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Galactooligosaccharide Treatment Alleviates DSS-Induced Colonic Inflammation in Caco-2 Cell Model
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The biological activities of dietary bioactive polysaccharides have been largely explored. Studies on the immunomodulating effects of oligosaccharides and polysaccharides have shown that they are able to modulate innate immunity. Prebiotics are a class of poorly digested carbohydrates that are mainly produced from dietary fibers, which are carbohydrate polymers with ten or more monomeric units as defined by the Codex Alimentarius Commission in 2009. Considering the capacity of prebiotics in reducing gut inflammation, the aim of this study was to investigate the anti-inflammatory activity of galactooligosaccharide (Bimuno® GOS) in an in vitro model of ulcerative colitis (UC)-like inflamed intestinal cells. Differentiated Caco-2 cells were exposed to 2 % dextran-sulfate-sodium salt (DSS) to induce inflammation, and then with different concentrations of Bimuno GOS (1–1,000 μg/ml). Cell monolayer permeability, tight- and adherent junction protein distribution, pro-inflammatory cytokine secretion, and NF-kB cascade were assessed. Bimuno GOS at different concentrations, while not affecting cell monolayer permeability, was shown to counteract UC-like intestinal inflammatory responses and damages induced by DSS. Indeed, Bimuno GOS was able to counteract the detrimental effects of DSS on cell permeability, determined by transepithelial electrical resistance, phenol red apparent permeability, and tight- and adherent junction protein distribution. Furthermore, Bimuno GOS inhibited the DSS-induced NF-kB nuclear translocation and pro-inflammatory cytokine secretion. Further analyses showed that Bimuno GOS was able to revert the expression levels of most of the proteins involved in the NF-kB cascade to control levels. Thus, the prebiotic Bimuno GOS can be a safe and effective way to modulate the gut inflammatory state through NF-kB pathway modulation, and could possibly further improve efficacy in inducing remission of UC.
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INTRODUCTION

Inflammatory Bowel Disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC), are chronic inflammatory disorders characterized by a progressive disease course involving the gastrointestinal tract. Traditionally, IBD has been considered as a disease of the Western world, however, data from the last 10 years describe a continuous increase of its incidence in newly industrialized geographies such as Asia and Latin America (1, 2). The etiology of UC is still not completely known, multiple factors such as genetic background, environmental factors, microbiota, and mucosal immune dysregulation seem to be involved in its onset (3, 4). UC generally affects the colon and rectum with a relapsing and remitting pattern. It is an idiopathic intestinal inflammatory disease presenting typical symptoms (3), such as rectal bleeding, bloody and mucous diarrhea, and abdominal pain, however, the presence of extra-intestinal manifestations is also known and used for the diagnosis of UC (5). UC characteristic pathophysiology involves epithelial barrier and increased uptake of luminal antigens caused by defects in colonic mucin secretion and tight junctions damages (6). An increased number of activated and mature dendritic cells with a high expression of Toll-Like Receptor (TLR)2 and TLR4 has been observed in the lamina propria of patients affected by IBD (7), and loss of negative regulation of TLR signaling has been associated with the disruption of intestinal homeostasis (8). An atypical T-helper (Th)-cell response, as well as a specific pro-inflammatory cytokine pattern, have been shown to exist in patients affected by UC (9). Conventional therapies consist of pharmacologic agents including aminosalicylates and corticosteroids, which are able to induce remission and mucosal healing and to prevent relapses to avoid colectomy in patients affected by UC. New pharmacological strategies such as monoclonal antibodies targeted to specific pro-inflammatory cytokines, adhesion molecules, T-cell activation, as well as agents inducing anti-inflammatory cytokines [i.e., IL-10, transforming growth factor (TGF)-β], have been also used, however, they are often associated with adverse effects including headache, nausea, abdominal pain and cramping, loss of appetite, vomiting and rash (10).

Clinical and animal studies indicate that UC pathophysiology is strongly associated with changes in the gut microbiota composition (11, 12) including reduced species richness (13). Microbiome dysbiosis in UC plays a critical role in the innate intestinal immunity, however, whether these changes are a cause, or a consequence of the disease remains to be elucidated (14). Overall, considering the close connection between intestinal microbiota and UC pathogenesis, several studies have shown that intestinal dysbiosis contributes to the pathogenesis of this disease (13).

In animal models, experimental colitis is commonly induced by dextran sodium sulfate (DSS) dissolved in drinking water. Rodents treated with DSS exhibit clinical features very similar to those observed in humans affected by UC, including increased intestinal mucosal permeability and gut inflammation characterized by the secretion of specific cytokines (15). Moreover in vitro models of intestinal cells treated with DSS are also used to investigate mechanisms associated with UC pathogenesis (16–18). In particular, it has been shown that DSS alters Caco-2 cell tight junctions, cell cycle metabolism, as well as cytokine release (18). DSS in Caco-2 cells leads to an increased pro-inflammatory cytokine expression pattern (IL-2, IL-8, TNF-α) and gut barrier damages characterized by loss of zonula occludens-1 (ZO-1), occludin, and claudin-1, that are similar to the changes observed in in vivo models and patients with UC (19).

Considering that on one hand, IBD patients have been shown to have dysbiosis and reduced microbiota diversity, and on the other hand, a relationship between UC and gut microbiota has been observed, several studies investigated if microbiota modulation can ameliorate UC symptoms. There is growing evidence that probiotic and prebiotic supplementation can positively modulate gut microbiota composition by inducing microbiota restitution, which is fundamental to ensure gut health maintenance and immune homeostasis in UC patients.

Prebiotics are defined as “a substrate that is selectively utilized by host microorganisms conferring a health benefit” (20). Prebiotics are a substrate for beneficial gut bacteria able to produce short-chain fatty acids (SCFAs), which have been shown to play a key role in the suppression of inflammation in IBD (21). Thus, prebiotics or fiber-rich diets lead to an increase in SCFAs-producing microbiota.

Prebiotics include galactooligosaccharides (GOS), fructo-oligosaccharides (FOS), inulin, and β-glucans (22). The potential use of prebiotics in IBD has been suggested since they are able to promote probiotic microorganisms' growth and stimulate innate immunity (23). GOS is a term indicating a group of carbohydrates composed of oligo-galactose with lactose molecules and glucose monomers (24). The products of lactose extension are classified into two smaller groups, the GOS with excess galactose at C3, C4, or C6 and the GOS manufactured from lactose through enzymatic trans-glycosylation (25). A recent study demonstrated normalization of stools and a reduction of the incidence and severity of loose stools alongside lower urgency and a specific prebiotic effect by GOS in a cohort of patients with UC (26). Some preclinical and clinical studies highlighted that prebiotics may exert beneficial effects on UC symptoms (27) including a reduction of gut inflammation (28), bloating, diarrhea, constipation, abdominal pain, fecal pH reduction, as well as promoting regular intestinal peristalsis and preventing the mucus layer degradation (27). It has been recognized that one of the SCFA, butyrate, is associated with decreased inflammation and may alleviate UC symptoms (29). For the above-described reasons, prebiotics can be considered a valid alternative to conventional UC therapies.

A reduction of markers of intestinal inflammation, such as fecal calprotectin, has also been observed in patients with UC with active disease after supplementation with inulin (30). Experimental evidence suggests that GOS are metabolized by bacteria that possess β-galactosidases, such as Bifidobacterium species (31, 32). In particular, the major bifidogenic effect has been observed with a specific GOS (Bimuno GOS) (33, 34). This GOS has an important role in the immune function modulation, as observed in a study on a population of elderly supplemented with the GOS, where it induced IL-10 increase and reduction of IL-1β. This specific GOS has also been shown to reduce serum IL-8, C-Reactive Protein (CRP), and to improve NK cell activity (34).

In in vitro models, GOS has also been shown to modulate the epithelial barrier function by inducing differentiation and epithelial wound repair, and by promoting the growth of specific gut bacteria, associated with changes in SCFA profiles (35). The effect of GOS on epithelial cells has been further confirmed by a transcriptomic analysis performed on Caco-2 cells, showing that GOS was able to modulate the expression of several genes implicated in digestion and transepithelial transport, which contribute to intestinal cell integrity and function (36).

Several studies have suggested that prebiotics, in addition to the ability to modulate the intestinal microbiota, can also exert a direct action on the intestinal epithelium through the induction of an anti-inflammatory response (37–39). In the present study, we aimed to analyze the direct effect of a specific GOS (Bimuno) in an in vitro model of UC-like inflammation. We treated the intestinal Caco-2 cells with DSS to mimic the inflammatory state present in the intestinal mucosa of UC patients, and we identified the possible mechanisms associated with GOS treatment for improvement of the inflammatory status in the context of UC.



MATERIALS AND METHODS


Epithelial Cell Culture

The Caco-2/TC7 cells, a clone derived from parental human intestinal Caco-2 cell line at late passage, were a kind gift from Dr. Monique Rousset (Institute National de la Santé et de la Recherche Médicale, INSERM, France). These cells are characterized by a more homogeneous expression of differentiation traits with more developed intercellular junctions and have been observed to exhibit higher metabolic and transport activities, being more similar to enterocytes of the small intestine than the original cell line (40).

Caco-2/TC7 cells were maintained at 37°C in an atmosphere of 5% CO2/95% air at 90% relative humidity on plastic tissue culture flasks (75 cm2 growth area, Becton Dickinson, Milan, Italy), in Dulbecco's modified minimum essential medium (DMEM; 3.7 g/L NaHCO3), supplemented with 4 mm glutamine, 10% heat-inactivated fetal calf serum, 1% non-essential amino acids, 105 U/L penicillin, and 100 mg/L streptomycin. The cell culture media and reagents were purchased from Euroclone (Milan, Italy). The cells were used between 80 and 105 passages. For the experimental assays, the cells were seeded at a density of 1 × 106 cells/filter on polyethylene terephthalate semipermeable filters (Transwell®, 12 mm diameter,0.45 μm pore size, Becton Dickinson), which allow epithelial differentiation between apical (AP) and basolateral (BL) compartments. After reaching confluency, the cells were left for 17–21 days to allow full differentiation. The medium was changed 3 times a week. To induce inflammation, differentiated Caco-2/TC7 cells were exposed to dextran sulfate sodium salt (DSS, MW: 40.000; Sigma, Milan, Italy). Preliminary experiments were performed to choose the optimal DSS concentration in the 0.05–5 % range, as well as the suitable time of treatment.



Cell Permeability Assessments

Cell membrane permeability was assayed by measuring the transepithelial electrical resistance (TEER), according to Ferruzza et al. (41). TEER was monitored every day until differentiation using a Millicell Electrical Resistance system (Merck Millipore, Darmstadt, Germany), and expressed as Ohm (resistance) × cm2 (surface area of the filter), after subtracting the resistance value of the filter without cell monolayer. The TEER was checked before each experimental assay, and only cell monolayers with TEER values higher than 1,000 Ohm × cm2 were used, as this TEER value was identified in preliminary experiments as indicative of correct differentiation in Caco-2/TC7 cells. During the experiments, TEERs were recorded every 30–60 min. Cell permeability was also measured at the end of treatments by measuring phenol red passage, as reported by Ferruzza et al. (41). Briefly, after three washes with phosphate buffered saline (PBS) containing Ca++ and Mg++ (PBS++), 0.5 ml 1 mm phenol red was added to the AP compartment of cell monolayers, whereas 1 ml PBS++ was added in the BL compartment. After 1 h incubation at 37°C, 0.9 ml, the BL medium was collected, added with 0.1 ml 0.1 N NaOH, and read at 560 nm to determine the phenol red concentration (Tecan Infinite M200 microplate reader, Tecan Italia, Milan, Italy). This concentration was used to calculate the phenol red apparent permeability coefficient (Papp) by applying the following formula: Papp = Ct x VBL/Δt x·C0 × A, where VBL is the volume of the BL compartment (cm3), A is the filter area (cm2), Δt is the time interval (s), Ct is the phenol red concentration in the BL compartment at the end of time interval, and C0 is the phenol red concentration in the AP compartment at the beginning. The tight junctions were considered open and indicative of an absence of cell monolayer integrity when the phenol red Papp values were above 1 × 10−6 cm/s, as evaluated by previous reports in the literature (42). Differences observed among samples with such values of phenol red Papp were thus considered biologically irrelevant, irrespective of statistical significance.



GOS Preparation

Bimuno® in powder form with a content of 80% active GOS, 14% lactose, 5% glucose, and ~1% galactose on dry matter, was supplied by Clasado Biosciences Ltd. (Reading, UK). The composition of the active GOS in terms of the degree of polymerization (DP), which refers to the number of monomeric units, was as follows: DP2 25%, DP3 41%, DP4 20%, DP5 9%, and DP>5 5%. Final concentrations of active GOS were made from 1 to 1,000 μg/ml by dissolving it as a powder in a serum free-cell culture medium.



Cell Toxicity of GOS

Several GOS concentrations were tested on Caco-2/TC7 cells differentiated on Transwell filters to assay the potential toxicity, by measuring TEER every 60 min for 24 h and phenol red Papp at the end of treatment. The concentrations tested ranged from 1 to 1,000 μg/ml (calculated from the percentage of active GOS). The cell monolayers were kept in the serum-free medium overnight before the experiments, to avoid possible interferences with serum proteins.



Inflammation Induction by DSS

Dextran-sulfate-sodium salt was used to induce inflammation in differentiated Caco-2/TC7 cells. In order to identify the suitable concentration of DSS to activate inflammatory status without inducing serious damages to cell monolayers, different concentrations of DSS, ranging from 0.05 to 5 % were tested for 5.5 h, and TEER, phenol red Papp, and induction of NF-kB activation were measured.



Cell Treatment With DSS and Bimuno GOS

There were three different experimental setups: differentiated Caco-2/TC7 cells were either: 1-untreated cells (Blank Control; C), 2- treated with 2% DSS alone (6 h, positive control; DSS), 3-treated with 2 % DSS for 2 h, then several concentrations of Bimuno GOS (1–1,000 μg/ml) were added for further 4 h, or 4- treated with different Bimuno GOS concentrations alone (4 h). The different time points, according to the different experiments performed, are shown in Figure 1.
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FIGURE 1. Experimental design. Three different experimental setups were employed, as differentiated Caco-2 cells were: (1) treated with 2% dextran-sulfate-sodium salt (DSS) alone (6 or 24 h), (2) treated with 2% DSS for 2 h, then several Bimuno galactooligosaccharides (GOS) concentrations (1–1,000 μg/ml) were added for further 4 or 22 h, or (3) treated with different Bimuno GOS concentrations alone (4 or 20 h). The different analyses performed at each time point are indicated.




Western Blot Assay of TLR4 Signaling Proteins

Differentiated Caco-2/TC7 cells were treated according to the three different experimental setups, with GOS concentrations 100 or 200 μg/ml. At the end of treatments, the cells were washed with cold PBS and lysed in a cold radioimmunoprotein assay buffer (RIPA: 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Na deoxy-cholate, 1% Triton X-100) supplemented with 1 mm phenylmethylsulphonyl fluoride, and protease inhibitor (Complete Mini, Roche, Milan, Italy) and phosphatase inhibitor (PhosSTOP, Roche) cocktails, according to Finamore et al. (43). Cell lysates (50 μg total proteins) were dissolved in sample buffer (50 mM Tris-HCl pH 6.8, 2 % SDS, 10 % glycerol, 100 g/L bromophenol blue, 10 mm β-mercaptoethanol), heated for 5 min, fractionated by SDS-polyacrylamide gel (4–20% gradient) electrophoresis and transferred to nitrocellulose filters (Trans-Blot Turbo, Biorad, Milan, Italy). Membranes were incubated with the following primary antibodies: rabbit polyclonal anti-human TLR4, MyD88, IKKα, IKKβ, phospho(P)-IKKα/β, IkBα, P-IkBα, NF-kB p65, P-p65, IRAK-M, Tollip, from Cell Signaling Technology (Danvers, MA), mouse monoclonal α-tubulin. Proteins were detected with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology) and enhanced chemiluminescence reagent (ECL kit Lite Ablot Extend, Euroclone), 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 TLR4, MyD88, Tollip, and IRAK-M were normalized to α-tubulin, whereas the phosphorylated proteins were normalized to their corresponding unphosphorylated forms.



Cytokine Secretion

Differentiated Caco-2/TC7 cells were treated according to the three different experimental setups, with GOS concentrations 1–200 μg/ml. Secretion of pro-inflammatory cytokines IL-1β, IL-6, IL-8. and TNF-α was measured by ELISA (Biolegend, San Diego, CA) in the cell supernatants collected from the AP compartments at the end of treatments, following the manufacturer's instruction. Supernatants were centrifuged at 650 × g for 5 minin at 4°C to remove cell debris, aliquoted, and immediately frozen at −80°C. In the preliminary experiments, cytokines were measured also in the culture media collected from the (BL) compartment, but results showed undetectable levels (data not shown).



Localization of TJ (ZO-1 and Occludin) Proteins, AJ (E-Cadherin and β-Catenin) Proteins, and P-P65

Differentiated Caco-2/TC7 cells were treated according to the three different experimental setups, with GOS concentrations 100 or 200 μg/ml. The effect of GOS on membrane damage induced by DSS was assessed by evaluating tight and adherent junctions' principal proteins immunolocalization, as well as P-p65 immunolocalization. Briefly, at the end of the experiments, Caco-2/TC7 cells were washed with cold PBS++, fixed in ice-cold methanol for 3 mins, and then incubated with rabbit polyclonal anti-ZO-1 and mouse monoclonal anti-occludin, or mouse monoclonal anti-β-catenin and rabbit polyclonal anti-E-cadherin antibodies (Zymed Laboratories, San Francisco, CA), or rabbit polyclonal anti-P-p65 antibody (Cell Signaling Technology, Danvers, MA) for 1 h. For secondary detection, cells were incubated with fluorescein isothiocyanate (FITC) or tetramethylrhodamine isothiocyanate (TRITC) conjugated secondary antibodies (Jackson Immunoresearch, Milan, Italy), for 1 h. 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 fluorescence microscope (LSM 700, Zeiss, Jena, Germany).



Statistical Analysis

All experiments were performed at least in triplicate. The statistical significance of the differences was evaluated by one-way ANOVA followed by a post-hoc Tukey HSD test, after verifying the normality and homogeneity of variance by Shapiro–Wilk's and Levene's tests, respectively. Statistical significance was set at P < 0.005. In the figures, mean values with different superscript letters significantly differ. P < 0.01 or 0.001 are indicated, where appropriate. In TEER figures, only final and initial time points were compared for statistical analysis. The statistical analyses were executed with the “Statistica” software package (version 5.; StatSoftInc., Tulsa, OK, USA).




RESULTS

The different experimental setups and different timepoints are shown in Figure 1.


Effect of GOS and DSS on Caco-2/TC7 Cell Permeability

Preliminary experiments were performed to evaluate the toxicity of GOS on Caco-2 cells. TEER and phenol red Papp were measured in differentiated Caco-2 cells after treatment with several GOS concentrations for up to 24 h. The results show that GOS treatment did not affect cell permeability, except for the highest GOS concentration, which induced a TEER drop after 3 h, which was maintained until the end of the experiment (Figure 2A). However, this TEER decrease was not associated with a biologically relevant phenol red Papp increase, as the values were all below 1 × 10−6 cm/s, indicating that the tight junctions were not open. On the contrary 2% DSS treatment induced a strong increase on phenol red passage (P < 0.001, Figure 2B; Supplementary Table S1).
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FIGURE 2. Bimuno GOS effects on membrane barrier of Caco-2 cells. Transepithelial electrical resistance (TEER) (A) and phenol red apparent permeability (Papp) (B). Cells were untreated (Control, C), treated with different Bimuno GOS concentrations (1–1,000 μg/ml), or treated with 2% DSS. TEER values are reported as Ohm × cm2. Phenol red Papp was measured after 24 h treatment with Bimuno GOS or after 6 h treatment with DSS, and values are reported as cm/s. Values represent mean ± SD of at least three independent experiments, carried out in triplicate. (A) *Stands for significant difference between T0 and T24 (P < 0.001). (B) Means without a common letter significantly differ, P < 0.001.


Dextran-sulfate-sodium salt was used to induce inflammation in differentiated Caco-2 cells. In order to determine the DSS concentration able to trigger inflammation without inducing serious damages to the cell monolayer, different DSS concentrations were tested for 5.5 h, by measuring TEER and phenol red passage (Figures 3A,B). Treatment with DSS concentrations ranging between 0.05 and 1% did not alter cell permeability, as shown by both TEER measurements and phenol red Papp (Figures 3A,B, respectively). On the contrary, 3 and 5% DSS induced a dramatic TEER drop starting from 2.5 h until 5.5 h (Figure 3A), which was accompanied by a phenol red Papp higher than 1 × 10−6 cm/s (Figure 3B). The 2% DSS induced a lower TEER drop as compared to 3 and 5% (Figure 3A), and a slight increase of phenol red passage, borderline with the threshold value of 1 × 10−6 cm/s (Figure 3B; Supplementary Table S2), thus this concentration was chosen for further experiments, as supposed to be able to induce inflammation, without seriously damaging cell monolayers.
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FIGURE 3. DSS effects on membrane barrier of Caco-2 cells. Transepithelial electrical resistance (TEER) (A) and phenol red apparent permeability (Papp) (B). Cells were either untreated (Control, C) or treated with different DSS concentrations (0.05–5%) for 330 min. TEER values are reported as Ohm × cm2. Phenol red Papp was measured at end of TEER measurements, and values are reported as cm/sec. Values represent mean ± SD of at least three independent experiments, carried out in triplicate. (A) *Stands for significant difference between T0 and T330 (P < 0.001). (B) Means without a common letter significantly differ, P < 0.05.




GOS Exerted a Protective Effect Against DSS-Induced Membrane Barrier Damage

To induce inflammation differentiated Caco-2 cells were pre-treated with 2 % DSS for 2 h, then GOS was added for additional 4 h, to test its protective effect. TEER analysis showed that GOS concentrations ranging from 50 to 1,000 μg/ml were able to prevent the TEER decrease induced by DSS, whereas 1 and 10 μg/ml concentrations only partially protected the cells from the DSS-induced TEER drop (Figure 4A). Analysis of phenol red Papp showed that all GOS concentrations were able to protect the cells from DSS damage, except for the lowest one (1 μg/ml, Figure 4B; Supplementary Table S3). Based on these data, the 100 and 200 μg/ml GOS concentrations were chosen for further experiments, considering that these concentrations were not detrimental for cell monolayers and were able to protect cells against DSS-induced cell damages.
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FIGURE 4. Protective effect of Bimuno GOS against membrane barrier damages induced by DSS in Caco-2 cells. Transepithelial electrical resistance (TEER) (A) and phenol red apparent permeability (Papp) (B). Cells were either untreated (C) or treated with 2% DSS for 2 h and then with several Bimuno GOS concentrations (1–1,000 μg/ml) up to 24 h. TEER values are reported as Ohm × cm2. Phenol red Papp values are reported as cm/s. Values represent mean ± SD of at least three independent experiments, carried out in triplicate. (A) #,##Stand for significant difference between T0 and T24 (P < 0.01 and P < 0.001, respectively). Values represent mean ± SD of at least three independent experiments, carried out in triplicate. (B) Means without a common letter significantly differ, P < 0.05.




GOS Reduced the DSS-Induced Pro-Inflammatory Cytokine Secretion

Considering the role of pro-inflammatory cytokines in the mucosal damages occurring in patients with UC, the principal cytokines involved in the UC pathogenesis were investigated in Caco-2 cells. In particular, secretion of IL-1β, IL-6, IL-8, and TNF-α was analyzed in Caco-2 cell culture supernatants after treatment with DSS alone, GOS alone, or first with DSS for 2 h and then GOS for the following 4 h. GOS alone did not induce apical secretion of IL-1β, IL-6, IL-8, and TNF-α by Caco-2 cells, while DSS induced a significant increase (P < 0.01) of all the pro-inflammatory cytokines, as compared to control untreated cells (Figure 5; Supplementary Tables S4a–d).
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FIGURE 5. Pro-inflammatory cytokine secretion in presence of different concentrations of Bimuno GOS and/or DSS in Caco-2 cells. Cells were untreated, or treated with 2% DSS alone for 6 h, or treated with 100 or 200 μg/ml Bimuno GOS alone for 4 h, or treated with 2% DSS for 2 h and then with 100 or 200 μg/ml Bimuno GOS for further 4 h. Values represent means ± SD of three independent experiments, carried out in triplicate. Means without a common letter significantly differ, P < 0.05.


GOS at concentrations from 1 to 50 μg/ml administered 2 h after DSS did not change IL-1β secretion in comparison to DSS-treated cells, whereas 100 and 200 μg/ml GOS significantly reduced IL-1β secretion induced by DSS (P < 0.05) compared to DSS alone. However, this reduction in IL-1β secretion was still significantly higher compared to the control (P < 0.05, Supplementary Table S4a).

Similar results were obtained for IL-6, which was induced by DSS as compared to the control (P < 0.01), and was significantly reduced in cells first treated with DSS and then either with 100 or 200 μg/ml GOS (P < 0.01, Supplementary Table S4b).

DSS salt significantly increased IL-8 secretion, as compared to the control (P < 0.01). GOS concentrations ranging from 50 to 200 μg/ml were effective in reducing the IL-8 secretion in DSS-treated Caco-2 cells (P < 0.01), whereas GOS concentrations from 1 to 10 μg/ml were not able to counteract the DSS-induced IL-8 secretion (Supplementary Table S4c).

DSS salt also induced TNF-α secretion as compared to the control (P < 0.01), this increase was partially reduced by 50 μg/ml GOS (P < 0.05), and totally inhibited by treatment with 100 or 200 μg/ml GOS (P < 0.01, Supplementary Table S4d).

Overall, 100 and 200 μg/ml GOS concentrations were the most effective in reducing the pro-inflammatory cytokine secretion induced by DSS. In particular, we observed that treatment with 100 or 200 μg/ml GOS was able to reduce to control level IL-6, IL-8, and TNF-α (Figure 5).



GOS Inhibited NF-kB Pathway Signaling Induced by DSS

In order to clarify the mechanism of action of this specific GOS on the inflammatory cascade, the expression level of the key proteins involved in the activation of the NF-kB pathway was analyzed by Western blot. DSS induced a significant increase of expression of TLR4, MyD88, P-IKKα, P-IKKβ (P < 0.05), P-IkBα, and P-p65 (P < 0.01), as compared to the control (Figure 6A; Supplementary Tables S5a–f). In addition, the expression of Tollip and IRAK-M, negative regulators of NF-kB cascade, was significantly reduced (P < 0.01) as compared to the control (Figure 6B; Supplementary Tables S5g,h). No significant differences for all the analyzed proteins could be observed in cells treated with 100 or 200 μg/ml GOS alone, as compared to the control.
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FIGURE 6. Inhibition of DSS induced-NF-kB signaling pathway by Bimuno GOS in Caco-2 cells. Cells were untreated, or treated with 2% DSS alone for 6 h, or treated with 2% DSS for 2 h and then with Bimuno GOS (100 or 200 μg/ml) for a further 4 h, or treated with 100 or 200 μg/ml Bimuno GOS alone for 4 h. Protein expression was analyzed by Western blot. The relative expression levels of TLR4, MyD88, Tollip, and IRAK-M were normalized to α-tubulin, whereas the phosphorylated IKK-α, IKK-β, IkB-α, and p65 were normalized to their corresponding unphosphorylated forms. (A) TLR4, MyD88, P-IKK-α, P-IKK-β, P-IkB-α, P-p65 (densitometric values). (B) Tollip and IRAK-M (densitometric values). (C) Representative Western blot of the analyzed proteins. Values represent means ± SD of three independent experiments, carried out in triplicate. Means without a common letter significantly differ, P < 0.05.


On the other hand, Caco-2 cells treated first with DSS and then with GOS had similar expression levels of all the activator proteins involved in the NF-kB inflammatory pathway (Figure 6A) and of Tollip and IRAK-M negative regulators (Figures 6B,C), as compared to control cells.

Data on P-p65 protein expression levels were confirmed by immunolocalization analysis. Immunolabeling of P-p65 showed that treatment with DSS induced a strong migration into the nucleus of P-p65, as indicated by the high fluorescence signal intensity, whereas in control cells or in cells treated with 100 or 200 μg/ml GOS alone the positive signal into the nucleus was slight or absent. In agreement with the results of Western blot analysis, treatment with 100 or 200 μg/ml GOS was able to inhibit the P-p65 migration induced by DSS treatment (Figure 7).
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FIGURE 7. Inhibition of DSS induced-P-p65 translocation by Bimuno GOS in Caco-2 cells. Cells were untreated (C), or treated with 2% DSS for 6 h, or treated with Bimuno GOS (100 or 200 μg/ml) for 4 h, or treated with 2% DSS for 2 h and then with Bimuno GOS (100 or 200 μg/ml) for further 4 h. Cell nuclei were stained with DAPI, while P-p65 was labeled with rabbit polyclonal anti-P-p65 antibody, followed by TRITC-conjugated secondary antibody. Each figure is representative of three independent assays (63 × magnification). Bars represent 10 μm.


All these results indicate that GOS was able to counteract the DSS-induced inflammatory NF-kB cascade activation.



Maintenance of Tight and Adherent Junction Protein Localization by GOS

In order to evaluate the ability of the GOS to counteract the membrane barrier damage induced by DSS in Caco-2 cells, immunolocalization of the principal tight and adherent junction proteins was performed. As reported in Figure 8A, DSS induced several damages in both ZO-1 and occludin protein distribution, as ZO-1 resulted in discontinuous cell boundaries, whereas occludin disappeared from cell boundaries and partly localized in the cell cytoplasm. Several damages induced by DSS were also present in the adherens junctions. Indeed, DSS induced the disappearance of both E-cadherin and β-catenin from the cell boundaries associated with a loss of co-localization of the two proteins. A total of 100 and 200 μg/ml GOS were able to rescue the damages induced by DSS in both tight and adherent junction protein distribution, as shown in Figure 8B.


[image: Figure 8]
FIGURE 8. Localization of tight and adherent junction proteins in Caco-2 cells. Cells were either untreated (C), or treated with 2% DSS for 6 h, or treated with Bimuno GOS (100 or 200 μg/ml) for 4 h, or treated with 2% DSS for 2 h and then with Bimuno GOS (100 or 200 μg/ml) for further 4 h. Cells were labeled with specific primary antibodies for tight (A) and adherent (B) junction proteins, followed by TRITC- and FITC-conjugated secondary antibodies for occludin and ZO-1, and for β-catenin and E-cadherin, respectively. Cell nuclei were stained with DAPI. Dissociation of occludin from the membrane is indicated by arrows. Each figure is representative of three independent immunofluorescence assays (63 × magnification). Bars represent 10 μm.





DISCUSSION

In this study, the potential benefits of a specific GOS (Bimuno GOS) for UC were tested in an established cell culture model of gut inflammation, i.e., the Caco-2 intestinal cell line, where DSS was used to induce gut inflammation and cell damage.

This study demonstrates that the specific GOS tested can counteract UC-like inflammatory characteristics, gut permeability markers, and tissue damages induced by DSS in the in vitro model. Several in vivo and in vitro studies have shown that in UC cellular junctions damages are associated with increased permeability of intestinal mucosa (44, 45). In line with these studies, we observed that DSS treatment induced cell junction opening, increased monolayer permeability, and the disappearance of tight and adherent junction proteins. Importantly, we observed that GOS on its own did not affect membrane permeability, as indicated by TEER and Papp measurements, which is essential for being a safe and potentially effective way of improving the gut inflammatory state in IBD. All damages induced by DSS to the epithelial barrier were reversed after treatment with GOS, including the DSS-induced cell damage and permeability determined by the localization of the tight junction proteins ZO-1 and occludin, and the adherent junction proteins E-cadherin and β-catenin. This demonstrates that the specific GOS could be beneficial in preventing gut barrier disruption in challenging conditions such as gut inflammation.

In active UC, expression of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF-α is usually increased, and pro-inflammatory cytokines have been clearly demonstrated to play a key role in epithelial junction remodeling and disruption (46, 47). In the present study, we demonstrated that GOS on its own did not induce the secretion of pro-inflammatory cytokines IL-1β, IL-6, IL-8, and TNF-α, whereas DSS alone as the pro-inflammatory stimulant triggered secretion of all these cytokines through the activation of the NF-kB pathway, as indicated by translocation of the phosphorylated form of p65 into the nucleus. The secretion of IL-1β, IL-6, IL-8, and TNF-α was significantly decreased when GOS was added to DSS-treated cells, compared to the DSS treatment alone. Our results are in agreement with those obtained by Hwang and colleagues, who observed that inflammatory status induced in Caco-2 cells by LPS challenge was reduced by treatment with low-molecular-weight polysaccharides showing prebiotic activity (48). It was also shown that low-molecular-weight fucoidan and high-stability fucoxanthin were able to inhibit IL-1β and TNF-α secretion to promote IL-10 and IFN-γ secretion in cells treated with LPS, indicating that these compounds could exert anti-inflammatory activity on intestinal cells. In this study, the most effective GOS concentrations in dampening pro-inflammatory cytokine secretion were 100 and 200 μg/ml. A more detailed analysis demonstrated that proteins of the NF-kB signaling pathway were involved in the pro-inflammatory cascade induced by DSS. Indeed, 2% DSS induced the NF-kB inflammatory pathway, as shown by the increase of TLR4, MyD88, P-IKKα, P-IKKβ, P-IkBα, and P-p65 and the reduction of negative regulators Tollip and IRAK-M protein expression levels. Bimuno GOS inhibited the DSS-induced expression levels of TLR4, MyD88, P-IKKα, P-IKKβ, P-IkBα, and P-p65, which were restored to control levels.

Our results are in agreement with those shown in a previous study conducted by Wu et al., where Caco-2 cells were treated with several pro-inflammatory agents, however, other prebiotics, such as inulin or FOS, were used (38). Interestingly, we also observed that GOS was able to restore the expression levels of NF-kB negative regulators, Tollip and IRAK-M. Although the role of Tollip and IRAK-M in IBD is not yet clarified, in a study conducted on biopsies from CD and UC patients, Fernandes et al. reported a reduced Tollip expression, similar to our findings (49). However, in contrast to our data reported here, these authors observed an increase in IRAK-M, and concluded that the up-regulation of IRAK-M was a mechanism to counteract the high level of inflammation. Nevertheless, the role of IRAK-M has been highlighted in the IRAK-M −/− mice model orally treated with DSS (50). In line with our findings, the authors showed that IRAK-M plays a key role in downregulating the induction and progression of DSS colitis through the modulation of proinflammatory cytokines such as TNF-α and IL-6. The role of IRAK-M has been extensively investigated in several studies reporting its role in LPS and DSS inflammatory state induction. Both LPS and DSS act through TLR4 signaling and modulate NF-kB and MAPK cascade in in vitro and in vivo studies. IRAK-M deficiency was shown to be responsible for the intestinal inflammation onset, suggesting a possible impairment in the negative regulation of TLR signaling causing IBD (51, 52). In our model, the ability of GOS to modulate the expression of both negative regulators Tollip and IRAK-M is important, since they were able to block the pro-inflammatory NF-kB pathway by inhibiting the transcription of inflammatory mediators.

The role of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF-α in UC pathogenesis has been well described in the literature. These cytokines are involved in pro-inflammatory responses through immune cells recruitment, followed by amplification and propagation of inflammation (53). In our model, Caco-2 cells exposed to DSS showed increased secretion of all the analyzed pro-inflammatory cytokines, as compared to the control. GOS was able to abolish the increase of pro-inflammatory cytokines induced by DSS and this indicates that GOS is able to reduce inflammation. The involvement of cytokines in the epithelial damages of UC is well known, however, only a few studies have analyzed the effect of prebiotic molecules on inflammatory process repair, as well as their ability to modulate cellular response without involving microbiota (38, 48, 54). In all these studies, the authors showed that prebiotics was able to induce an immunomodulatory effect by modulating the NF-kB pathway and cytokine secretion. Pistol and colleagues reported that in LPS-pretreated Caco-2 cells a synbiotic (grape extract plus lactobacilli mixture) treatment for 24 h induced a decrease of inflammatory cytokine secretion associated with the prevention of MAPK and NF-kB markers induction. In addition, Wu and colleagues (38) showed in an in vitro model of Caco-2 cells treated with FOS, prebiotics could directly influence the signal transduction mediated by protein kinases.

Prebiotics have been also tested in the context of irritable bowel syndrome (IBS). In an in vitro model of IBS, obtained by infection of Caco-2 cells with Salmonella typhimurium and post-infection treatment with a prebiotic blend (FOS plus GOS), prebiotics were shown to inhibit the pro-inflammatory cytokine secretion by suppressing inflammation, and this activity was not mediated by microbiota (55). Similarly, in our study, we show that GOS was able to reduce the inflammatory status in an in vitro UC-like model by acting in a microbiota-independent way. From all our data we can speculate that in DSS treated cells, GOS was able to counteract the inflammatory status and the membrane barrier damage induced by inflammatory cytokines that reverted to control level. The ability of GOS to regulate immune response was previously suggested, as it has been shown to be effective in modulating cytokine secretion in intestinal cells through TLR4 binding (56), as well as through a direct effect on intestinal cell transcriptome by modulating the expression of several genes, including some involved in antimicrobial activity and inflammatory response (36). According to previous studies, our results strongly suggest that a specific prebiotic can have a direct effect on the regulation of inflammation.

Overall, the present study identifies mechanisms of how GOS can support gut cells by improving their function, including gut barrier function, and decreasing inflammation in the context of UC, through modulation of the NF-kB pathway and pro-inflammatory cytokine secretion. The current study, although with the limitations of being a preclinical experimental setup, shows the potential of the specific GOS for the management of a challenging condition such as IBD, where gut barrier integrity and function are compromised by chronic inflammation.

We used differentiated Caco-2 epithelial cells as a suitable, reliable, and widely used model of intestinal barrier, that mimics the in vivo intestinal mucosa and allows the understanding of some mechanisms of action. We demonstrated that Bimuno GOS has direct effects in such model, by reducing pro-inflammatory cytokines and damage caused by DSS. It is noteworthy that in addition to direct effects, the Bimuno GOS used in this study has been demonstrated to have potent indirect effects involving growth stimulation of beneficial gut bacteria such as bifidobacteria (26, 33) on gut microbiota modulation, which in turn have been associated with immune system modulation (57). The gut-immune interplay is pivotal in the induction and maintenance of a non-inflammatory status and a local tolerogenic environment (58, 59). A recent study in a cohort of patients with UC demonstrated that the administration of Bimuno GOS for 6 weeks results in overall normalization of stools and reduced incidence and severity of loose stools, in addition to decreased urgency (26). A subset of patients in the remission stage had increased bifidobacterial counts. Although Wilson et al. study (26) did not investigate immune markers in patients with UC, it demonstrated a clinical improvement. The results from the current study, using the DSS model suggest a potential mechanism of action for the observed clinical outcomes in Wilson et al. (26). It remains to be explored how the immune markers are affected in the cohort of UC patients taking a prebiotic.

Finally, it is common knowledge that GOS is a mixture of multiple oligosaccharide structures. The specific GOS in this study had a relatively high abundance of the lower DP fractions, which is inherent to the manufacturing of GOS by enzymatic processes. Interestingly, a previous study conducted by Newburg and colleagues (60) has shown that trisaccharide (DP3) structures in particular and at a relatively high quantity in this GOS have strong immunological, i.e., anti-inflammatory responses in different human intestinal cell lines. This warrants further research into the specific structure—bioactivity relationships of individual GOS structures to further understand their contribution to biological, and thus immune activities. More detailed GOS structure analyses and comparisons between different GOS's, including Bimuno GOS used in the present study, have previously been published by Hernandez-Hernandez et al. (61) and Van Leeuwen et al. (62). Further to that, it should also be emphasized that generic extrapolation of effects between different GOS's cannot be made. Structure analyses have shown clear differences between individual GOS types (61, 62), and therefore each GOS product or GOS-derived fraction should be tested separately for their biological properties and activities in future research.



CONCLUSIONS

In conclusion, using DSS-treated Caco-2 cells as an in vitro UC model, we suggest that the specific GOS tested in this study can be a safe and effective way not only to modulate gut inflammation but also to potentially prevent or restore gut barrier disruption and further improve efficacy in inducing remission, although in vivo validation is necessary. Currently, various pharmaceutical options are available for the treatment of IBD, however, all with their own limitations related to efficacy, side effects, and costs (10, 63). A prebiotic supplement such as the specific GOS tested in this study could be an attractive therapeutic agent or an add-on to other treatment options including enteral nutrition for managing IBD.
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