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Post-weaning diarrhea in piglets is frequently caused by enterotoxigenic
Escherichia coli (ETEC) F4*. The objective of this study was to examine
the possible protective effect of galacto-oligosaccharides (GOS) on ETEC
F4*-induced intestinal injury. Growth inhibition of ETEC F47 in the presence of
2% GOS was assessed, as well as the ability of GOS to reduce pathogen adhesion
and invasion in the intestinal Caco-2 cell line. GOS ability to counteract ETEC
F4T adhesion was also assessed ex vivo in piglet small intestinal villi. Protective
activity of GOS against ETEC F4T-induced membrane damage in Caco-2
cells was evaluated through transepithelial electrical resistance (TEER), phenol
red apparent permeability (Papp) and immunolocalization of tight junction
proteins occludin and ZO-1. Inflammation was assessed by quantification
and immunolocalization of phosphorylated-p65 protein, indicative of NF-kB
activation. Finally, GOS prebiotic activity on probiotic strains Lactobacillus
amylovorus: ATCC 33198 and DSM 16698, as well as Limosilactobacillus reuteri
subsp. porcinus DSM 110571, was also investigated. The results showed that
GOS significantly reduced ETEC F4*1 adhesion and invasion in Caco-2 cells, as
well as adhesion to piglet intestinal villi. Furthermore, GOS markedly decreased
ETEC F4™ induced membrane damage, as evidenced by improvement of TEER,
phenol red Papp and tight junction protein immunolocalization. A reduction of
p65 phosphorylation and nuclear translocation in the presence of GOS indicated
a diminished activation of the NF-kB pathway. GOS also exhibited promising
prebiotic activity toward the tested probiotic strains. Taken together, these in
vitro findings suggest the potential of including GOS in piglet weaner diets to
prevent ETEC F4*-induced intestinal injury.
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1 Introduction

Weaning is widely acknowledged as a critical stage in the
piglets life, exposing them to multiple stressors, which can have
cumulative efects on their health and physiological development.
[Je separation of piglets from the sow introduces abrupt dietary
and environmental changes that impact gut microbiotaand immune
system maturation, as well as compromise intestinal barrier
integrity, leading to dyshiosis and increased susceptibility to gut
disorders, gastrointestinal disturbances, infections and diarrhea (1).
In particular, post-weaning diarrhea poses a critical economic threat
to the global swine industry, causing morbidity, mortality, and
substantial production losses (2, 3).

Enterotoxigenic Escherichia coli (ETEC) F4* represents one
of the most common etiologic agents of post-weaning diarrhea,
accounting for the high mortality rates occurring annually (4).
To colonize the gut, ETEC F4*+ adheres to host-speciéc receptors
present on the enterocytes of the small intestine through its
F4 émbriae, or adhesins. [lree serological variants of F4 have
been described so far, namely F4ab, F4ac and F4ad, with the
Fdac variant being the most prevalent in piglets (5). Once
the pathogen is attached and has colonized the small intestine,
it produces enterotoxins that lead to excessive secretion of
water and electrolytes, ultimately resulting in watery diarrhea (6,
7).

Traditionally, antimicrobial growth promoters and high-dose
zinc oxide were incorporated into weaner diets to mitigate post-
weaning diarrhea and support growth, but the EU fully banned
in-feed antibiotics in 2006 and restricted medicinal ZnO use in
2022, due to environmental concerns and the urgent need to halt
antimicrobial resistance spreading (8, 9). Consequently, research
into sustainable nutritional interventions and other preventive
measures to reduce post-weaning diarrhea in piglets has intensiéed
(10). Several feed-related measures have been widely investigated
and applied, resulting in diCerent degrees of e[Jcacy, as reviewed
by Canibe et al. (11). One of these strategies relies on the
use of prebiotics, deéned as “substrates selectively utilized by
host microorganisms conferring a health beneét” (12). Among
these substrates, galacto-oligosaccharides (GOS) are non-digestible
carbohydrates, consisting of a complex mix of distinct galactose-
containing oligosaccharides, which diCer in terms of chain length
(degree of polymerization) and type of glycosidic linkages between
galactose or galactose-glucose moieties (13). GOS reach the colon
intact, where they are fermented to produce short chain fatty
acids (SCFA), that exert several health-promoting activities (14).
In addition, GOS can shape gut microbiota composition by
selectively promoting the growth of beneécial bacteria belonging
to the former Lactobacillus and the Biédobacterium genera (15).
[Janks to this microbiota-dependent mode of action, GOS can
indirectly prevent pathogen infections, as commensal bacteria can
inhibit or limit the growth of harmful bacteria via competitive
exclusion and/or nutrient availability. In addition, GOS can
act through various microbiota-independent mechanisms; érst,
many of them structurally resemble the oligosaccharide residues
of receptors on intestinal epithelial cells, to which pathogens
adhere through their émbriae. For instance, F4 &mbriae have
been shown to bind galactose-containing glycosphingolipids of
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porcine small intestinal epithelium (16). As such, they might act
as decoy receptors or antiadhesive molecules that competitively
inhibit pathogen adherence and subsequent infection (17). Another
relevant microbiota-independent pathway of GOS is through direct
interaction with cell surface receptors present in epithelial or
innate immune cells in the intestinal mucosa, activating cell
signaling that reinforces the epithelial barrier, as reviewed by
Mavrogeni et al. (18). Finally, another possible intriguing feature
of GOS relies on their immunomodulatory properties (19, 20). In
summary, GOS can be considered a promising and sustainable
alternative to antibiotics in weaned piglets. By fostering a healthier
microbial environment and strengthening the gut lining, GOS can
mitigate the weaning adverse elects and improve resilience against
post-weaning diarrhea, as well as support overall gastrointestinal
development (21, 22).

Based on the above mentioned information, we hypothesized
that GOS, next to their prebiotic function, could have a direct
microbiota-independent protective elect against ETEC F4*
infection in an in vitro intestinal cell model. Hence, the aim of
the present study was to evaluate whether GOS could prevent
ETEC F4*™ adhesion and invasion, as well as ETEC F4*-
induced intestinal barrier injury and NF-«B translocation in the
epithelial Caco-2 cell line. [(lese cells are able to dilerentiate
in vitro and achieve the morpho-functional characteristics of
mature enterocytes, with brush border microvilli and epithelial
cellular junctions (23). Additionally, pathogen adhesion was
assessed in piglet intestinal villi, an ex vivo model better
reproducing the gut mucosal environment. Finally, GOS
potential prebiotic activity toward three dillerent probiotic
Lactobacillus and Limosilactobacillus strains of pig origin
was investigated.

2 Materials and methods

2.1 Intestinal Caco-2 cell culture conditions

Caco-2 cells, obtained from INSERM (Paris, France), were
subcultured at low density and used between passage 90 and 105,
according to Natoli et al. (24). Cells were maintained at 37 °C
in a 95% air/5% CO, atmosphere at 90% relative humidity in
Dulbecco’s modiéed Eagle’s medium (DMEM) containing 25 mM
glucose, 3.7 g/l NaHCO3, 4mM L-glutamine, 1% non-essential
amino acids, 1 x 10° U/l penicillin, 100 mg/l streptomycin,
10% heat inactivated fetal bovine serum (FBS, Euroclone, Milan,
Italy). Cell culture media and reagents were purchased from
Corning (Milan, Italy), unless otherwise stated. For experiments,
cells were seeded in 24-well plates (Becton Dickinson, Milan,
Italy) or polyethylene terephthalate permeable &lters (Falcon™
10.5mm diameter, 0.4 m pore size, Becton Dickinson, Milan,
Italy), which allow separation between apical (AP) and basolateral
(BL) compartments. Aller conEuency, cells were led for 17-21
days to allow complete dillerentiation. Medium was changed 3
times a week.
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2.2 GOS preparation

(e GOS product, synthesized by B-galactosidase through
the lactose transgalactosylation reaction, was provided as a
powder by Royal Agriérm Group (START+; Royal Agriérm
Group, Drongen, Belgium). For all experiments, GOS powder
was weighed, resuspended in experimental medium (bacterial or
cell growth medium) at 2% €nal concentration, and €ltered with
0.45 wm syringe élters (Merck Millipore, Darmstadt, Germany). [(Je
experimental design is outlined in Figure 1.

2.3 Cell membrane permeability
measurements

Caco-2 cells were diCerentiated on permeable élters (1 x
106 cells/&lter), as described above. Cell membrane permeability
was assayed by measuring the transepithelial electrical resistance
(TEER), according to Srinivasan et al. (25), with a Millicell Electrical
Resistance system (Merck Millipore, Darmstadt, Germany). TEER
values were checked before each experimental assay, to verify
correct TJ formation and complete cell diJerentiation into mature
enterocytes. TEER measurements were carried out at dilerent time
points, depending on the experiments, as detailed below. For each
time point, the TEER values of treated samples were expressed as
% of the TEER values of control (untreated) cells, set at 100%.
Cell permeability was also measured at the end of treatments by
measuring the phenol red passage, as reported by Monastra et al.
(26). Brieky, aller three washes with phosphate bulered saline
containing Ca™* and Mg™* (PBS**), 0.5ml 1 mM phenol red was
added to the AP compartment of cell monolayers, whereas 1 ml
PBS** was added in the BL compartment. Aler 1 h incubation at
37 °C, 0.9 ml BL medium was collected, added with 0.1 ml 0.1 N
NaOH, and read at 560 nm (Inénite M200 microplate reader, Tecan,
Milan, Italy) to determine the phenol red concentration passed from
AP to BL compartment. [Jis concentration was used to calculate the
phenol red apparent permeability coellcient (Papp) by applying the
following formula: Papp = Ct x Vpp/At x-CO x A, where VgL
is the volume of the BL compartment (cm3), A is the &lter area
(cm?), At is the time interval (s), Ct is the phenol red concentration
in the BL compartment at the end of time interval, and CO is the
phenol red concentration in the AP compartment at the beginning.
e TJ were considered open and indicative of an absence of cell
monolayer integrity when the phenol red Papp values were above 1
x 107¢ cm s~!, as determined by previous reports in the literature
(27). Dilerences observed among samples below this threshold
value were thus considered biologically irrelevant, irrespective of
statistical signiécance.

2.4 GOS toxicity assay on Caco-2 cells

In order to assess the potential toxicity of GOS, Caco-2 cells,
diDerentiated on permeable &lters, were apically treated with 2%
GOS. TEER was recorded for up to 72 h, and phenol red Papp was
assayed at the end of treatment. Two independent experiments,
carried out in triplicate, were performed.
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2.5 Bacterial strains and growth conditions

e intestinal pathogen F4™ enterotoxigenic Escherichia coli
strain (ETEC F4*, O149:F4ac™, LT™, STa*, STh™), provided by the
Lombardy and Emilia Romagna Experimental Zootechnic Institute
(Reggio Emilia, Italy) was grown in Luria-Bertani (LB) broth at
37 °C. Ole ETEC F4* strain GIS26 (O149:F4act, LTT, STa™,
STb™) was grown on brain heart infusion (BHI) agar plates for 16 h
at37°C.

Lactobacillus  amylovorus ATCC 33198 (LMG9434),
Lactobacillus amylovorus DSM 16698 and Limosilactobacillus
reuteri subsp. porcinus DSM 110571 were grown in De Man Rogosa
Sharpe (MRS) medium (supplemented with 0.5 g/I L-cysteine for
DSM 110571), for 24 h at 37 °C under microaerophilic conditions.

All media and supplements were provided by Oxoid ((Jermo
Fisher, Waltham, MA, USA), unless otherwise stated.

2.6 ETEC F4* growth in media containing
GOS

A liquid broth assay was performed to evaluate if ETEC F4*
growth could be allected by the presence of GOS in LB or antibiotic-
and FBS-free DMEM media. Overnight cultures of ETEC F4™ were
diluted 1:50 in the two media containing or not 2% GOS and then
dispensed into 96-well plates at a €nal volume of 200 I per well.
Bacterial growth was monitored by recording the ODggo of the
bacterial cultures for 22 h at 1 h intervals using an automated plate
reader (Inénite M200, Tecan, Milan, Italy). [(Je ODggo values were
normalized with respect to the medium alone. One independent
experiment was conducted in triplicate.

2.7 ETEC F4* adhesion and invasion assays
on Caco-2 cells

[Cle adhesion and invasion assays were carried out on Caco-
2 cells, diCerentiated in 24-well plates (1 x 108 cells/well). Cells
were placed in antibiotic- and FBS-free DMEM 16 h before the
experiment. On the day of the assay, overnight bacterial cultures
of ETEC F4* were diluted 1:20 in LB broth and grown for
approximately 3 h up to the exponential growth phase, as monitored
by ODggo reading. Appropriate amounts of bacterial cells were
harvested by centrifugation at 5,000 rpm for 10 min, resuspended
in antibiotic- and FBS-free cell culture medium, pre-incubated
with GOS or DMEM for 10 min at 37 °C and then added to cell
monolayers at a concentration of 1 x 108 colony forming units
(CFU)/well (approximately 100:1 bacteria to cell ratio). Co-cultures
of bacteria and Caco-2 cells were incubated at 37 °C for 1.5 h. In the
adhesion assay, non-adhering bacteria were removed by 5 washes
with Hanks’ Balanced Salt solution (HBSS: 137 mM NacCl, 5.36 mM
KCI, 1.67mM CaCly, 1mM MgCly, 1.03mM MgSQy4, 0.44 mM
KH;P0O4, 0.34 MM NaaHPOy4, 5.6 mM glucose) and cell monolayers
were lysed with 1% Triton-X-100, according to Roselli et al. (28).

In the invasion assay, alJer the 1.5 h infection period, co-cultures
of bacteria and Caco-2 cells were washed twice with HBSS and
then incubated with antibiotic- and FBS-free DMEM containing
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FIGURE 1

Schematic representation of the experimental design. The models and the methods used are indicated, with references to the corresponding
paragraph numbers of the Materials and Methods section. ETEC F4*, enterotoxigenic Escherichia coli F4*; L. amylovorus ATCC 33198, Lactobacillus
amylovorus ATCC 33198; L. amylovorus DSM 16698, Lactobacillus amylovorus DSM 16698; L. reuteri DSM 110571, Limosilactobacillus reuteri subsp
porcinus DSM 110571; Papp, apparent permeability; P-p65, phosphorylated p65 protein; TEER, transepithelial electrical resistance; TJ, tight junction

gentamicin sulfate (50 mg/L; Merck, Darmstadt, Germany) for
additional 2.5 h, to kill residual viable extracellular bacteria. Aler
gentamicin incubation, Caco-2 cells were washed and lysed as
described above. For both adhesion and invasion assays, viable
bacterial cells (adhered and invading, respectively) were quantiéed
by plating appropriate serial dilutions of Caco-2 lysates on LB agar.
CFU were counted on plates alJer overnight incubation at 37 °C.

For both assays, at least two independent experiments were
performed in duplicate.

2.8 Ex vivo villus adhesion inhibition assay

(e villus adhesion assay was performed as described by
Rasschaert et al. (29). Small intestinal villi were collected from
the mid-jejunum of a healthy piglet (6 weeks old female, Belgian
Landrace x Piétrain, weaned at 4 weeks), euthanized for an unrelated
experimental trial, approved by the Ethical Committee of the
Faculties of Veterinary Medicine and Bioscience Engineering at
Ghent University (approval number EC2019/085). No additional
animals were used or sacriéced for this study. [le piglet was
genotyped for the F4 receptor presence using the MUC13 SNP
assay (30). Small intestinal villi were incubated with 4 x 108 CFU
of the ETEC F4* strain GIS26 for 1h at room temperature. To
assess the ability of GOS to inhibit adhesion of ETEC F4T to
the small intestinal epithelium, the bacteria were pre-incubated
with 0.5 mg/ml GOS for 1h prior to performing the adhesion
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assay. As a positive control for inhibition of adhesion, the bacteria
were incubated with a FaeGac-speciéc monoclonal antibody (mAb
in house, clone IMMO01). [Je adhesion of the bacteria to the
villus epithelium was then evaluated by counting the number of
bacteria adhering along a 50 wm villous brush border length at 5
randomly selected places, with a phase-contrast microscope at a
600x magniécation. [Je number of bacteria per 250 wm villous
brush border length was then calculated. [lis procedure was
performed three times, in a single experiment. [Je % inhibition
was calculated by dividing the number of adherent bacteria in the
presence of GOS or mAb by the number of adherent bacteria in the
absence of GOS.

2.9 Evaluation of effects of ETEC F4* and
GOS on Caco-2 TEER and phenol red Papp

Caco-2 cells dilerentiated on permeable &lters (1 x 108
cells/8lter) were apically treated with ETEC F4T (1 x 108
CFU/well), prepared as described above. Appropriate amounts of
bacterial cells were centrifuged, resuspended in antibiotic- and FBS-
free cell culture medium, pre-incubated with GOS or DMEM for
10 min at 37 °C and then apically added to cell monolayers. TEER
was recorded every 30 min for up to 2.5 h, and phenol red Papp was
assayed at the end of treatments. [Jree independent experiments,
carried out at least in duplicate, were performed.
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2.10 Immunolocalization of TJ (ZO-1 and
Occludin) proteins and P-p65

To assess the elect of GOS on ETEC-induced TJ protein
delocalization, Caco-2 cells, dilerentiated on glass coverslips
in 24-well plates (1 x 108 cells/well), were treated with 2%
GOS in the presence or absence of ETEC F4t (1 x 108
CFU/well), prepared as described above, for 1.5h at 37 °C.
At the end of the experiment, Caco-2 cells were washed with
cold PBS**, éxed in ice-cold methanol for 3min, and then
incubated with rabbit polyclonal anti-ZO-1 or mouse monoclonal
anti-occludin (Zymed Laboratories, San Francisco, CA, USA) or
rabbit polyclonal anti-P-p65 (Cell Signaling Technology, Danvers,
MA, USA) for 1h. For secondary detection, cells were incubated
with tetramethylrhodamine isothiocyanate (TRITC) conjugated
secondary antibodies (Jackson Immunoresearch, Milan, Italy), for
1h. 4 6-diamidino-2-phenylindole (DAPI) was used to label DNA
in nuclei. Stained monolayers were mounted on glass slides using
the Prolong Gold antifade reagent (Molecular Probes, Invitrogen,
Milan, Italy) and analyzed using a confocal Euorescence microscope
(LSM 700, Zeiss, Jena, Germany). [ree independent assays
were conducted.

2.11 Western blotting assay of p65 NF-kB
subunit

To assess the elect of GOS on ETEC F4'-induced p65
phosphorylation, Caco-2 cells dilerentiated on permeable
&lters (1x108 cells/&lter) were apically treated with 2% GOS
in the presence or absence of ETEC F4t (1x108 CFU/well),
prepared as above described, for 1.5h at 37 °C. At the end of
treatments, cells were washed twice with cold PBS and lysed in
cold radioimmunoprotein assay buOer (RIPA: 20mM Tris-HCI
pH 7.5, 150mM NaCl, 0.1% SDS, 1% Na deoxycholate, 1%
Triton X-100), supplemented with 1 mm phenylmethylsulphonyl
Euoride, protease inhibitor (Complete Mini, Roche, Milan,
Italy) and phosphatase inhibitor (PhosSTOP, Roche, Milan,
Italy) cocktails. Cell lysates (50 g total proteins, quantiéed by
Lowry Assay) were dissolved in sample buCer (50mM Tris-
HCI pH 6.8, 2% SDS, 10% glycerol, 100 g/L bromophenol blue,
10mm B-mercaptoethanol), heated for 5min, fractionated by
SDS-polyacrylamide gel (4-20% gradient) electrophoresis and
transferred to nitrocellulose €lters (Trans-Blot Turbo, Biorad,
Milan, Italy). Membranes were incubated with the following
primary antibodies: rabbit monoclonal anti-human NF-«B total
p65 (clone D14E12) or P-p65 (Ser536, clone 93H1) or mouse
monoclonal anti-human a-tubulin (clone DM1A), all from Cell
Signaling Technology (Danvers, MA, USA). Proteins were detected
with horseradish peroxidase-conjugated secondary antibodies
(Cell Signaling Technology, Danvers, MA, USA) and enhanced
chemiluminescence reagent (ECL kit Lite Ablot Extend, Euroclone,
Milan, ltaly), followed by the analysis of chemiluminescence with
the charge-coupled device camera detection system Las4000 Image
Quant (GE Health Care Europe GmbH, Milan, Italy). Relative
levels of the phosphorylated p65 protein were normalized to
their corresponding unphosphorylated form. To verify equal

Frontiers in Veterinary Science

10.3389/fvets.2025.1740099

protein loading, the housekeeping protein a-tubulin was used as
internal control (Supplementary Figure S1). Clree independent
experiments, carried out in triplicate, were performed.

2.12 Prebiotic activity of GOS

[Cle experiments were conducted using the probiotic strains
Lactobacillus amylovorus ATCC 33198 (LMG9434), L. amylovorus
DSM 16698 and Limosilactobacillus reuteri subsp. porcinus DSM
110571. Each probiotic strain, pre-grown overnightin MRS at 37 °C,
was inoculated at 1:500 dilution (L. amylovorus ATCC 33198 and
DSM 16698) or diluted to OD = 1 and inoculated at 1% (v/v;
L. reuteri subsp. porcinus DSM 110571) in MRS medium without
glucose (MRSnoG, Lio&lchem, ltaly) or added with 2% (w/v)
glucose (used as reference carbon source) or added with 2% (w/v)
GOS (used as test carbon source), in separate tubes. [Je MRSnoG
medium served as negative control. Each inoculum was dispensed
into 96-well plates at a €nal volume of 200 ! (L. amylovorus ATCC
33198 and DSM 16698) or 300 I (L. reuteri subsp. porcinus DSM
110571) per well, in triplicate. Bacterial growth was monitored
by recording the ODggo Of the cultures for 22h at 1h intervals
using an automated plate reader (Inénite M200, Tecan, Milan,
Italy; or Multiskan FC, Life Technologies, Merelbeke, Belgium). (e
ODggo values were normalized with respect to the MRS medium
alone, representing the blank. One independent experiment was
conducted in triplicate, for each strain.

2.13 Statistical analysis

(e statistical signiécance of the dilerences was evaluated
by one-way ANOVA followed by post hoc Tukey HSD test, aller
verifying normality and homogeneity of variance by Shapiro—Wilk’s
and Levene's tests, respectively. For ETEC F4* growth curve
and adhesion/invasion assays, Student’s t-test was applied. In the
égures, mean values with diCerent superscript letters or asterisks
(for ANOVA or t-test, respectively) signiécantly diCer. Statistical
signiécance was set at P values <0.05. [Je statistical analyses were
executed with Microsod OClce Excel 2011 upgraded with XLSTAT
(version 4 March 2014).

3 Results

3.1 Maintenance of Caco-2 cell monolayer
integrity following GOS treatment

GOS was preliminarily tested for its potential to directly
impact on ETEC F4* growth in LB and DMEM media
(Supplementary Figure S2). In both media, the presence of
2% GOS enhanced pathogen growth during the exponential
phase (2h, 4h and 8h time points, P < 0.01 within each time
point), while at late stationary phase (22h time point), growth
kinetics resulted to decrease in LB (Supplementary Figure S2A, P
< 0.01), or be unchanged in DMEM (Supplementary Figure S2B),
with respect to the corresponding media alone. We therefore
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FIGURE 2

GOS effects on Caco-2 cells monolayer integrity: Transepithelial electrical resistance (TEER, A) and phenol red apparent permeability (Papp, B). Cells,
differentiated on permeabile filters, were untreated (Control, C) or treated with GOS (2%). TEER values, recorded every 24 h for up to 72 h, were
calculated as % of the TEER value of control filters, for each time point. Phenol red Papp was measured at 72 h, and values are reported as cm s~
Values represent means =+ SD of two independent experiments, carried out in triplicate.

FIGURE 3

Reduction of enterotoxigenic Escherichia coli (ETEC) F4* adhesion (A) and invasion (B) in differentiated Caco-2 cells mediated by GOS. ETEC F4*
was allowed to adhere or invade Caco-2 cells, either alone (ETEC) or in the presence of 2% GOS (ETEC + GOS). Data are reported as log colony
forming units (CFU)/ml recovered after plating. Columns represent the mean + SD of at least two independent experiments, each performed in
technical duplicate. Statistical analysis was performed by Student's t-test (*P < 0.001 and P < 0.01 for adhesion and invasion assays, respectively).

concluded that GOS had no relevant direct inhibitory elect on
ETEC F4™ growth.

In order to evaluate if GOS exposure could perturb intestinal
epithelial permeability, TEER and phenol red Papp were measured
in dilJerentiated Caco-2 cells aller treatment with 2% GOS, apically
added to cell monolayers for up to 72h. e results show that
no signiécant dierences could be observed between treated
and untreated (control) cells, in terms of TEER measurements
(Figure 2A) and phenol red Papp (Figure 2B), indicating that
monolayers integrity was not alected by 2% GOS treatment.
Indeed, permeability coelcients lower than the 1 x 107 c¢m 57!
threshold are considered indicative of intact cell monolayers,
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irrespective of dilerences among samples that are below
this threshold.

3.2 Effectiveness of GOS in reducing ETEC
F4* adhesion to and invasion of Caco-2
cells

e ETEC F4* strain is known to be able to adhere to

and being internalized by Caco-2 cells, with a number of
recovered cells in the order of magnitude of 108 CFU/mI and
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FIGURE 4

GOS reduces adhesion of ETEC F4" to small intestinal villi. ETEC F4*
was incubated with medium (negative control, NC), a F4-specific
monoclonal antibody (mAb) or GOS. The bacteria were then added
to small intestinal villi. The number of bacteria adhering to the apical
surface of the villi were counted. The data are presented as the
mean of three technical replicates, the error bars represent the SD

108 CFU/mI aler adhesion and invasion, respectively, with initial
bacterial loads of 1 x 108 CFU/mI (28). Cle potential capacity
of 2% GOS to counteract ETEC F4* adhesion and invasion
was investigated in Caco-2 cells. Figure 3A shows the results
of the adhesion assay, indicating that the presence of 2% GOS
signiécantly reduced pathogen adhesion, with a decrease of
approximately 0.5 log CFU/ml, as compared to pathogen alone
(P < 0.001). A similar reduction activity was also observed in
the pathogen invasion assay, as shown in Figure 3B, where the
number of invading ETEC F4* cells was signiécantly reduced
by approximately 0.5 log CFU/ml, as compared to pathogen
alone (P < 0.01).

3.3 Reduction by GOS of ETEC F4+
adhesion to piglet small intestinal villi

To evaluate the ability of GOS to inhibit the adhesion of
ETEC F4™ to the porcine small intestinal epithelium, an ex
vivo adhesion inhibition assay was performed. As shown in
Figure 4, GOS reduced by 55% the amount of ETEC F4* adhering
to the villus epithelium. [Jis suggests that GOS can inhibit
the binding of ETEC F4™ to the small intestinal epithelium

in pigs.

3.4 Protective effect of GOS against ETEC
F4*-induced permeability increase and TJ
protein delocalization in Caco-2 cells

ETEC F4™" is known to alect Caco-2 cell monolayer integrity,
with a TEER decrease starting at 90min aler AP infection
(28). Tle potential GOS ability to counteract the ETEC F4*-
induced permeability increase was investigated in Caco-2 cells.
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As expected, ETEC F47T infection induced a signiécant TEER
decrease (Figure 5A, P < 0.05), as compared to untreated (control)
and GOS-treated cells, either alone or in combination with
pathogen infection (Figure 5A). [lis decrease was associated
with a biologically relevant phenol red Papp increase, as the
corresponding values were in the order of magnitude of 2.2
x 107% c¢cm s7!, indicating that the TJ were open, while the
cells co-incubated with ETEC F4T and GOS showed phenol
red Papp values comparable to untreated and GOS-treated cells
(Figure 5B, P < 0.001).

ETEC F4™ has been already shown to damage cell junctions,
as previously reported (31). Speciécally, TJ proteins of Caco-2
cells are alected by ETEC F4* infection. To evaluate the potential
of GOS to protect TJ proteins from pathogen-induced damage,
immunolocalization of occludin and ZO-1 was evaluated by
immunoEuorescence in Caco-2 cells treated with ETEC F4*
and GOS, either alone or in combination. As expected, ETEC
F4* infection induced occludin and ZO-1 delocalization and
disappearance from cell boundaries (Figures6, 7 for occludin
and ZO-1, respectively), indicating cell junction rupture, as
also suggested by TEER and phenol red Papp measurements.
GOS treatment did not alect TJ proteins, which remained
properly distributed on cell boundaries similarly to untreated
(control) cells. When Caco-2 cells were treated with GOS in
combination with ETEC F4*, both occludin and ZO-1 remained
correctly localized on cell boundaries, indicating an ability
of GOS in preventing cell membrane damage induced by
the pathogen.

3.5 Modulation of ETEC F4*-induced
NF-kB activation by GOS

In a previous study we showed that ETEC F4* infection
induced translocation of phosphorylated (P)-p65 into the nucleus
of Caco-2 cells, indicating activation of the NF-«xB inEammatory
pathway (32). To investigate the ability of GOS to inhibit this
inEammatory activity, the phosphorylation status of p65 was
assessed by immunoEuorescence and Western blot analysis in
Caco-2 cells treated with ETEC F41 and GOS, either alone or
in combination. Cle results conérmed that ETEC F4* infection
induced a migration of P-p65 into the nucleus, and a signiécant
increase of the phosphorylated form of the p65 subunit (P < 0.05),
as compared to the phosphorylation level of p65 observed into
untreated (control) cells, as shown in Figures 8, 9, respectively.
Cell treatment with GOS alone did not induce any change in
p65 phosphorylation as compared to control, indicating that GOS
did not induce NF-kB activation (Figures 8, 9 for Western blot
and immunoEuorescence, respectively). In Caco-2 cells treated
with ETEC F4™" in combination with GOS, phosphorylation level
of p65 did not diller from control cells, indicating that GOS
were able to prevent the pathogen-induced migration of p65 into
the nucleus (Figure 8). Cle immunolocalization analysis of P-
p65 supports the Western blot results, showing that no nuclear
localization of P-p65 could be observed in cells treated with
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FIGURE 5

GOS effects on enterotoxigenic Escherichia coli (ETEC) F4T-induced permeability increase in Caco-2 cells: Transepithelial electrical resistance (TEER,
A) and phenol red apparent permeability (Papp, B). Cells, differentiated on permeable filters, were untreated (Control, C), infected with ETEC F4T, or
treated with 2% GOS, either alone or in combination with ETEC. TEER values were recorded every 30 min for up to 150 min. The TEER values of
treated cells were expressed as % of the TEER value of control filters, for each time point. Phenol red Papp was measured at 150 min, and values are
represents Papp threshold, indicating destroyed cell monolayer integrity for values above. Values
represent means + SD of three independent experiments, carried out at least in duplicate. Statistical analysis was performed only at final time points

reported ascm s~!. Ared linesetat1 x 107% cm s~!

(2.5h). Means without a common letter significantly differ, P < 0.001

ETEC F4T in combination with GOS or treated only with GOS
(Figure 9).

3.6 Probiotic strains growth promotion by
GOS

[Je potential prebiotic activity of GOS was assessed by testing its
elect on the growth of three probiotic strains of porcine origin. Cle
experimental procedure consisted in replacing the carbon source
normally used in bacterial culture medium, namely glucose, with
the compound to be tested (i.e. GOS), followed by a comparative
evaluation of bacterial growth on the diCerent carbon sources. Cle
growth curves of L. amylovorus ATCC 33198, L. amylovorus DSM
16698 and L. reuteri subsp. porcinus DSM 110571 (reported in
Figures 10A-C, respectively) clearly showed the ability of all the
three probiotic strains to successfully use GOS as a carbon source.
Indeed, the respective growth kinetics during 22h incubation
displayed a similar trend between GOS-supplemented and glucose-
supplemented conditions, with the typical lag, exponential and
stationary phases, dilerently from the negative control (no carbon
source), where no growth at all could be observed (Figures 10A—
C). In particular, the overall ODggg values of L. amylovorus DSM
16698 (8h, 10h, 12h and 22 h time points) and L. reuteri subsp.
porcinus DSM 110571 (10h, 12h, 14h and 22h time points)
resulted signiécantly higher as compared to glucose-supplemented
conditions (P < 0.05, Figures 10B, C, respectively). On the other
hand, the early and mid exponential phase (8h and 10h time
points) of the L. amylovorus ATCC 33198 growth curve in GOS-
supplemented medium overlapped with that in the presence of
glucose, although reaching ODggo values signiécantly lower than
those observed in the presence of glucose at the late exponential
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(12 h time point) and at the late stationary (22 h timepoint) phase
(P < 0.05, Figure 10A).

4 Discussion

In recent years, scienti€c research on prebiotics for animal
welfare has expanded signi€cantly. [lis growing interest can be
attributed to several factors, such as enhanced awareness of the
fundamental role played by the gut microbiota on health, the greater
emphasis on “functional feed additives” designed to improve the
overall animal well-being, and the veterinary focus in supporting
therapies against infections or gastrointestinal disorders.

Prebiotics are regarded indeed as a promising alternative to
antimicrobial growth promoters, whose use has been banned in
many countries, including those within the EU, although their
application persists in various regions worldwide. [Tis continued
usage at sub-clinical doses, has been strongly associated with the
emergence and dissemination of antimicrobial resistance, as well
as the accumulation of antibiotic residues in animal-derived food
products (33).

Within this context, the objective of the present study was
to evaluate the potential beneéts of GOS in preventing intestinal
damage induced by ETEC F4*, one of the most predominant causes
of post-weaning diarrhea in pigs, still representing an important
threat and a major economic loss for the swine industry. For such
purpose, the Caco-2 cell line was utilized as diCerentiated small
intestinal enterocytes. Regardless the human origin, Caco-2 cells are
widely employed as a universal in vitro model of intestinal mucosa
barrier, where the AP surface corresponds to the intestinal lumen
and the BL side to the underlying basal lamina (23). Caco-2 cells
were apically challenged with ETEC F4* to reproduce the pathogen
infection occurring in the gut, and GOS protective elects were
studied, focusing on microbiota-independent activities.
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FIGURE 6

immunofluorescence assays (40 x magnification). Bars represent 10 pm.

GOS effects on enterotoxigenic Escherichia coli (ETEC) F4" -induced occludin delocalization in Caco-2 cells, differentiated on permeable filters,
assayed by immunofluorescence. Cells were untreated (Control, C), infected with ETEC F4™, or treated with 2% GOS, either alone or in combination
with ETEC. Cells were then labeled with specific primary antibody for occludin, followed by TRITC-conjugated secondary antibody and

4’ 6-diamidino-2-phenylindole (DAPI). In the figure the separate stainings and the merge of them are shown. Interruption of continuous staining of
occludin, resulting in dissociation of the protein from membranes in ETEC F4* infected cells is visible (white arrows), as well as regular localization in
control cells or treated with GOS either alone or in combination with ETEC F4*. Each figure is representative of three independent

One of the protective GOS mechanisms involves the inhibition
of pathogen adhesion to the intestinal epithelium, that represents
the early stage of infection. In our cellular model, GOS signiécantly
reduced adhesion and invasion of ETEC F4™, with a biologically
relevant reduction of approximately 0.5 log CFU/mL in both
assays, corresponding to over 60% inhibition. [(Jese éndings were
consistent with exploratory results obtained from the ex vivo model
of pig small intestine villi, where GOS inhibited the adhesion of
ETEC F4* to porcine villi by more than 50%, suggesting also
potential in vivo e[dcacy of GOS. [Jese results are in agreement
with previous literature, as Shoaf et al. observed that GOS exhibited
an inhibitory elect on both HEp-2 and Caco-2 epithelial cell
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lines, reducing the adherence of enteropathogenic Escherichia coli
(EPEC) by 65 and 70%, respectively (34). Similarly, Quintero
et al. showed that GOS exerted anti-adhesive eJect on Cronobacter
sakazakii in the same cell lines (35). Searle et al. demonstrated
that GOS prevented the adherence and invasion of Salmonella
enterica serovar Typhimurium both in vitro (HT-29-16E cells) and
in vivo (murine ileal models) (36); while Kittana et al. observed
the adhesion reduction of Citrobacter rodentium to HEp-2 cells
(37). ™e mechanism by which GOS prevent pathogen adhesion is
likely dependent on the structural similarity to the glycan receptors
located on the surfaces of host epithelial cells, therefore GOS
act as molecular decoys, inhibiting the adherence of pathogens
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FIGURE 7

immunofluorescence assays (40x magnification). Bars represent 10 pm.

GOS effects on enterotoxigenic Escherichia coli (ETEC) F4*-induced ZO-1 delocalization in Caco-2 cells, differentiated on permeable filters, assayed
by immunofluorescence. Cells were untreated (Control, C), infected with ETEC F4*, or treated with 2% GOS, either alone or in combination with
ETEC. Cells were then labeled with specific primary antibody for ZO-1, followed by TRITC-conjugated secondary antibody and
4',6-diamidino-2-phenylindole (DAPI). In the figure the separate stainings and the merge of them are shown. Interruption of continuous staining of
Z0O-1, resulting in dissociation of the protein from membranes in ETEC F4* infected cells is visible (white arrows), as well as regular localization in
control cells or treated with GOS either alone or in combination with ETEC F4*. Each figure is representative of three independent

to intestinal epithelial cells by direct competition with &mbrial
adhesins. [lis ability was enhanced in our experimental model by
pre-treating ETEC F4™ with GOS, before addition to Caco-2 cells,
providing mechanistic insights into how GOS may limit early stages
of infection (38—40).

When evaluating the potential of GOS to directly impact on
ETEC F4* growth, we observed no relevant direct inhibitory
elect although pathogen proliferation was modestly yet signiécantly
suppressed at late stationary phase in LB medium added with 2%
GOS, as compared to the medium alone. Another study evaluating
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the GOS antagonistic activity against E. coli ATCC 8739 observed
a dose-response ellect against E. coli growth, with a signiécant
reduction starting from 5% GOS (41). Similarly, Mortaz et al.
reported that the growth of Staphylococcus aureus and Pseudomonas
aeruginosa was reduced in a concentration-dependent manner
when incubated with GOS (42). [le mechanisms underlying this
direct inhibition of pathogen growth exerted by GOS are still largely
unexplored, as a limited number of studies have been performed
up to now. In addition, given that LB and DMEM in vitro cultures
do not fully replicate the gut microbial ecosystems, the modest
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FIGURE 8

0.05). (B) representative gel.

GOS effects on enterotoxigenic Escherichia coli (ETEC) F4* -induced NF-kB activation in differentiated Caco-2 cells, assayed by Western blotting
Cells were untreated (Control, C), infected with ETEC F4*, or treated with 2% GOS, either alone or in combination with ETEC. Cell lysates were
fractionated by SDS-PAGE and transferred to nitrocellulose filters. Membranes were incubated with rabbit polyclonal anti-p65 or
anti-phosphorylated (P)-p65 primary antibodies and then with horseradish peroxidase-conjugated secondary antibodies. (A) densitometric values of
P-p65 protein, normalized to its corresponding unphosphorylated form, after verifying equal protein loading with a-tubulin, used as internal control
Values represent means =+ SD of three independent experiments, carried out in triplicate. Means without a common letter significantly differ (P <

reduction observed in our study can be potentially indicative of a
stronger antimicrobial eJect in complex gut environments.
Another beneécial feature of GOS is their positive impact on
the intestinal epithelium. In our experimental model, we observed
that GOS did not compromise the barrier function of Caco-2
cell monolayers, as both TEER and phenol red Papp remained
unchanged for up to 72 h treatment, indicating the maintenance
of TJ integrity and suggesting barrier-preserving properties of
GOS in physiological conditions. We also observed that GOS
alone preserved TJ protein (ZO-1 and occludin) localization at
cell boundaries: these &ndings are supported by the transcriptomic
analysis performed by Lafontaine and colleagues in GOS-treated
Caco-2 cells, where a modulation of epithelial gene expression
relevant to TJ structure in physiological status was observed,
indicating that GOS support intestinal epithelial barrier under
healthy conditions (43). More interestingly, in our study GOS
preserved monolayer integrity from damages induced by ETEC
F4*, suggesting a potential role as an elective barrier protector
against pathogen-induced intestinal disruption. When Caco-2
cell monolayers were challenged with ETEC F4™, TEER values
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dropped and phenol red Papp increased, while in the presence
of GOS, these adverse elects were electively prevented. [is
observation is consistent with earlier studies showing that GOS
could maintain epithelial barrier function and mitigate paracellular
leakage under exposure to dilJerent stress conditions, cytotoxic
such as deoxynivalenol (DON), or inEammatory as dextran-
sulfate-sodium salt (DSS) (20, 44). Moreover, occludin and ZO-
1 protein localization revealed remarkable protective elects in
Caco-2 cells treated with ETEC F4T and GOS. Indeed, while
infection with ETEC F4* led to TJ impairment, as shown by
delocalization of these key junctional components, GOS treatment
was able to prevent the TJ protein delocalization caused by pathogen
infection. In a previous study performed in Caco-2 cells, a speciéc
GOS (BimunoGOS) was able to prevent the delocalization of
TJ proteins ZO-1 and occludin, as well as adherens junction
proteins E-cadherin and g-catenin, induced by DSS treatment (20).
Our present data are in agreement with those from Wang and
colleagues, who observed that GOS supplementation signiécantly
inhibited the reduction of ZO-1, occludin and claudin-1 protein
levels in jejunum, and occludin in ileum of LPS-challenged
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FIGURE 9

GOS effects on enterotoxigenic Escherichia coli (ETEC) F4" -induced P-p65 translocation into the nucleus in Caco-2 cells, differentiated on
permeable filters, assayed by immunofluorescence. Cells were untreated (Control), infected with ETEC F4*, or treated with 2% GOS, either alone or
in combination with ETEC. Cells were then labeled with specific primary antibody for P-p65, followed by TRITC-conjugated secondary antibody and
4',6-diamidino-2-phenylindole (DAPI). In the figure the separate stainings and the merge of them are shown. Each figure is representative of three
independent immunofluorescence assays (40 x magnification). Bars represent 10 pm.

mice, as well as in IPEC-J2 porcine intestinal cells (45). Based
on these data, we can suppose that GOS could be beneécial
in preventing gut barrier disruption in challenging conditions,
such as pathogen infection. In antibiotic-treated mouse models,
GOS induced an increase of TJ protein expression, and also
helped to restore eubiosis (46). Moreover, GOS improved barrier
function and relieved colonic inEammation in LPS-challenged
piglets (47).

Another key énding of the present study was the ability of
GOS to inhibit nuclear translocation of p65 following ETEC F4™
infection. [Je absence of p65 activation in GOS-treated infected
cells, conérmed by both Western blotting and immunoEuorescence
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assays, indicates that GOS were able to prevent epithelial NF-
kB activation. [Jis suggests that GOS may interfere with cell
signaling pathways that mediate microbial pattern recognition, such
as toll-like receptors, and downstream pro-inEammatory cytokine
induction in intestinal cells. Indeed GOS, used both alone or in
combination with diCerent stressors (such as DSS, TNF-a or LPS),
have been previously shown to exert anti-inEammatory elects
on intestinal epithelial monolayers in vitro by downregulating the
expression and secretion of pro-inEammatory cytokines such as
IL-8, IL-1B, and IFN-vy, and by inhibiting the TLR4/NF-kB/TNF-
a signaling pathways (20, 48, 49). Tian et al. also observed that
supplementing GOS to piglet feed decreased mRNA expression
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FIGURE 10

Prebiotic potential of GOS. Growth curves of the three probiotic strains Lactobacillus amylovorus ATCC 33198 (LMG9434, A), Lactobacillus
amylovorus DSM 16698 (B) and Limosilactobacillus reuteri subsp. porcinus DSM 110571 (C), grown in MRS without carbon source (negative control),
with 2% glucose (positive control) or with 2% GOS. Bacterial growth was monitored by measuring the ODg values at 1 h intervals for 22 h. Values
represent means + SD of one independent experiment, carried out in triplicate. Statistical analysis was performed at different timepoints, chosen as
representative of early, mid and late exponential, as well as late stationary growth phases (A, B: 8, 10, 12 and 22 h; C: 10, 12, 14 and 22 h). Within each
time point, means without a common letter significantly differ (P < 0.051).

of MyD88-NF-kB signaling in the colonic mucosa of weaned
piglets (50).

GOS potential prebiotic activity was also investigated, by
analyzing their ability to support the growth of three probiotic
strains representative of common inhabitants of piglet gut
microbiota, namely L. amylovorus ATCC 33198, L. amylovorus
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DSM 16698 and L. reuteri subsp. porcinus DSM 110571. Indeed, L.
amylovorus and L. reuteri are characteristic bacteria found in piglets,
representing the dominant species in the small intestine during and
aller weaning (51, 52). When used as the sole carbon source in MRS
medium, GOS supported the growth of all three probiotic strains,
suggesting its potential as prebiotic compound. Among the three
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strains, L. amylovorus DSM 16698 and L. reuteri subsp. porcinus
DSM 110571 displayed enhanced growth performance with respect
to the glucose-supplemented condition. Despite its simpliéed
nature compared to in vivo or fecal fermentation models, this
experimental system olers speed and cost-e(ectiveness advantages.
It enables the acquisition of crucial preliminary information for
identifying promising prebiotics, which can then be subjected to
more thorough investigation. Another possible application of GOS
as prebiotic could be in combination with probiotics, namely in the
form of synbiotics. Scientiéc evidence suggests that supplementing
the maternal diet with synbiotics inEuences the establishment of
a bhalanced oOspring’s gut microbiota, thereby conferring several
health beneéts to the piglets (53).

Aside from the role of GOS as promising prebiotic compounds,
the novelty of this study lies in demonstrating microbiota-
independent eJects of GOS against ETEC F4™ in an in vitro model.
[lese éndings, that certainly warrant further investigation, lay the
ground for future in vivo studies in post-weaning piglets, in which
GOS elects against ETEC infection are still largely underexplored.
In livestock production, dietary GOS may therefore oler a non-
antibiotic based strategy to reduce ETEC colonization, improve gut
health, and support performance aller weaning.

5 Conclusion

Taken together, our éndings demonstrate that GOS can
enhance gastrointestinal health by exerting multiple protective
elects, including competitive inhibition of pathogen adhesion and
invasion, preservation of tight junction integrity, prevention of
NF-«kB nuclear translocation, and growth promotion of beneécial
lactobacilli of pig origin, thereby supporting intestinal barrier
function through a combination of complementary mechanisms.

Nevertheless, some limitations of the present study should
be mentioned. e use of a single epithelial cell line, while
informative, does not replicate the complexity of the gut mucosa,
which includes also mucus and immune interactions. Moreover,
the protective elects were observed at a single GOS concentration,
leaving dose-response relationships unexplored. Finally, while the
observed éndings are consistent with known mechanisms, direct
conérmation, such as identifying GOS-&mbriae binding or NF-kB
pathway inhibition, remains to be established in further mechanistic
and translational studies, that will help to unlock its full therapeutic
and commercial potential.

Data availability statement

[Cle raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
[Je animal study was approved by Ethical Committee of Faculties of

Veterinary Medicine and Bioscience Engineering, Ghent University.

Frontiers in Veterinary Science

10.3389/fvets.2025.1740099

(e study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

BG: Conceptualization, Formal analysis, Investigation, Project
administration, Misualization, Writing — original dral, Writing
— review & editing. ST: Conceptualization, Formal analysis,
Visualization, Writing — original drad, Writing — review &
editing. AF: Investigation, Visualization, Writing — review &
editing. BD: Formal analysis, Investigation, Writing — review
& editing. CD: Investigation, Writing — review & editing. SV:
Conceptualization, Supervision, Writing — original dral, Writing
— review & editing. ER: Investigation, Visualization, Writing —
review & editing. MDV: Writing — review & editing. JV: Writing
— review & editing. MR: Conceptualization, Investigation, Project
administration, Supervision, Validation, Writing — original dral],
Writing — review & editing.

Funding

(e author(s) declared that &nancial support was received for
this work and/or its publication. CJe authors declared that this work
received funding from Agriérm. Cle funder was not involved in the
study design, collection, analysis, interpretation of data, the writing
of this article, or the decision to submit it for publication.

Acknowledgments

[Cle content of this manuscript has been presented in part at the
16th International Symposium on Digestive Physiology of Pigs (DPP
2025), Lake Geneva, W1, USA (54).

Conflict of interest

ST, SV, ER, MDV, and JV were employed by Agriérm.

CJe remaining author(s) declared that this work was conducted
in the absence of any commercial or &nancial relationships that
could be construed as a potential conEict of interest.

Generative Al statement

(e author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside égures in
this article has been generated by Frontiers with the support of
arti€cial intelligence and reasonable elorts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of

frontiersin.org


https://doi.org/10.3389/fvets.2025.1740099
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Guantario et al.

their alliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

References

1. Holman DB, Gzyl KE, Mou KT, Allen HK. Weaning age and its eJect on
the development of the swine gut microbiome and resistome. mSystems. (2021)
6:€00682—-21. doi: 10.1128/mSystems.00682-21

2. Pluske JR. Feed- and feed additives-related aspects of gut health and development
in weanling pigs. J Anim Sci Biotechnol. (2013) 4:1. doi: 10.1186/2049-1891-4-1

3. Han X, Hu X, Jin W, Liu G. Dietary nutrition, intestinal microbiota
dysbiosis and post-weaning diarrhea in piglets. Anim  Nutr. (2024)
17:188-207. doi: 10.1016/j.aninu.2023.12.010

4. Kim K, Song M, Liu Y, Ji P. Enterotoxigenic Escherichia coli infection of weaned
pigs: intestinal challenges and nutritional intervention to enhance disease resistance.
Front Immunol. (2022) 13:885253. doi: 10.3389/émmu.2022.885253

5. Luppi A. Swine enteric colibacillosis: diagnosis, therapy and antimicrobial
resistance. Porc Health Manag. (2017) 3:16. doi: 10.1186/540813-017-
0063-4

6. Nguyen UV, Coddens A, Melkebeek V, Devriendt B, Goetstouwers T, Poucke MV,
et al. High susceptibility prevalence for F4* and F18* Escherichia coli in Flemish pigs.
Vet Microbiol. (2017) 202:52-7. doi: 10.1016/j.vetmic.2016.01.014

7. Luise D, Lauridsen C, Bosi P, Trevisi P. Methodology and application of Escherichia
coli F4 and F18 encoding infection models in post-weaning pigs. J Anim Sci Biotechnol.
(2019) 10:53. doi: 10.1186/s40104-019-0352-7

8. Anaddn A. WS14 [le EU ban of antibiotics as feed additives (2006): alternatives
and consumer safety. J Vet Pharmacol [ler. (2006) 29:41-4. doi: 10.1111/j.1365-
2885.2006.00775_2.x

9. Pejsak  Z, Kazmierczak P, Butkiewicz =~ AF,  Wojciechowski 1,
Wozniakowski G. Alternatives to zinc oxide in pig production. Pol J Vet Sci.
(2023)319-330. doi: 10.24425/pjvs.2023.145033

10. Liu H-Y, Zhu C, Zhu M, Yuan L, Li S, Gu F, et al. Alternatives to antibiotics
in pig production: looking through the lens of immunophysiology. Stress Biol. (2024)
4:1. doi: 10.1007/544154-023-00134-w

11. Canibe N, Hgjberg O, Kongsted H, Vodolazska D, Lauridsen C, Nielsen TS, et al.
Review on preventive measures to reduce post-weaning diarrhoea in piglets. Animals.
(2022) 12:2585. doi: 10.3390/ani12192585

12. Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ, et al.
Expert consensus document: the International Scientiéc Association for Probiotics and
Prebiotics (ISAPP) consensus statement on the deénition and scope of prebiotics. Nat
Rev Gastroenterol Hepatol. (2017) 14:491-502. doi: 10.1038/nrgastr0.2017.75

13. Ambrogi V, Bottacini F, Cao L, Kuipers B, Schoterman M, Van Sinderen
D. Galacto-oligosaccharides as infant prebiotics: production, application,
bioactive activities and future perspectives. Crit Rev Food Sci Nutr. (2023)
63:753-66. doi: 10.1080/10408398.2021.1953437

14. Rekha K, Venkidasamy B, Samynathan R, Nagella P, Rebezov M,
Khayrullin M, et al. Short-chain fatty acid: an updated review on signaling,
metabolism, and therapeutic elects. Crit Rev Food Sci Nutr. (2024)
64:2461-89. doi: 10.1080/10408398.2022.2124231

15. Lee A, Stanley JS, Mellits KH, Connerton IF. Prebiotic galacto-oligosaccharide
and xylo-oligosaccharide feeds in pig production: microbiota manipulation, pathogen
suppression, gut architecture and immunomodulatory eCects. Appl Microbiol. (2025)
5:42. doi: 10.3390/applmicrobiol5020042

16. Coddens A, Valis E, Benktander J, Angstrém J, Breimer ME, Cox
E, et al. Erythrocyte and porcine intestinal glycosphingolipids recognized
by F4 @&mbriae of enterotoxigenic Escherichia coli. PLoS ONE. (2011)
6:€23309. doi: 10.1371/journal.pone.0023309

17. Asadpoor M, Peeters C, Henricks PAJ, Varasteh S, Pieters RJ, Folkerts G, et al.
Anti-pathogenic functions of non-digestible oligosaccharides in vitro. Nutrients. (2020)
12:1789. doi: 10.3390/nu12061789

18. Mavrogeni ME, Asadpoor M, Henricks PAJ, Keshavarzian A, Folkerts G, Braber
S. Direct action of non-digestible oligosaccharides against a leaky gut. Nutrients. (2022)
14:4699. doi: 10.3390/nu14214699

Frontiers in Veterinary Science

15

10.3389/fvets.2025.1740099

Supplementary material

CJe Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.2025.
1740099/full#supplementary-material

19. Del Fabbro S, Calder PC, Childs CE. Microbiota-independent immunological
elects of non-digestible oligosaccharides in the context of inEammatory bowel diseases.
Proc Nutr Soc. (2020) 79:468-78. doi: 10.1017/50029665120006953

20. Roselli M, Maruszak A, Grimaldi R, Harthoorn L, Finamore A.
Galactooligosaccharide treatment alleviates DSS-induced colonic inEammation in
Caco-2 cell model. Front Nutr. (2022) 9:862974. doi: 10.3389/fnut.2022.862974

21. Wang VY, Li Z, Chen G, Xing Y, Wang J, Zhao Y, et al. Dietary galacto-
oligosaccharides enhance growth performance and modulate gut microbiota
in weaned piglets: a sustainable alternative to antibiotics. Animals. (2025)
15:1508. doi: 10.3390/ani15111508

22. Upadhaya SD, Kim IH. Maintenance of gut microbiome stability for
optimum intestinal health in pigs—a review. J Anim Sci Biotechnol. (2022)
13:140. doi: 10.1186/s40104-022-00790-4

23. Sambuy Y, Angelis ID, Ranaldi G, Scarino ML, Stammati A, Zucco F. [e
Caco-2 cell line as a model of the intestinal barrier: inEuence of cell and culture-
related factors on Caco-2 cell functional characteristics. Cell Biol Toxicol. (2005)
21:1-26. doi: 10.1007/s10565-005-0085-6

24. Natoli M, Leoni BD, DAgnano |, D'Onofrio M, Brandi R, Arisi |, et al. Cell
growing density aCects the structural and functional properties of Caco-2 dilerentiated
monolayer. J Cell Physiol. (2011) 226:1531-43. doi: 10.1002/jcp.22487

25. Srinivasan B, Kolli AR, Esch MB, Abaci HE, Shuler ML, Hickman JJ, et al.
Measurement techniques for in vitro barrier model systems. SLAS Technol. (2015)
20:107-26. doi: 10.1177/2211068214561025

26. Monastra G, Sambuy Y, Ferruzza S, Ferrari D, Ranaldi G. Alpha-lactalbumin
elect on myo-inositol intestinal absorption: in vivo and in vitro. Curr Drug Deliv. (2018)
15:1305-11. doi: 10.2174/1567201815666180509102641

27. Hubatsch 1, Ragnarsson EGE, Artursson P. Determination of drug permeability
and prediction of drug absorption in Caco-2 monolayers. Nat Protoc. (2007)
2:2111-9. doi: 10.1038/nprot.2007.303

28. Roselli M, Finamore A, Garaguso |, Britti MS, Mengheri E. Zinc oxide protects
cultured enterocytes from the damage induced by Escherichia coli. J Nutr. (2003)
133:4077-82. doi: 10.1093/jn/133.12.4077

29. Rasschaert K, Verdonck F, Goddeeris BM, Duchateau L, Cox E. Screening of pigs
resistant to F4 enterotoxigenic Escherichia coli (ETEC) infection. Vet Microbiol. (2007)
123:249-53. doi: 10.1016/j.vetmic.2007.02.017

30. Goetstouwers T, Van Poucke M, Coppieters W, Nguyen VU, Melkebeek
V, Coddens A, et al. Reéned candidate region for F4ab/ac enterotoxigenic
Escherichia coli susceptibility situated proximal to MUC13 in pigs. PLoS ONE.
(2014) 9:€105013. doi: 10.1371/journal.pone.0105013

31. Roselli M, Finamore A, Hynonen U, Palva A, Mengheri E. Dillerential protection
by cell wall components of Lactobacillus amylovorus DSM 16698Tagainst alterations of
membrane barrier and NF-kB activation induced by enterotoxigenic F4+ Escherichia
coli on intestinal cells. BMC Microbiol. (2016) 16:226. doi: 10.1186/512866-016-
0847-8

32. Finamore A, Roselli M, Imbinto A, Seeboth J, Oswald IP, Mengheri E.
Lactobacillus amylovorus inhibits the TLR4 inEammatory signaling triggered by
enterotoxigenic Escherichia coli via modulation of the negative regulators and
involvement of TLR2 in intestinal Caco-2 cells and pig explants. PLoS ONE. (2014)
9:€94891. doi: 10.1371/journal.pone.0094891

33. Raéq K, Tofazzal Hossain M, Ahmed R, Hasan MM, Islam R, Hossen M, et al.
Role of diCerent growth enhancers as alternative to in-feed antibiotics in poultry
industry. Front Vet Sci. (2022) 8:794588. doi: 10.3389/fvets.2021.794588

34. Shoaf K, Mulvey GL, Armstrong GD, Hutkins RW. Prebiotic
galactooligosaccharides reduce adherence of enteropathogenic Escherichia coli to
tissue culture cells. Infect Immun. (2006) 74:6920-8. doi: 10.1128/1A1.01030-06

35. Quintero M, Maldonado M, Perez-Munoz M, Jimenez R, Fangman T, Rupnow
J, et al. Adherence inhibition of Cronobacter sakazakii to intestinal epithelial cells by
prebiotic oligosaccharides. Curr Microbiol. (2011) 62:1448-54. doi: 10.1007/500284-
011-9882-8

frontiersin.org


https://doi.org/10.3389/fvets.2025.1740099
https://www.frontiersin.org/articles/10.3389/fvets.2025.1740099/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1740099/full#supplementary-material
https://doi.org/10.1128/mSystems.00682-21
https://doi.org/10.1186/2049-1891-4-1
https://doi.org/10.1016/j.aninu.2023.12.010
https://doi.org/10.3389/fimmu.2022.885253
https://doi.org/10.1186/s40813-017-0063-4
https://doi.org/10.1186/s40813-017-0063-4
https://doi.org/10.1016/j.vetmic.2016.01.014
https://doi.org/10.1186/s40104-019-0352-7
https://doi.org/10.1111/j.1365-2885.2006.00775_2.x
https://doi.org/10.1111/j.1365-2885.2006.00775_2.x
https://doi.org/10.24425/pjvs.2023.145033
https://doi.org/10.1007/s44154-023-00134-w
https://doi.org/10.3390/ani12192585
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1080/10408398.2021.1953437
https://doi.org/10.1080/10408398.2022.2124231
https://doi.org/10.3390/applmicrobiol5020042
https://doi.org/10.1371/journal.pone.0023309
https://doi.org/10.3390/nu12061789
https://doi.org/10.3390/nu14214699
https://doi.org/10.1017/S0029665120006953
https://doi.org/10.3389/fnut.2022.862974
https://doi.org/10.3390/ani15111508
https://doi.org/10.1186/s40104-022-00790-4
https://doi.org/10.1007/s10565-005-0085-6
https://doi.org/10.1002/jcp.22487
https://doi.org/10.1177/2211068214561025
https://doi.org/10.2174/1567201815666180509102641
https://doi.org/10.1038/nprot.2007.303
https://doi.org/10.1093/jn/133.12.4077
https://doi.org/10.1016/j.vetmic.2007.02.017
https://doi.org/10.1371/journal.pone.0105013
https://doi.org/10.1186/s12866-016-0847-8
https://doi.org/10.1186/s12866-016-0847-8
https://doi.org/10.1371/journal.pone.0094891
https://doi.org/10.3389/fvets.2021.794588
https://doi.org/10.1128/IAI.01030-06
https://doi.org/10.1007/s00284-011-9882-8
https://doi.org/10.1007/s00284-011-9882-8
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Guantario et al.

36. Searle LEJ, Cooley WA, Jones G, Nunez A, Crudgington B, Weyer U,
et al. Puriéed galactooligosaccharide, derived from a mixture produced by the
enzymic activity of Biédobacterium bi€édum, reduces Salmonella enterica serovar
Typhimurium adhesion and invasion in vitro and in vivo. J Med Microbiol. (2010)
59:1428-39. doi: 10.1099/jmm.0.022780-0

37. Kittana H, Quintero-Villegas MI, Bindels LB, Gomes-Neto JC, Schmaltz RJ,
Segura Munoz RR, et al. Galactooligosaccharide supplementation provides protection
against Citrobacter rodentium-induced colitis without limiting pathogen burden.
Microbiology. (2018) 164:154-62. doi: 10.1099/mic.0.000593

38. Wang K, Duan F, Sun T, Zhang Y, Lu L. Galactooligosaccharides: synthesis,
metabolism, bioactivities and food applications. Crit Rev Food Sci Nutr. (2024)
64:6160—76. doi: 10.1080/10408398.2022.2164244

39. Sarabia-Sainz HM, Mata Haro V, Sarabia Sainz JA, Vazquez-Moreno L,
Montfort GR-C. Maillard neoglycans as inhibitors for in vitro adhesion of F4™
enterotoxigenic Escherichia coli to piglet intestinal cells. Acta Biochim Pol. (2017)
64:679-86. doi: 10.18388/abp.2017_2199

40. Shoaf-Sweeney KD, Hutkins RW. “Adherence, anti-adherence, and
oligosaccharides,” Advances in Food and Nutrition Research. Amsterdam: Elsevier
(2008). p. 101-61. doi: 10.1016/S1043-4526(08)00402-6

41. Asadpoor M, Varasteh S, Pieters RJ, Folkerts G, Braber S. Dilerential
elects of oligosaccharides on the electiveness of ampicillin against Escherichia
coli in vitro. PharmaNutrition. (2021) 16:100264. doi: 10.1016/j.phanu.2021.10
0264

42. Mortaz E, Nomani M, Adcock |, Folkerts G, Garssen J. Galactooligosaccharides
and 2 -fucosyllactose can directly suppress growth of speci&c pathogenic
microbes and alect phagocytosis of neutrophils.  Nutrition.  (2022)
96:111601. doi: 10.1016/j.nut.2022.111601

43. Lafontaine GMF, Fish NM, Connerton IF. In vitro evaluation of the eCects of
commercial prebiotic GOS and FOS products on human colonic Caco-2 cells. Nutrients.
(2020) 12:1281. doi: 10.3390/nu12051281

44, Akbari P, Braber S, Alizadeh A, Verheijden KA, Schoterman MH, Kraneveld AD,
et al. Galacto-oligosaccharides protect the intestinal barrier by maintaining the tight
junction network and modulating the inEammatory responses aler a challenge with
the mycotoxin deoxynivalenol in human Caco-2 cell monolayers and B6C3F1 mice. ]
Nutr. (2015) 145:1604-13. doi: 10.3945/jn.114.209486

Frontiers in Veterinary Science

16

10.3389/fvets.2025.1740099

45. Wang G, Wang H, Jin Y, Xiao Z, Umar Yagoob M, Lin Y, et al

Galactooligosaccharides as a protective agent for intestinal barrier and
its regulatory functions for intestinal microbiota. Food Res Int. (2022)
155:111003. doi: 10.1016/j.foodres.2022.111003

46. Xi M, Hao G, Yao Q, Duan X, Ge W. Galactooligosaccharide mediates NF-kB
pathway to improve intestinal barrier function and intestinal microbiota. Molecules.
(2023) 28:7611. doi: 10.3390/molecules28227611

47. Gao R, Tian S, Wang J, Zhu W. Galacto-oligosaccharides improve barrier function
and relieve colonic inEammation via modulating mucosa-associated microbiota
composition in lipopolysaccharides-challenged piglets. J Anim Sci Biotechnol. (2021)
12:92. doi: 10.1186/540104-021-00612-z

48. Newburg DS, Ko JS, Leone S, Nanthakumar NN. Human milk oligosaccharides
and synthetic galactosyloligosaccharides contain 3 -, 4-, and 6 -galactosyllactose and
attenuate inEammation in human T84, NCM-460, and H4 cells and intestinal tissue ex
vivo. J Nutr. (2016) 146:358—67. doi: 10.3945/jn.115.220749

49. Sun J, Liang W, Yang X, Li Q, Zhang G. Cytoprotective elects of galacto-
oligosaccharides on colon epithelial cells via up-regulating miR-19b. Life Sci. (2019)
231:116589. doi: 10.1016/j.1f5.2019.116589

50. Tian S, Wang J, Wang J Zhu W. Dilerential elects of -early-life
and postweaning galacto-oligosaccharide intervention on colonic bacterial
composition and function in weaning piglets. Appl Environ Microbiol. (2022)
88:201318-21. doi: 10.1128/AEM.01318-21

51. Pieper R, Janczyk P, Zeyner A, Smidt H, Guiard V, Sourant WB. Ecophysiology
of the developing total bacterial and lactobacillus communities in the terminal small
intestine of weaning piglets. Microb Ecol. (2008) 56:474—83. doi: 10.1007/s00248-008-
9366-y

52. Hou C, Zeng X, Yang F, Liu H, Qiao S. Study and use of the probiotic Lactobacillus
reuteri in pigs: a review. J Anim Sci Biotechnol. (2015) 6:14. doi: 10.1186/540104-015-
0014-3

53. Kiernan DP, O’'Doherty JV, Sweeney T. (e elect of maternal probiotic or
synbiotic supplementation on sow and olspring gastrointestinal microbiota, health, and
performance. Animals. (2023) 13:2996. doi: 10.3390/ani13192996

54. Tanghe S, Guantario B, Finamore A, Devirgiliis C, Verstringe S, De Vos M, et al.
241. Galacto-oligosaccharides can prevent enterotoxigenic Escherichia coli adhesion and
intestinal injury in vitro. Anim Sci Proc. (2025) 16:419. doi: 10.1016/j.anscip.2025.07.242

frontiersin.org


https://doi.org/10.3389/fvets.2025.1740099
https://doi.org/10.1099/jmm.0.022780-0
https://doi.org/10.1099/mic.0.000593
https://doi.org/10.1080/10408398.2022.2164244
https://doi.org/10.18388/abp.2017_2199
https://doi.org/10.1016/S1043-4526(08)00402-6
https://doi.org/10.1016/j.phanu.2021.100264
https://doi.org/10.1016/j.phanu.2021.100264
https://doi.org/10.1016/j.nut.2022.111601
https://doi.org/10.3390/nu12051281
https://doi.org/10.3945/jn.114.209486
https://doi.org/10.1016/j.foodres.2022.111003
https://doi.org/10.3390/molecules28227611
https://doi.org/10.1186/s40104-021-00612-z
https://doi.org/10.3945/jn.115.220749
https://doi.org/10.1016/j.lfs.2019.116589
https://doi.org/10.1128/AEM.01318-21
https://doi.org/10.1007/s00248-008-9366-y
https://doi.org/10.1007/s00248-008-9366-y
https://doi.org/10.1186/s40104-015-0014-3
https://doi.org/10.1186/s40104-015-0014-3
https://doi.org/10.3390/ani13192996
https://doi.org/10.1016/j.anscip.2025.07.242
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Protective activity of galacto-oligosaccharides against intestinal damage and inflammation induced by enterotoxigenic Escherichia coli F4+ and evaluation of prebiotic potential
	1 Introduction
	2 Materials and methods
	2.1 Intestinal Caco-2 cell culture conditions
	2.2 GOS preparation

	3 Results
	3.1 Maintenance of Caco-2 cell monolayer integrity following GOS treatment

	4 Discussion


