
proteins extract, H — culture supplemented with the pea protein
hydrolysate. Significantly different values (p < 0.05) of prolif-
erating Caco-2 cells are indicated with different digits

protein extract triggered by the two hours pepsin hydroly-
sis (as obtained in this study, Fig. 1) is classified as a high
degree hydrolysis [16] providing extensive hydrolysates
which therefore may potentially be used in the production
of above mentioned food.

Peptides and glycopeptides released by the hydrolysis
of food proteins may significantly modulate the condition
and activity of intestinal ecosystem thus exerting an effect
far beyond solely nutritional. There is a growing evidence
that stable autochthonic microflora of the gastrointestinal
tract determine maintenance as well as strengthening of the
intestinal barrier consisting of epithelial cells layer, thus
being a guarantor of selective permeability and protecting
the human organism from invasion of harmful microor-
ganisms as well as food allergens and other detrimental fac-
tors [17]. The bacterial adhesion to the enterocytes not only
determines their ability to stay in the mobile environment
of the small intestine and their access to nutrients but also
beneficially impact human organism by stimulating the
immunological system and creating the barrier protecting
from the invasion of pathogens [12]. Due to the fact that the
research methodology preclude the assessment of bacteri-
al adhesion in vivo, various in vitro models using cell line
cultures are being used to examine the bacterial adhesion.
Despite the fact that the Caco-2 cell line was originally
obtained from a human colon adenocarcinoma, it is most
frequently used in various research due to acquisition of
many small intestinal cell phenotypes [18].

Although both of studied substrates stimulated the adhe-
sion of bacteria to the Caco-2 cell lines (Fig. 2), solely the
pea protein hydrolysates stimulated an increased adhesion
of beneficial bacteria from the genera Lactobacillus and
Enterococcus (Fig. 2). The obtained results are undoubted-
ly caused by many mechanisms determining the adhesion.
The examined substrates serve as a source of both nutrients
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and energy what was demonstrated in the study of Swiatec-
ka et al. [12], stimulating the proliferation of lactobacilli
and enterococci thus increasing the number of competitors
for the adhesion sites located on the Caco-2 cells. Bacteria
displaying similar metabolic profiles are probable to com-
municate with each other in order to mutually activate the
competition for both nutrients and bond sites on the surface
of the eukaryotic cells. That may explain the increase in
adhesion of bacteria from genera Lactobacillus and Ente-
rococcus in the heterogeneous culture supplemented with
the pea protein hydrolysate (Fig. 2), even though the adhe-
sion of bacterial monocultures was not different when com-
pared to the control [12].

Reaching the small intestine, food protein hydrolysates
—not only act as a source of nutrients for the human organ-
ism and a modulator of bacterial homeostasis but also influ-
ence the local environment, modifying metabolic activities
of enterocytes. Good physiological condition of the intestin-
al epithelium, determined by the proper metabolism and
integrity, shape the proper functioning of its absorbing and
secreting functions and consist a guarantor of the selective
permeability that protects the human organism from invasion
of unwanted microbes and deleterious food allergens [17].
Optimal proliferation rate is crucial to maintain the proper
permeability of the intestinal barrier to avoid bacterial translo-
cation and antigen passage. Nutrients may directly influence
intestinal mucosal turnover, repair and adaptation. Both the
pea protein extract and the pea protein hydrolysate strongly
hindered the proliferation activity of Caco-2 cells (Fig. 3),
thus suggesting the occurrence of fractions of inhibitory activ-
ity towards metabolism of eukaryotic cells. The deepened
inhibitory activity of the pea protein hydrolysate in compar-
ison to the pea protein extract on the proliferation of entero-
cytes may be triggered by hydrolysis of proteins that led to
liberation of inhibitory amino-sequences. Hindered entero-
cytes mitosis when exposed to the examined substrates may
bring about weakening the intestinal barrier by impeding its
renewal. In addition, the examined substrates triggered the
significant release of IL-8 from the enterocytes (Fig. 4). Inter-
leukin 8 is an a-chemokine that, when secreted by intestin-
al epithelial cells, participates in the attraction of leukocytes
into the intestinal mucosa [19]. Thus, by recruiting and acti-
vating immune cells, IL-8 may play an important role in
inflammation. The hindrance of enterocytic proliferation com-
bined with IL-8 secretion may be a stimuli for leaking of the
intestinal barrier and translocation of pathogenic and oppor-
tunistic bacteria as well as food allergens, thus triggering or
deepening the inflammation.

It could be speculated, that the alteration of the profile
of the bacteria adhering to the Caco-2 cells, with significant
predominance of Lactobacillus/Enterococcus, may abolish
the detrimental effect of pea protein extract and its
hydrolysates exerted on the intestinal epithelium. The gas-
trointestinal tract of a human is a highly complex ecosys-
tem, homeostasis of which is determined by the cooperation
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of microbiota and the intestinal epithelium. Thus, despite of
the enterocytic proliferation hindrance and proinflammato-
ry cytokine secretion by examined substrates, their positive
impact on bacteria may compensate the effect on the epithe-
lial cells in order to maintain the intestinal homeostasis.
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