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Basic Study
Chitin-glucan improves important pathophysiological features of irritable bowel syndrome
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Abstract
BACKGROUND
Irritable bowel syndrome (IBS) is one of the most frequent and debilitating conditions leading to gastroenterological referrals. However, recommended treatments remain limited, yielding only limited therapeutic gains. Chitin-glucan (CG) is a novel dietary prebiotic classically used in humans at a dosage of 1.5-3.0 g/d and is considered a safe food ingredient by the European Food Safety Authority. To provide an alternative approach to managing patients with IBS, we performed preclinical molecular, cellular, and animal studies to evaluate the role of chitin-glucan in the main pathophysiological mechanisms involved in IBS.

AIM
To evaluate the roles of CG in visceral analgesia, intestinal inflammation, barrier function, and to develop computational molecular models.

METHODS
[bookmark: _Hlk162363010][bookmark: _Hlk162362270]Visceral pain was recorded through colorectal distension (CRD) in a model of long-lasting colon hypersensitivity induced by an intra-rectal administration of TNBS [15 milligrams (mg)/kilogram (kg)] in 33 Sprague-Dawley rats. Intracolonic pressure was regularly assessed during the 9 wk-experiment (weeks 0, 3, 5, and 7) in animals receiving CG (n = 14) at a human equivalent dose (HED) of 1.5 g/d or 3.0 g/d and compared to negative control (tap water, n = 11) and positive control (phloroglucinol at 1.5 g/d HED, n = 8) groups. The anti-inflammatory effect of CG was evaluated using clinical and histological scores in 30 C57bl6 male mice with colitis induced by dextran sodium sulfate (DSS) administered in their drinking water during 14 d. HT-29 cells under basal conditions and after stimulation with lipopolysaccharide (LPS) were treated with CG to evaluate changes in pathways related to analgesia (µ-opioid receptor (MOR), cannabinoid receptor 2 (CB2), peroxisome proliferator-activated receptor alpha, inflammation [interleukin (IL)-10, IL-1b, and IL-8] and barrier function [mucin 2-5AC, claudin-2, zonula occludens (ZO)-1, ZO-2] using the real-time PCR method. Molecular modelling of CG, LPS, lipoteichoic acid (LTA), and phospholipomannan (PLM) was developed, and the ability of CG to chelate microbial pathogenic lipids was evaluated by docking and molecular dynamics simulations. Data were expressed as the mean ± SEM.

RESULTS
Daily CG orally-administered to rats or mice was well tolerated without including diarrhea, visceral hypersensitivity, or inflammation, as evaluated at histological and molecular levels. In a model of CRD, CG at a dosage of 3 g/d HED significantly decreased visceral pain perception by 14% after 2 wk of administration (P < 0.01) and reduced inflammation intensity by 50%, resulting in complete regeneration of the colonic mucosa in mice with DSS-induced colitis. To better reproduce the characteristics of visceral pain in patients with IBS, we then measured the therapeutic impact of CG in rats with TNBS-induced inflammation to long-lasting visceral hypersensitivity. CG at a dosage of 1.5 g/d HED decreased visceral pain perception by 20% five weeks after colitis induction (P < 0.01). When the CG dosage was increased to 3.0 g/d HED, this analgesic effect surpassed that of the spasmolytic agent phloroglucinol, manifesting more rapidly within 3 wk and leading to a 50% inhibition of pain perception (P < 0.0001). The underlying molecular mechanisms contributing to these analgesic and anti-inflammatory effects of CG involved, at least in part, a significant induction of MOR, CB2 receptor, and IL-10, as well as a significant decrease in pro-inflammatory cytokines IL-1b and IL-8. CG also significantly upregulated barrier-related genes including muc5AC, claudin-2, and ZO-2. Molecular modelling of CG revealed a new property of the molecule as a chelator of microbial pathogenic lipids, sequestering gram-negative LPS and gram-positive LTA bacterial toxins, as well as PLM in fungi at the lowesr energy conformations.

CONCLUSION
CG decreased visceral perception and intestinal inflammation through master gene regulation and direct binding of microbial products, suggesting that CG may constitute a new therapeutic strategy for patients with IBS or IBS-like symptoms.
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Core Tip: Currently available irritable bowel syndrome (IBS) treatments are often inadequate. Chitin-glucan is a novel, well-tolerated, non-digestible prebiotic considered a safe food ingredient by the European Food Safety Authority. This study suggests new capacities of chitin-glucan to target most pathophysiological mechanisms of IBS and its therapeutic potential as a promising new generation of prebiotics for patients with IBS or IBS-like symptoms.

INTRODUCTION
Irritable bowel syndrome (IBS) is a common functional gastrointestinal disorder with a worldwide prevalence of 5%-10%. It is associated with annual direct and indirect costs of more than 20 billion USD/year in the United States and is one of the leading causes of work absenteeism[1-3]. Although IBS represents a major burden for patients, the therapeutic strategies recommended by several gastroenterology societies (European, American, Canadian, Japanese, and British societies)[4-10] are often inadequate, leading to dissatisfaction among several patients with standard medical care[11,12].
Chitin-glucan is a novel, non-digestible dietary compound considered a safe food ingredient by the European Food Safety Authority (EFSA)[13]. It is the major component of the cell walls of the mycelium of Aspergillus niger (A. niger) fungi and is mainly composed of a branched β-1,3/1,6 glucan that is bound to chitin via a β-1, 4 linkage. Previous preclinical studies in rodent models[14,15], functional in vitro evaluation using the Simulator of the Human Intestinal Microbial Ecosystem model[16], and clinical exploration in healthy volunteers[17] have highlighted that oral administration of chitin-glucan at the EFSA-recommended dosage[13] induces a microbial signature of a prebiotic. Briefly, chitin-glucan is slowly fermented in all colon segments, leading to significant changes in gut microbiota composition, with a particular increase in the butyrate-producing genus Roseburia spp. and the Faecalibacterium genus, known as a fiber fermenter with strong intestinal anti-inflammatory properties[18].
To propose chitin-glucan treatment as an alternative approach for managing patients with IBS, we performed preclinical molecular, cellular, and animal studies to evaluate the role of chitin-glucan in the main physiopathological mechanisms responsible for IBS symptoms, including visceral analgesia, intestinal inflammation, and barrier function, together with the development of a computational molecular model.

MATERIALS AND METHODS
Chitin-glucan
CG from the cell wall of A. niger was obtained from Kitozyme SA (Herstal, Belgium). Rodents received a dose of 25 mg/kg body weight (BW)/d or 50 mg/kg BW/d of chitin-glucan [corresponding to a human equivalent dose (HED) of respectively 1.5 g/d and 3.0 g/d for a 70 kg man] by oral gavage once per day[14]. For in vitro studies, HT-29 cells were incubated with chitin-glucan at 500 micro (µ) g/mL or 1000 µg/mL corresponding to estimated luminal ileal concentrations of chitin-glucan calculated in healthy volunteers receiving the compound respectively at 1.5 g/d or 3.0 g/d.

Model of TNBS-induced long-lasting visceral hypersensitivity in rats
TNBS-induced long-lasting visceral hypersensitivity is a reference model for screening novel treatments for visceral pain originating in the gastrointestinal tract[19].

Rats: Animal experiments were performed in accredited facilities at the Institut Pasteur, Lille, according to governmental guidelines. All studies were approved by the local investigational Ethics Review Board (Nord-Pas-de-Calais CEEA N°75, Lille, France; protocol reference numbers 352012 and 19-2009R), and the French government agreement n° APAFIS#16100-2018070309443695 v4 (colorectal distension, CRD) and APAFIS#9148-201901101416384 v1 (colitis). Three animals were housed per cage and had free access to standard rodent chow (Safe A04 P2,5) and tap water.
Male Sprague-Dawley rats, aged 5 wk and weighing 175 g to 200 g, were obtained from Janvier labs (France). Rats were randomized into different groups using a manual procedure and acclimated to the study conditions for at least 7 d before the beginning of the pre-treatment period. Upon completion of treatment, the animals were euthanized by cervical dislocation after gaseous anesthesia (isoflurane).

TNBS-induced visceral hypersensitivity: Rats were anesthetized for 2 h using a subcutaneous injection of xylazine at 12.5 mg/kg (Bayer, Rompun 2%) and ketamin at 25.0 mg/kg, (Virbac, Ketamin 1000; 100 mg/mL). Colitis was induced by intrarectal injection of TNBS (15 mg/kg) 8 cm from the anus. Using this dose of TNBS, rats develop transitory colitis followed by a wound healing period of 4-8 wk, during which macroscopic and histological inflammation disappears but hypersensitivity to CRD persists[20].

Evaluation of visceral pain by CRD: Nociception in the animals was assessed by measuring the intracolonic pressure required to induce a behavioral response during CRD caused by the inflation of the balloon introduced in the colon. This response is characterized by an elevation of the hind part of the animal’s body and clearly visible abdominal contractions corresponding to severe contractions[21-23]. Briefly, rats were anesthetized with volatile anesthesia (2% isoflurane), a balloon[21-23] was inserted intrarectally in a minimally invasive manner 7 cm from the anus, and the catheter was taped to the base of the tail. After 5 min, rats were placed in the middle of a 40 cm × 40 cm Plexiglas box, and the catheter was connected to an electronic barostat apparatus (Distender Series IIR™, G&J Electronics). Increasing pressure was continuously applied until pain behavior was displayed or a cut-off pressure of 80 mmHg was reached.

Experimental design: Animals were weighed and randomly distributed into five groups: One control group (n = 3); four groups with colitis, including a negative control group receiving tap water (n = 8); two groups of rats treated daily by oral gavage of chitin-glucan at 1.5 g/d (n = 5) or 3.0 g/d (n = 9); and a positive control group consisting of eight rats treated under the same conditions with phloroglucinol at 1.5 g/d (Figure 1). Visceral sensitivity was assessed at regular intervals throughout the 9-week experiment, with the first evaluation at week-2 corresponding to the basal condition, week 0 just before colitis induction, and weeks 3, 5, and 7 after colitis induction (Figure 1).

Model of dextran sodium sulfate-induced colitis in mice
Mice: Nine-week-old C57BL/6 mice were obtained from Janvier labs (France). Animal experiments were conducted in accredited facilities at the Institut Pasteur, Lille, following governmental guidelines. All studies were approved by the local investigational Ethics Review Board (Nord-Pas-de-Calais CEEA N°75, Lille, France; protocol reference numbers 352012 and 19-2009R) and received French government agreement n° APAFIS#7542-20 17030609233680). Five animals were housed per cage with free access to standard rodent chow and tap water.

Induction of colitis by dextran sodium sulfate: C57BL/6 mice received 1.5% dextran sodium sulfate (DSS, 45kD; TDB Consultancy AB, Uppsala, Sweden, Ref DB001-42) in their drinking water for 14 d (from day 0 to day 14), followed by 3 d of regular water after the last administration of DSS.

Experimental design: Mice were weighed and randomly distributed into 3 groups with colitis including a negative control receiving tap water (n = 8), and 2 groups of rats treated by daily oral gavage of chitin-glucan at 1.5 g/d (n = 10) or 3.0 g/d (n = 10). Preventive treatment with chitin-glucan was started 7 d before colitis induction on day 0 and continued until sacrifice at day 17[24] (Figure 2).

Clinical evaluation: The Disease Activity Index (DAI, 0-5) is a simple scoring system ranging from 0 to 5 used to determine the severity of colitis in mice[24]. It is calculated based on the evaluation of body weight loss compared to baseline at day 0 (0: No weight loss; 1: ≤ 10%; 2: > 10%), stool consistency (0: Well-formed pellets; 1: Soft pellets; 3: Liquid stools), and the presence of blood or occult blood in the feces (0-1) (Table 1). DAI was assessed by an investigator blinded to the protocol on day -7, day 0, and day 14. The presence of occult blood was recorded using the hemoccult method.

Histologic score (0-18): Transparietal colon samples were embedded in paraffin and stained with May-Grunwald-Giemsa stain. Multiparametric histologic scoring (0-10), as described by Dieleman et al[25], was performed blindly by two investigators. This score grades the severity and extent of inflammation, the intensity of cellular infiltrate in the mucosa, its extension in sub-mucosa layers, and the presence of epithelial lesions (Table 2).

Cells
HT-29 cells (ATCC® HTB-38™, Molsheim, France), a human colon carcinoma-derived epithelial cell line, were cultured separately in Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose (4.5 g/L) containing 10% fetal calf serum (DMEM 10% FCS, PAA Laboratories, Les Mureaux, France), and antibiotics (streptomycin 100 μg/mL and penicillin 100 units/mL, Sigma Aldrich, St. Quentin Fallavier, France).

Experimental design: The biological effects of chitin-glucan were evaluated under basal conditions after incubating the cells with chitin-glucan for 3 h at 500 µg/mL or 1000 µg/mL. To mimic inflammatory conditions, HT-29 cells were incubated with lipopolysaccharide (LPS) at 10 ng/mL for 24 h, as previously described[26]. After washing, cells were incubated with culture medium containing chitin-glucan (500 µg/mL or 1000 µg/mL) and (LPS 10 nanog/mL) for an additional 3 h. All experiments were performed in triplicate and repeated thrice for reproducibility. Cell viability was determined using the trypan blue exclusion assay.

mRNA quantification in cells: Cells were homogenized, and the mRNA expression of the main analgesic-related genes [µ-opioid receptor (MOR), cannabinoid receptor 2 (CB2), peroxisome proliferator-activated receptor alpha (PPARa), inflammation-related genes interleukin (IL)-1b, IL-8, and IL-10], and intestinal barrier-related genes [MUC2, MUC5AC, zonula occludens (ZO)-1, ZO-2, and claudin-2] were assessed by quantitative RT-PCR. Briefly, total RNA was extracted using the Nucleospin RNA Kit (Macherey-Nagel, Hoerdt, France). After RNAse inactivation, total RNA was cleaned of traces of genomic DNA via DNase treatment and eluted in RNAse- and DEPC-free water. The RNA purity was evaluated by UV spectroscopy using a Nanodrop system at wavelengths ranging from 220 nm to 350 nm. One microgram of total RNA was used to perform quantitative RT-PCR using LightCycler FastStart DNA Master SYBR Green I (Roche diagnostics, Indianapolis, IN, United States), according to the manufacturer’s protocol. The sequences and relative NCBI reference sequences of the primer sets are listed in Table 3. For each reaction, a critical threshold cycle (Ct) value indicating the cycle number at which DNA amplification was determined. The relative gene expression value was calculated as E = 2-ΔCt, where ΔCt is the difference in crossing points between GAPDH and each gene.

Molecular modelling of chitin-glucan: Molecular modelling studies were performed using SYBYL software version 7.2 (SYBYL; 7.2 ed.; Tripos Associates Inc., 1699 South Hanley Road, St. Louis, MO 63144, United States). A three-dimensional model of the compounds was built from a standard fragment library, and their geometries were subsequently optimized using the Tripos force field[27], including the electrostatic term calculated from the Gasteiger and Hückel atomic charges. The Powell method available in the Maximin 2 procedure was used for energy minimization until the gradient value was < 0.001 kcalorie/mol.Å.
A chitin-glucan model composed of a chitin moiety containing six units of N-acetyl-D-glucosamine (33%) covalently linked to a ß-D-glucan moiety containing 14 units of D-glucose (67%) was built. Its ability to chelate LPS, lipoteichoic acid (LTA), and phospholipomannan (PLM) was evaluated using classical molecular dynamics (MD) simulations performed at a constant temperature (300 K) in vacuo for a total period of 2100 ps. The target temperature was achieved by slowly heating the system to 50 K for 4 ps. The atomic velocities were initialized to a Maxwell distribution consistent with the selected interval temperatures. The Verlet algorithm was used with time steps of 0.001 ps, and bond lengths were constrained to their equilibrium values using the SHAKE algorithm. The results (coordinates, energies, and velocities) were collected every 0.025 ps during the simulations. The last 2000 ps (corresponding to 80000 conformers) were analyzed. The most stable complexes were energy-minimized. Molecular surfaces were calculated using the MOLCAD module implemented in the SYBYL software.

Statistical analysis
All comparisons were performed using a Permutation Test for two independent samples. Statistical analyses were carried out using StatXact software (Cytel Inc., Cambridge, MA, United States). Differences were considered statistically significant if the P value was < 0.05.

RESULTS
Antinociceptive effects of chitin-glucan
In control rats receiving tap water, a mean pressure of 46.0 mmHg ± 0.9 mmHg was required to induce pain. The two-week treatment with chitin-glucan at 3 g/d decreased normal visceral perception with a significant 14% increase in the pain threshold compared to untreated rats (52.5 mmHg ± 1.1 mmHg vs 46.0 mmHg ± 0.9 mmHg, P < 0.01). No significant modification of pain thresholds was observed in animals treated under the same conditions with chitin-glucan at 1.5 g/d (47.5 mmHg ± 0.8 mmHg vs 46.0 mmHg ± 0.9 mmHg, NS) or phloroglucinol (49.4 mmHg ± 1.2 mmHg vs 46.0 mmHg ± 0.9 mmHg, NS) compared to controls rats (Figure 3).
Compared to control rats, animals exposed to TNBS developed a significant and long-lasting hypersensitivity observed 3 wk after TNBS administration (36.2 mmHg ± 1.1 mmHg vs 50.0 mmHg ± 0.0 mmHg, -28%) (P < 0.01) and maintained at week 5 (34.4 mmHg ± 1.1 mmHg vs 48.3 mmHg ± 1.7 mmHg, -29%) (P < 0.01) and week 7 (33.1 mmHg ± 0.9 mmHg vs 46.7 mmHg ± 1.7 mmHg, -29%) (P < 0.01). A dose- and time-dependent analgesic effect of chitin-glucan was observed compared to control animals beginning from week 5 at 1.5 g/d (41.2 mmHg ± 1.2 mmHg vs 34.4 mmHg ± 1.1 mmHg, +20%) (P < 0.01) and from week 3 at 3.0 g/d (45.5 mmHg ± 1.4 mmHg vs 36.20 mmHg ± 1.12 mmHg, +25%) (P < 0.001). At the end of the experiment, the decrease in pain perception reached 51% in rats receiving chitin-glucan at 3.0 g/d (50.0 mmHg ± 1.6 mmHg vs 33.1 mmHg ± 0.9 mmHg, P < 0.0001). The kinetics and amplitude of the analgesic effects observed in rats receiving phloroglucinol were similar to those observed in animals treated with chitin-glucan at 1.5 g/d (Figure 3).

Anti-inflammatory effects of chitin-glucan in DSS-induced colitis mice
Disease activity index: Untreated mice with colitis had a DAI score of 2.0 ± 0.3, characterized by soft stools and episodic blood or occult blood in their stools. No significant weight loss was observed. Compared to untreated animals, chitin-glucan at 1.5 g/d or 3.0 g/d significantly improved the DAI score, leading to 50% decrease, with a restoration of stool consistency in most animals (Figures 4A).

Histological scores: Histologic lesions (5.7 ± 1.7) in untreated animals receiving DSS were characterized by slight to moderate inflammation, mainly located in the mucosa and submucosa, with damage to basal crypts and only partial tissue repair with crypt deletion. A dose-dependent decrease in histologic scores was observed in animals treated with chitin-glucan at 1.5 g/d (4.5 ± 1.0, NS) and 3.0 g/d (2.3 ± 0.4, P = 0.04) leading to a 50% decrease in inflammation severity scores (0.6 ± 0.1 vs 1.2 ± 0.4; P = 0.10), and limited inflammation to the epithelium (0.7 ± 0.2 vs 1.2 ± 0.3; P = 0.10) with complete regeneration of the mucosa without crypt damage (0.0 ± 0.0 vs 1.3 ± 0.5; P = 0.02) (Figure 4B).

Molecular mechanisms contributing to chitin-glucan effects
Modulation of analgesic-related receptors (MOR, CB2, and PPARa): Compared to untreated cells, a significant and similar increase of MOR mRNA levels was observed in HT-29 cells incubated with chitin-glucan at 500 µg/mL (5.39 × 104 ± 1.99 × 104 vs 1.00 ± 0.16, P = 0.017) or 1000 µg/mL (6.07 × 104 ± 2.43 × 104 vs 1.00 ± 0.16, P = 0.002) (Figure 5A). This increased expression of MOR mRNA was also observed at a similar level when LPS-stimulated HT-29 cells were incubated with chitin-glucan at 500 µg/mL (3.35 × 104 ± 8.95 × 103 vs 1.00 ± 0.27, P = 0.017) or 1000 µg/mL (4.50 × 104 ± 1.13 × 104 vs 1.00 ± 0.27, P = 0.004) (Figure 5B). Irrespective of the inflammatory status of HT-29 cells, a similar induction of CB2 mRNA expression was found in HT-29 cells after incubation with chitin-glucan at 500 µg/mL (2.51 × 104 ± 9.54 × 103 vs 1.00 ± 0.12, P = 0.002) or 1000 µg/mL (2.52 × 104 ± 8.43 × 103 vs 1.00 ± 0.12, P = 0.002) (Figures 5A and B). No relevant modification of PPARa mRNA levels was observed in quiescent or LPS-stimulated HT-29 cells after incubation with chitin-glucan, irrespective of the concentration used (500 µg/mL or 1000 µg/mL).

Modulation of inflammatory-related cytokines (IL-1b, IL-8, and IL-10): Treatment of HT-29 cells with CG at 500 µg/mL or 1000 µg/mL significantly and similarly decreased the basal production of inflammatory cytokines IL-1b (95% and 92%, respectively) and IL-8 mRNA (97% for both concentrations), along with a 4-log increase in the expression of IL-10 mRNA (3.4 × 104 ± 1.1 × 104; P = 0.002 and 4.1 × 104 ± 1.6 × 104; P = 0.002, respectively) (Figure 6A). Moreover, incubation of LPS-stimulated HT-29 cells with chitin-glucan at 500 µg/mL or 1000 µg/mL prevented the increased production of IL-1b and IL-8 mRNA while maintaining a strong induction of IL-10 mRNA expression (Figure 6B).

Modulation of intestinal barrier-related molecules (MUC2/5AC, ZO-1/2, and claudin-2): Compared to untreated HT-29 cells, those treated with chitin-glucan used at 500 or 1000 µg/mL induced the expression of MUC5AC (86.50 ± 22.80 vs 1.00 ± 0.10, P = 0.002 and 98.90 ± 10.70 vs 1.00 ± 0.05, P = 0.002, respectively), ZO-2 (56.60 ± 5.90 vs 1.00 ± 0.10, P = 0.002 and 150.60 ± 29.30 vs 1.00 ± 0.10, P = 0.005, respectively) and claudin-2 mRNA (18.00 ± 4.50 vs 1.00 ± 0.01, P = 0.008 and 22.50 ± 3.60 vs 1.00 ± 0.01, P = 0.008, respectively) (Figure 7A). Similar induction was observed with chitin-glucan in LPS-stimulated HT-29 cells (Figure 7B). No significant modification of MUC2 and ZO-1 mRNA levels was observed after treatment with CG (500 µg/mL or 1000 µg/mL), independently of the inflammatory status of HT-29 cells (Figure 7).

Chelation of LPS, LTA, and PLM by chitin-glucan complexes
The lowest energy conformations from the MD trajectories showed the ability of chitin-glucan to chelate/complex both bacterial toxins (LPS and LTA) and fungal toxin (PLM). The high flexibility of the polysaccharide chain allowed it to wrap around LPS (Figure 8), LTA (Figure 9), and PLM (Figure 10). For LPS, the chitin-glucan folded into a hairpin to form a cavity hosting LPS in the middle (Figure 8B). LPS interacts with chitin-glucan via a network of 18 hydrogen bonds, mainly between the hydrophilic glucan moiety of chitin-glucan and the hydrophilic antigen O moiety of LPS (Figure 8C). The terminal part of the chitin-glucan moiety was wrapped around the lipophilic lipid A moiety of LPS (Figure 8C). Concerning LTA, chitin-glucan folded to form a small hole between the chitin and glucan moieties, occupied by the shortest lipid side chain of LTA (Figure 7B), and interacted with chitin-glucan via four hydrogen bonds (Figure 9C). For PLM, chitin-glucan formed a cavity hosting the PLM in its middle (Figure 10B). PLM was distributed on both sides of the cavity according to the degree of lipophilicity of its moieties (Figure 10C) and interacted with chitin-glucan via a network of 13 hydrogen bonds distributed around the cavity (Figure 10D).

DISCUSSION
IBS is a chronic functional gastrointestinal disorder diagnosed according to symptom-based criteria defined by the ROME IV classification[28]. IBS is a heterogeneous disorder with multiple physiopathological mechanisms[29]. Exposure to pathogenic organisms, changes in host-microbiota interactions, and disruption of the intestinal barrier can affect the gut-brain axis, triggering locally persistent low inflammation and altering visceral sensitivity[29]. Studies on the basic molecular mechanisms that enhance IBS management and facilitate the development of new, specific targeted treatments are important. In the present study, we investigated the functional and molecular gastrointestinal responses to chitin-glucan administration, particularly in relation to the main pathophysiological mechanisms of IBS. We showed that chitin-glucan decreased visceral pain perception and intestinal inflammation rapidly and significantly through master gene regulation in pain, inflammation, and intestinal barrier function, and may neutralize harmful substances in the intestinal lumen, such as microbial cell walls.
Visceral hypersensitivity is a key symptom of IBS. CRD in rats is the most widely used method for assessing visceral pain due to its ease of use and robust reproducibility[23,30]. In this model, we evaluated the functional characteristics of chitin-glucan, a novel dietary prebiotic used in humans at recommended dosages of 1.5 g/d and 3.0 g/d[13]. In untreated rats, a mean CRD of 46.0 mmHg ± 0.9 mmHg was required to induce pain, characterized by clearly visible abdominal contractions and elevation of the hind part of the animal’s body[21-23]. Oral administration of chitin-glucan at a HED of 3 g/d for 15 d decreased normal visceral perception, allowing for a significant 14% increase in the pain threshold under normal conditions. To more accurately evaluate the functional characteristics of chitin-glucan in the modulation of visceral pain, we induced intestinal hypersensitivity by local administration of TNBS. Compared to rats under normal conditions, intra-rectal administration of a low concentration of TNBS induces higher and long-lasting visceral hypersensitivity, making this model the reference for screening novel treatments for visceral pain originating within the gastrointestinal tract[19]. In rats with visceral hypersensitivity, oral administration of chitin-glucan (1.5 g/d decreased visceral perception by 20% five weeks after TNBS administration with a dose- and time-related analgesic effect leading, at 3.0 g/d, to a rapid 25% inhibition of pain perception three weeks after colon sensitization, reaching up to 50% at seven weeks. In the present study, we used phloroglucinol as a positive control under the same conditions as chitin-glucan. Phloroglucinol is a well-tolerated phenol derivative with antispasmodic properties that has long been used in clinical practice for painful gastrointestinal conditions, particularly in patients with IBS[31-33]. Using the most relevant, robust, and reliable animal model of chronic visceral pain to screen promising therapies to alleviate visceral pain[19], chitin-glucan at 3.0 g/d showed more rapid and two-fold superior analgesic effects compared to the positive control treatment phloroglucinol used at conventional dosages[31].
There are few effective analgesic options to manage chronic visceral pain, except for opioids, which require parenteral administration and have numerous adverse side effects. Compared to a previous study[23], the administration of chitin-glucan at 3.0 g/d resulted in an antinociceptive effect of the same magnitude as that induced by the subcutaneous administration of 3 mg morphine per kg body weight. Therefore, we hypothesized that Chitin-glucan induces the expression of receptors on epithelial cells, which locally control the transmission of nociceptive information to the intestinal nervous system. Opioid[34,35] and cannabinoid[36] systems are important pathways involved in visceral sensory signaling and intestinal motility. Most ligands activating the MOR and CB2R signal also target several other pathways involving PPAR-a to mediate synergistic antinociceptive activities[37,38]. Since these receptors are highly expressed in epithelial cells[23,39], we conducted a series of in vitro experiments using human intestinal HT-29 epithelial cells showing increased expression of MOR and CB2R mRNA, starting after cell incubation with different concentrations of chitin-glucan, without significant modification of PPARa mRNA levels.
Gut inflammation is a major risk factor for developing long-lasting visceral hypersensitivity[40]. Within the gastrointestinal tract, low-grade mucosal inflammation with variable-intensity immune activation is present in patients with IBS[41], particularly in those with post-infection IBS or IBS with diarrhea[5]. In rats with long-lasting visceral hypersensitivity induced by intra-rectal administration of TNBS, active inflammation of the colon is present a few days after TNBS exposure, followed by a recovery period of 4-8 wk, where overt signs of inflammation disappear, but hypersensitivity to CRD persists[19]. To gain insight into the mechanisms underlying the improvement of TNBS-induced visceral hypersensitivity in rats by chitin-glucan, we analyzed the effects of chitin-glucan specifically on colitis in one of the most commonly used models of intestinal inflammation induced by the oral administration of DSS[24,25]. We showed that oral administration of chitin-glucan provides a therapeutic benefit in established DSS-induced inflammatory lesions of the colon, decreasing the intensity of inflammation by 50%, leading to complete regeneration of the colonic mucosa without crypt damage, resolution of clinical manifestations, and restoration of stool consistency in most animals. In vitro, using human intestinal HT-29 epithelial cells, chitin-glucan used at clinically and biologically relevant concentrations was able to increase the expression of IL-10 mRNA, which is an important player in the regulation of intestinal inflammation[42]. Furthermore, the anti-inflammatory activity of chitin-glucan was investigated in LPS-stimulated HT-29 epithelial cells, showing potent inhibition of major inflammatory cytokine genes, such as IL-1b and IL-8. Regarding the importance of developing new treatments for IBS guided by physiopathology, the anti-inflammatory properties of chitin-glucan are potentially important, as they target a relevant physiopathological mechanism associated with IBS[29].
Increased intestinal permeability is a pathophysiological observation in IBS, observed mostly in the diarrhea-predominant patient subgroup[43,44]. The intestinal epithelium is the main protective barrier used to regulate the contact between luminal antigens, including microbe-derived molecules, and immune cells located below the lamina propria and submucosa. This epithelial barrier comprises occlusive intracellular tight junctions consisting of transmembrane proteins, such as claudins and zonula occludens molecules, as well as a dense film of mucus containing glycosylated glycoproteins called mucins, where MUC2, MUC3, MUC4, and MUC5AC are among the most expressed in the human colon or small bowel[45]. We previously demonstrated the protective effect of chitin-glucan fermentation products on inflammation-induced epithelial barrier disruption and the production of inflammatory cytokines[16]. In the present study, the incubation of HT-29 epithelial cells with chitin-glucan resulted in increased levels of MUC5AC, claudin-2, and ZO-2 mRNA. HT-29 cells share similarities with enterocytes of the human small intestine, and this cell line is a valuable in vitro model for studying molecules constituting tight junctions, mucin expression, and the intestinal epithelial response to bacterial infection[46]. Taken together, these findings suggest that in addition to chitin-glucan fermentation products, chitin-glucans may also have a direct effect on epithelial cells to preserve barrier integrity.
Microbial cell walls contain pathogenic lipids, including LPS and LTA, in gram-negative and gram-positive bacteria, and PLM in fungi[47]. These compounds are present in large quantities in the intestinal lumen and act as major ligands for Toll-like receptors (TLR-2-4-6) and other innate immune receptors that trigger inflammatory responses[48]. Therapeutic strategies involving intestinal sequestration and clearance of these pathogenic lipids have been successfully evaluated in patients with IBS using the mineral clay diosmectite[49]. Other pathogenic lipid-sequestering molecules have already been identified in marine chelicerates and crustaceans[50-53]. Chitin is found in the exoskeletons of marine invertebrates, insects, arachnids, and the cell walls of various fungi and algae[52]. Although chitin-glucan has antimicrobial activity against a large number of microorganisms[53], the mechanisms underlying these antibacterial and antifungal activities remain unknown. Therefore, we developed a molecular model of chitin-glucan and performed molecular docking and molecular dynamic simulations to evaluate the ability of chitin-glucan to chelate LPS, LTA, and PLM. In silico findings revealed that the high flexibility of chitin-glucan formed a cavity around LPS through a network of 18 hydrogen bonds interacting with the lipid A structure of LPS, which is the active and most conserved component of LPS, acting as a pathogen-associated molecular pattern[54]. Similar interactions were observed between chitin-glucan complexes and LTA or PLM. Collectively, these results suggest that the antimicrobial activity of chitin-glucan may be involved, at least in part, in a new property of the complex as a chelator of pathogenic lipids.

CONCLUSION
Current IBS treatments are often inadequate, and only a small percentage of patients are on prescription therapies, underscoring the potential market and need for additional therapeutic options. The multifactorial pathogenesis of IBS has led to the development of diverse treatment strategies. In the present study, the prebiotic chitin-glucan produced potent and non-tolerance-forming anti-nociception, together with the modulation of intestinal inflammation through intestinal intestinal master gene regulation and chelation of harmful microbial products in the gastrointestinal tract. These results advance our understanding of the mechanisms of action of chitin-glucans in the gut and augment the implementation of evidence-based chitin-glucan treatments in patients with IBS or IBS-like symptoms.
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Figure Legends
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Figure 1 Long-lasting visceral hypersensitivity in rats. Chitin-glucan analgesic effect evaluated by pain thresholds at week (W)-2-0-3-5-7.
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Figure 2 Dextran sodium sulfate-induced colitis in C57BL/6 mice. DSS: Dextran sodium sulfate; DAI: Disease activity index.
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Figure 3 Time- and dose-related analgesic effects of chitin-glucan in rats with long-lasting TNBS-induced hypersensitivity. Inhibition of pain perception in % at week (W) 0-3-5-7 compared to W-2 in untreated animals receiving tap water (Control in blue), untreated animals sensitized by TNBS (TNBS in black), TNBS sensitized rats treated with phloroglucinol (Phloro in grey), TNBS sensitized rats treated with chitin-glucan at 1.5 g/d [chitin glucan (CG) 1.5 g/d in green], TNBS sensitized rats treated with chitin-glucan at 3.0 g/d (CG 3.0 g/d in red). aP < 0.05, bP < 0.01, cP < 0.001. CG: Chitin glucan.
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Figure 4 Improvement of clinical and histological scores in animals with colitis receiving chitin-glucan treatment. A: Stool consistency in mice with colitis [Dextran sodium sulfate (DSS), black] was improved by chitin glucan (CG) treatment at a concentration of 1.5 g/d (DSS + CG: 1.5 g, green), or 3 g/d (DSS + CG: 3.0 g, red); B: Disease activity index (DAI) in mice with colitis (DSS, black) was improved by CG treatment at 1.5 g/d (DSS + CG: 1.5 g, green), or 3.0 g/d (DSS + CG: 3.0 g, red); C: Regeneration score in mice with colitis (DSS-induced, black) was improved by CG treatment at 1.5 g/d (DSS + CG: 1.5 g, green), or 3.0 g/d (DSS + CG: 3.0 g, red); D: Histologial score in mice with colitis (DSS, black) was improved by CG treatment at 1.5 g/d (DSS + CG: 1.5 g, green), or 3.0 g/d (DSS + CG 3.0 g, red). aP < 0.05. DSS: Dextran sodium sulfate; CG: Chitin glucan; DAI: Disease activity index.
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Figure 5 Modulation of analgesic-related receptors in HT-29 cells incubated with chitin-glucan at different concentrations, with or without lipopolysaccharide stimulation. A: Modulation of analgesic-related receptors in non-stimulated HT-29 cells incubated for 3 h in medium alone (medium), chitin-glucan at 500 microgram per milliliter [chitin glucan (CG) 500, grey], or chitin-glucan at 1000 microgram per milliliter (CG 1000, dark grey); B: Modulation of analgesic-related receptors in HT-29 cells stimulated during 24 h with lipopolysaccharide (LPS) and incubated 3 additional hours in medium alone (LPS), chitin-glucan at 500 microgram per milliliter (LPS + CG: 500, hatched grey), or chitin-glucan at 1000 microgram per milliliter (LPS + CG: 1000, hatched dark grey). aP < 0.05, bP < 0.01. MOR: Mu-opioid receptor; CB2: Cannabinoid receptor; CG: Chitin glucan; LPS: Lipopolysaccharide.
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Figure 6 Modulation of inflammatory-related cytokines in HT-29 cells incubated with chitin-glucan at different concentrations, with or without lipopolysaccharide stimulation. A: Modulation of inflammatory-related cytokines in non-stimulated HT-29 cells incubated for 3 h in medium alone (medium, white), chitin-glucan at 500 microgram per milliliter [chitin glucan (CG): 500, grey)], or chitin-glucan at 1000 microgram per milliliter (CG 1000, dark grey); B: Modulation of inflammatory-related cytokines in HT-29 cells stimulated during 24 h by lipopolysaccharide (LPS) and incubated 3 additional hours in medium alone (LPS, hatched white), chitin-glucan at 500 microgram per milliliter (LPS + CG 500, hatched grey), or chitin-glucan at 1000 microgram per milliliter (LPS + CG 1000, hatched dark grey). bP < 0.01. IL-1b: Interleukin-1 beta; IL-8: Interleukin-8; IL-10: Interleukin-10; CG: Chitin glucan; LPS: Lipopolysaccharide.
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Figure 7 Modulation of intestinal barrier-related molecules in HT-29 cells incubated with chitin-glucan at different concentrations, with or without lipopolysaccharide stimulation. A: Modulation of intestinal barrier-related molecules in non-stimulated HT-29 cells incubated for 3 h in medium alone (medium, white), chitin-glucan at 500 microgram per milliliter [chitin glucan (CG): 500, grey)], or chitin-glucan at 1000 microgram per milliliter (CG 1000, dark grey); B: Modulation of intestinal barrier-related molecules in HT-29 cells stimulated during 24 h by lipopolysaccharide (LPS) and incubated 3 additional hours in medium alone (LPS, hatched white), chitin-glucan at 500 microgram per milliliter (LPS + CG: 500, hatched grey), or chitin-glucan at 1000 microgram per milliliter (LPS + CG: 1000, hatched dark grey). bP < 0.01. MUC5AC: Mucin-5AC; ZO-2: Zonula occludens-2; CG: Chitin glucan; LPS: Lipopolysaccharide.
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Figure 8 Molecular modelling of interaction between lipopolysaccharide and chitin-glucan. A: Trapping of lipopolysaccharide (LPS) (O antigen moiety colored in yellow and lipid A moiety colored in magenta) by chitin-glucan (CG) (chitin moiety colored in orange and glucan moiety colored in green); B: Folding of CG into a hairpin showing the cavity that hosts LPS in its middle (chitin moiety colored in orange and glucan moiety colored in green); C: Interactions of LPS (O antigen moiety colored in magenta and lipid A moiety colored in blue) with CG (chitin moiety colored in orange and glucan moiety colored in green) via a network of 18 hydrogen bonds (yellow dashed line).
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Figure 9 Molecular modelling of interaction between lipoteichoic acid and chitin-glucan. A: Trapping of lipoteichoic acid (LTA) (colored in yellow) by chitin-glucan (CG) (chitin moiety colored in orange and glucan moiety colored in green); B: Folding of CG showing a small hole occupied by the shortest lipidic side chain of LTA (chitin moiety colored in orange and glucan moiety colored in green); C: Interactions of LTA (colored in magenta) with CG (chitin moiety colored in orange and glucan moiety colored in green) via four hydrogen bonds (yellow dashed line).
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Figure 10 Molecular modelling of interaction between phospholipomannan and chitin-glucan. A: Trapping of phospholipomannan (PLM) (colored in yellow) by chitin-glucan (CG) (chitin moiety colored in orange and glucan moiety colored in green); B: Folding of CG showing the large cavity that hosts PLM in its middle (chitin moiety colored in orange and glucan moiety colored in green); C: Lipophilic potential surfaces (according to the lipophilicity scale from blue for the minimum until brown for the maximum) of PLM trapped by CG (chitin moiety colored in orange and glucan moiety colored in green); D: Interactions of PLM (colored in magenta) with CG (chitin moiety colored in orange and glucan moiety colored in green) via a network of 13 hydrogen bonds (yellow dashed line).

Table 1 Disease activity index (0-5)
	Parameters
	Scores

	Weight loss
	0: No; 1: < 10%; 2: ≥ 10%

	Stool consistency
	0: Regular; 1: Soft; 2: Diarrhea

	Blood occurrence
	0: Absence; 1: Presence




Table 2 Histological score (0-18)
	Parameters
	Score
	Description

	Severity of inflammation
	0
	None

	
	1
	Slight

	
	2
	Moderate

	
	3
	Severe

	Extent
	0
	None

	
	1
	Mucosa

	
	2
	Mucosa and submucosa

	
	3
	Transmural

	Regeneration 
	4
	No tissue repair

	
	3
	Surface epithelium not intact

	
	2
	Regeneration with crypt depletion

	
	1
	Almost complete regeneration

	 
	0
	Complete regeneration or normal tissue

	Crypt damage
	0
	None

	
	1
	Basal 1/3 damaged

	
	2
	Basal 2/3 damaged

	
	3
	Only surface epithelium intact

	
	4
	Entire crypt and epithelium lost

	Involvement
	1
	1%-25%

	
	2
	26%-50%

	
	3
	51%-75%

	
	4
	76%-100%



Table 3 Sequences of the primers
	Human genes
	Primer sequences (5’-3’)

	GAPDH
	F: 5’-GAC ACC CAC TCC TCC ACC TTT-3’

	
	R: 5’-TTG CTG TAG CCA AAT TCG TTG T- 3

	IL-1b
	F: 5’-GAT GCA CCT GTA CGA TCA CT-3’

	
	R: 5’-GAT GCA CCT GTA CGA TCA CT-3’

	IL-8
	F: 5’-AAA TCA GGA AGG CTG CCA AGA-3’

	
	R: 5’-AAG GAA CCA TCT CAC TGT GTG TAA AC-3’

	IL-10
	F: 5’-ACTTTAAGGGTTACCTGGGTTGC-3’

	
	R: 5’-TCACATGCGCCTTGATGTCTG-3’

	PPARa
	F: 5’-CCA GTA TTT AGG AAG CTG TCC-3’ 

	
	R: 5’-AAG TTC TTC AAG TAG CCC TCG-3’

	MOR
	F: 5’-GAT CAT GGC CCT CTA CTC CA-3’

	
	R: 5’-TGG TGG CAG TCT TCA TCT TG-3’

	CB2
	F: 5’-GCT AAG TGC CCT GGA GAA CGT-3’

	
	R: 5’- TCA GCC CCA GCC AAG CT-3’

	ZO-1
	F: 5’-AGA GCA ATG GAG GAA ACA GC-3’

	
	R: 5’-CCC CAC TCT GAA AAT GAG GA-3’

	ZO-2
	F: 5’-GGA GCT GTC AGG TTG GCT C-3’

	
	R: 5’-GTC TCT GCC TCC GGA CAC T-3’

	Claudin2
	F: 5’-AAG GCT CTG CAA AGA ACT GC-3’

	
	R: 5’-CTG CCA GGC TGA CTT CTC TC-3’

	MUC2
	F: 5’-CTT CGA CGG ACT CTA CTA CAG C-3’

	
	R: 5’-CTT TGG TGT TGT TGC CAA AC-3’

	MUC5AC
	F: 5’-AGAGTGGGAGCTGGGAGAGAG-3’

	 
	R: 5’-AGCTCA-GAGGACATATGGGAGGT-3’
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