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Inflammatory bowel disease (IBD) is a chronic immune-mediated disorder characterized by prolonged inflammation of the gastrointestinal tract. IBD can result from gut barrier dysfunction, altered gut microbiota, and abnormal intestinal immunity induced by environmental factors in genetically susceptible individuals. Proton pump inhibitors (PPIs) such as rabeprazole are frequently employed for gastric acid inhibition. However, long-term PPI administration can alter the intestinal microbiome composition, possibly worsening IBD severity. The present study revealed that tegoprazan, a potassium-competitive acid blocker, significantly improved colitis in mice and enhanced the intestinal epithelial barrier function. Tegoprazan alleviated gut microbiota dysbiosis and enhanced the growth of Bacteroides vulgatus. In turn, B. vulgatus alleviated intestinal inflammation by inhibiting epithelial adhesion of pathogenic bacteria. Unlike rabeprazole, tegoprazan did not induce gut dysbiosis. Our findings provide novel insights into the potential role of tegoprazan as an intestinal protectant for IBD and as a therapeutic agent for gastric acid-related diseases.
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Introduction

Inflammatory bowel diseases (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), are immune-mediated diseases characterized by progressive inflammation affecting the gastrointestinal tract (1). Reportedly, the incidence and prevalence of IBD are growing globally, across Asia, North America, and Europe; however, the etiology of IBD remains unclear, most frequently attributed to abnormal immune responses and barrier dysfunction in the gut, catalyzed by the genetic susceptibility of the host (2, 3).

The gastrointestinal tract harbors a complex and large population of microorganisms. This microbiota plays a fundamental role in maintaining immunity, homeostasis, and protection against pathogens. The microbiota affords several beneficial effects to the host, including metabolism, nutrient synthesis, and immune system development. Furthermore, it helps maintain the intestinal barrier integrity by enhancing the production of mucus, antimicrobial peptides, and junction proteins (3). However, an imbalance in the gut microbiota, also known as “dysbiosis,” can lead to epithelial dysfunction, abnormal intestinal permeability, and intestinal inflammation. In line with these findings, epithelial defects that prolong chronic mucosal inflammation in IBD have been well documented (3).

Proton pump inhibitors (PPIs) are used worldwide to treat acid-related disorders, such as gastroesophageal reflux disease (GERD) and Helicobacter pylori infection. PPIs inhibit H+, K+-adenosine triphosphatase (H+/K+-ATPase) irreversibly in the parietal cells (4). Although PPIs possess a good safety profile, long-term PPI use has been associated with adverse effects, including bone fractures (5), pneumonia (6), Clostridium difficile infection (7), and imbalanced gut microbiota composition (8). Furthermore, recent studies have indicated that long-term PPI usage reportedly exacerbates the disease severity in patients with IBD and increases the risk of IBD-related hospitalization or surgery (9). The precise cause of these adverse effects remains unknown, but the reduced secretion of gastric acid has been deemed a significant risk factor (10). PPIs reduce stomach acidity, allowing the survival of microbes typically killed by the gastric environment, which can increase the risk of gut dysbiosis.

To overcome limitations associated with PPI therapy, including the duration of effect, irreversibility, and side-effects, potassium-competitive acid blockers (P-CABs), a new class of acid suppressants, have been developed (11). Unlike PPIs, P-CABs do not require the acid activation process to inhibit gastric H+/K+-ATPase reversibly (12). In addition, P-CABs demonstrate a more potent and longer-lasting effect on gastric acid suppression than traditional PPIs such as rabeprazole and omeprazole (13). Moreover, recent studies reported that regular use of PPIs was associated with an increased risk of IBD and its subtypes (14) and has microbiome-related side effects in humans and mice (15, 16). Tegoprazan, a recently launched P-CAB, is widely prescribed to treat GERD and peptic ulcers (17). Although it has a stronger acid inhibiting effect, its different mechanisms of action might differently affect the intestinal microbiome or epithelial tight junction compared with traditional PPIs such as rabeprazole. Potassium channels are involved in various cellular functions and cell to cell communications. However, whether P-CAB affects the severity of IBD or dysbiosis needs to be comprehensively investigated.

Herein, we aimed to clarify whether tegoprazan could be a potential intestinal protectant against IBD via tight junction and microbiome modulations and investigated the therapeutic effects of tegoprazan against colitis in a mouse model. Furthermore, we investigated the mechanism through which tegoprazan ameliorates colitis and modulates the microbiome, as well as whether PPI-induced worsening of colon damage and dysbiosis can be attributed to the acid-suppressive effect or the microbiome.



Materials and Methods


Animals

Male C57BL/6 mice (6−8 weeks old) were purchased from OrientBio (Sungnam-si, Gyeonggido, South Korea) and acclimatized for 1 week before starting the experiment. Mice were maintained at an ambient temperature of 22°C on a 12-h light/dark cycle in a specific pathogen-free facility.

All experiments using animals were reviewed and approved by the Institutional Animal Care and Use Committee of Yonsei University (Approval No. 2018-0304, 2020-0160), and all methods were performed according to the guidelines and regulations of the IACUC.

After sacrificing animals on Day 5 in the DNBS model and Day 9 in the DSS model, blood was collected from the hearts of anesthetized mice, and the entire colon and the cecal contents from the cecum were harvested for further investigations, snap-freezed, and stored in -70°C before use. The cecal tissues were washed with ice-cold phosphate-buffered saline (PBS) three times and cut using scissors 5 mm in size before snap-freezing.



Histological Analysis

Colon tissues were fixed in 10% neutral formalin solution overnight, embedded in paraffin, and stained with periodic acid-Schiff reagent (PAS). Images were acquired using a light microscope (Olympus BX41; Olympus Optical, Tokyo, Japan). The severity of symptoms was determined by scoring the extent of bowel wall thickening, crypt damage, and inflammatory cell infiltration (summarized in Supplementary Table S2) (18). Goblet cell loss in colon tissues was evaluated using ImageJ software (ver. 1.53e; National Institutes of Health, Bethesda, MD).

Quantitative reverse-transcription polymerase chain reaction (qRT-PCR), immunohistochemistry (IHC), metagenomic analysis, immunofluorescence analysis, western blotting, and flow cytometric analysis are described in the Supporting Material.



In Vivo Intestinal Permeability Assay

Intestinal permeability was evaluated by measuring paracellular permeability to 4 kDa fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich) on the day of sacrifice. Mice were orally administered 150 μL of 80 mg/mL FITC-dextran, and blood was collected 4 h after administration. Fluorescence intensity was measured using a fluorescent microplate reader (excitation: 490 nm, FITC emission: 520 nm; Varioskan Flash; Thermo Fisher Scientific).



Cell Culture and Treatment

Human colon carcinoma cell lines, HT-29 (HTB-38™, Korea Cell Line Bank, Seoul, South Korea) and Caco-2 [HTB-37™, American Type Culture Collection (ATCC), Manassas, VA], were maintained at 37°C in RPMI 1640 (SH30027.FS, HyClone™, Logan, UT) containing 10% heat-inactivated fetal bovine serum (FBS) (26140-079, Ab Frontier, Seoul, Korea) and 1% penicillin-streptomycin solution (CA005-100, GenDEPOT, Katy, TX) in a humidified incubator with 5% CO2. Caco-2 cells were cultured in Dulbecco’s modified Eagle’s medium (SH30243.FS, HyClone™) containing 10% FBS and 1% penicillin-streptomycin solution. Cell viability was assessed by trypan blue staining under a microscope. Caco-2 cells were used to assess intestinal barrier function, with barrier damage induced by treatment with 40 ng/mL tumor necrosis factor (TNF)-α (210-TA, R&D Systems, Minneapolis, MN) for 48 h.

All samples were harvested at 4 h for qRT-PCR analysis, at 24 h for Western blotting, and at 48 h for immunostaining after treatment.



In Vitro Intestinal Permeability Assay

Next, to evaluate the intestinal epithelial barrier function, Caco-2 cells were plated into the upper chamber of the Transwell system (0.4 μm pore, 3460, Corning, NY). Epithelial permeability was assessed by the analysis of transepithelial electrical resistance (TEER) and the paracellular flux of FITC-dextran (FD4, Sigma-Aldrich). The electrical resistance of the Caco-2 cell monolayers cultured in the Transwell chamber was assessed using a Millicell-ERS instrument (Millipore, Bedford, MA). FITC-dextran was added to the upper chamber at a final concentration of 1 mg/ml. Two hours after the addition of FITC-dextran, the medium from the lower chamber was collected, and fluorescence intensity was measured using a fluorescence microplate reader (Varioskan Flash 3001, Thermo Fisher Scientific).



Flow Cytometry and Cytometric Bead Array (CBA) Analysis

Plasma cytokine concentrations (Il-6 and Tnf-α) were measured using the CBA Mouse Th1/Th2/Th17 Cytokine Kit (560485, BD Biosciences, San Jose, CA), according to the manufacturer’s protocol. Samples were analyzed by flow cytometry (FACS Verse, BD Biosciences). Cytokine levels were normalized to the total protein concentration.

For flow cytometric analysis, single-cell suspensions (1×106 cells) were blocked with 2.5% normal mouse and rat serum in FACS buffer (DPBS containing 0.1% BSA) and stained for 30 min at 4°C with the appropriate antibodies. The antibodies used included monoclonal anti-CD25-PerCP-Cyanine 5.5 (PC61.5, 560503), anti-Foxp3-PE (150D/E4, 12-4774-42), and anti-CD4-FITC (GK1.5, 11-0041-82) antibodies purchased from eBioscience (San Diego, CA), and monoclonal anti-CD3-V500 (500A2, 560771) antibodies purchased from BD Biosciences. For intracellular staining, a Foxp3/Transcription factor staining buffer set was purchased from eBioscience. Data were acquired using a FACSVerse flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star, San Carlos, CA).



Bacterial Strains and Growth Conditions

Bacteroides vulgatus strains were kindly provided by Dr. Sangsun Yoon from Yonsei University. Salmonella enterica subsp. enterica serovar Typhimurium (S. typhimurium) GFP strains were purchased from ATCC (ATCC 14028GFP). Bacteroides vulgatus strains were cultivated in Gifu anaerobic medium (GAM) broth (MB-G0826, KisanBio, Seoul, Korea) under anaerobic conditions. Salmonella typhimurium strains were routinely grown at 37°C in nutrient broth containing 100 µg/ml ampicillin under aerobic conditions.

Bacterial adhesion assay is described in the Supporting Material.



Statistical Analysis

GraphPad Prism 5.0 software (GraphPad Inc., La Jolla, CA) was used for statistical analyses. We tested normality of data and the significance of the differences between the test conditions was assessed using two-way or one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test or Dunnett’s multiple comparison test for multiple comparisons. Statistical significance was set at p < 0.05.




Results


Tegoprazan Alleviates the Severity of Dinitrobenzene Sulfonic Acid (DNBS)-Induced Colitis

DNBS- and DSS-induced colitis models have been widely used as mouse models of colitis. DNBS-induced colitis presents a phenotype similar to that of human CD (19). Rectal administration of DNBS in the vehicle-treated (DNBS+Veh group) or rabeprazole (DNBS+RPZ group) groups rapidly triggered severe diarrhea, decreased mobility, and induced weight loss, resulting in significant mortality (Figures 1A–C). More than 50% of the mice died in the DNBS+Veh group, whereas 100% survival was noted in tegoprazan-treated mice (DNBS+TEGO group) (Figure 1A, P = 0.048 vs. DNBS+Veh). Although the DNBS+TEGO group exhibited similar weight loss and disease activity index (DAI) scores until Day 3, these symptoms were significantly relieved post-Day 3 when compared with the DNBS+Veh or DNBS+RPZ groups (Figures 1B, C). Additionally, the DNBS-induced reduced colon length was alleviated by tegoprazan treatment (Figure 1D).




Figure 1 | Tegoprazan alleviates DNBS-induced colitis. Colitis was induced in 8-week-old male mice by rectally administering DNBS (5 mg in 100 µL of 50% ethanol). The mice were allocated to four groups: CON (n = 6), DNBS+Veh, DNBS+TEGO, and DNBS+RPZ (each n = 8). Tegoprazan (30 mg/kg) and rabeprazole (30 mg/kg) were administered orally twice daily throughout the experiment. All drugs were dissolved in 0.5% (w/v) methylcellulose. After sacrificing animals on Day 5, the entire colon from anesthetized mice was harvested for further investigations. The detailed methods are described in the Materials and Methods section. (A) Survival rate from survival model. Survival analyses were performed using Kaplan-Meier plots for overall survival and differences were compared using a log-rank test. (B) Body weight change. (C) Disease activity index (DAI). (D) Representative images of colons and analysis of colon length. (E) Representative images following periodic acid-Schiff (PAS)-staining and histological score. Scale bars = 20 μm. (F) Goblet cell number. (G) Gene expression levels of proinflammatory cytokines (Il17, Tnfa, Il1b, and Il6). Data represent the mean of triplicate real-time quantitative RT-PCR. For (D–G), CON (n = 6), DNBS+Veh (n = 4), DNBS+TEGO, and DNBS+RPZ (each n = 6). Data represent the mean ± standard error of the mean (S.E.M). Significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 using two-way ANOVA followed by Bonferroni post hoc test (B, C) or one-way ANOVA followed by Dunnett’s multiple comparison test (D–G). ns, not significant; CON, treated with ethanol; DNBS, dinitrobenzene sulfonic acid; Veh, treated with vehicle; TEGO, treated with tegoprazan; RPZ, treated with rabeprazole.



The colon of the DNBS+Veh group exhibited significant crypt transformation, mucosal immune cell infiltration, and perforation, as revealed by histological analysis. In contrast, tegoprazan treatment significantly reduced colonic damage (Figures 1E, F). Proinflammatory cytokines play an essential role in the pathogenesis of IBD (20). qRT-PCR was performed to determine the impact of tegoprazan on inflammatory cytokines. The DNBS+TEGO group demonstrated reduced mRNA expression levels of proinflammatory cytokines, especially interleukin-17 (Il17), when compared with the DNBS+Veh group (Figure 1G). IL-17 receptor (IL-17R) signaling plays a significant role in the development of TNBS-induced colitis (21). However, in the DNBS+RPZ group, rabeprazole failed to afford protection against DNBS-induced colitis, with significantly reduced goblet cell numbers detected when compared with the DNBS+TEGO group. Collectively, these results confirmed that tegoprazan affords protection against DNBS-induced colon inflammation; this protection was not observed with rabeprazole.



Tegoprazan Attenuates DSS-Induced Colitis and Proinflammatory Responses

DSS-induced colitis presents a phenotype similar to that of human UC. To compare the anti-colitic effect of tegoprazan with that of filgotinib, a Janus kinase inhibitor, colitis was induced by administering 2.5% DSS. Notably, 2 of the 13 mice in the vehicle and filgotinib-treated groups (DSS+FILGO) died during the experiment, whereas all mice in the tegoprazan group survived (Supplementary Figure S1A). Herein, filgotinib and tegoprazan significantly restored the body weight of DSS-treated mice (Supplementary Figure S1B). Tegoprazan administration significantly improved disease manifestations in terms of DAI, colon length, histopathology, and goblet cell score (Supplementary Figures S1C, F), as well as inflammation-related markers (Muc2, Il1b, and Il6) in colon tissues (Supplementary Figures S1G, H) when compared with the DSS+Veh group. To further examine the anti-inflammatory effects of tegoprazan and rabeprazole, a milder mouse colitis model was induced by administering 2% DSS in distilled drinking water for 5 days. Compared with the control group, DSS treatment resulted in colitis symptoms such as weight loss, diarrhea, bloody stools, and colon shortening (Figures 2A–C). However, these symptoms were alleviated in tegoprazan-administered mice. The relative body weight was significantly higher in the DSS+TEGO group than in the DSS+Veh group from Day 6 of the recovery phase (Figure 2A). Furthermore, the elevated DAI score in the DSS+Veh group was markedly reduced in the DSS+TEGO group (Figure 2B). The colon length of the DSS+Veh group (6.6 ± 0.2 cm) was significantly reduced when compared with that of the control group (8.2 ± 0.2 cm); tegoprazan alleviated this phenomenon (8.3 ± 0.4 cm) (Figure 2C). However, no significant differences were observed between the DSS+Veh and the rabeprazole-treated groups in terms of weight loss, DAI, and colon length.




Figure 2 | Tegoprazan ameliorates colon damage in DSS-induced colitis. Colitis was induced in 8-week-old male mice by administering 2% DSS in distilled drinking water for 5 days, followed by normal drinking water for 4 days. Tegoprazan (30 mg/kg) and rabeprazole (30 mg/kg) were administered orally twice daily throughout the experiment. All drugs were dissolved in 0.5% (w/v) methylcellulose. After sacrificing animals on Day 9, the entire colon from anesthetized mice was harvested for further investigations. The detailed methods are described in the Materials and Methods section. (A) Body weight change. (B) Disease activity index (DAI). (C) Colon lengths and representative images. (D) Representative image following periodic acid-Schiff (PAS)-staining and histological score. Scale bars = 200 μm. (E) Total goblet cell number. (F) Gene expression level of mucin (Muc2). (G) Gene expression level of proinflammatory cytokines (Tnfa, Il1b, and Il6). (H) Gene expression level of secretory K+ channel genes (Kcnj1 and Kcnma1). Data represent the mean of triplicate real-time quantitative RT-PCR. Data represent the mean ± standard error of the mean (S.E.M): For (A–E) CON (n = 6), DSS+Veh, DSS+TEGO, and DSS+RPZ (each n = 8). For (F, G) CON (n = 6), DNBS+Veh (n = 4), DNBS+TEGO (n = 6), and DNBS+RPZ (n = 6). Significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 using two-way ANOVA followed by Bonferroni post hoc test (A, B) or one-way ANOVA followed by Dunnett’s multiple comparison test (C–H). ns, not significant; CON, normal control; DSS, treated with dextran sulfate sodium; Veh, treated with vehicle; TEGO, treated with tegoprazan; RPZ, treated with rabeprazole.



Tegoprazan-treated mice exhibited markedly ameliorated intestinal injury, reduced inflammatory cell infiltration, and significantly decreased histological scores when compared with the DSS+Veh group. However, the DSS+RPZ group displayed no marked protection against colon damage, as indicated by the high histological scores (Figure 2D). In addition, the DSS+Veh group exhibited severe goblet cell loss, whereas the DSS+TEGO group displayed significantly increased goblet cell numbers (Figure 2E). In line with the goblet cell analysis, the mRNA expression level of Muc2 in the colon was significantly upregulated in the tegoprazan-treated group when compared with the DSS+Veh group (Figure 2F).

The mRNA expression levels of Tnfa, Il1b, and Il6 were significantly increased in the DSS+Veh group. Conversely, the levels of these cytokines were significantly reduced in the tegoprazan-treated group, similar to those observed in the control group (Figure 2G). In addition, the mRNA expression levels of Kcnj1 and Kcnma1, secretory K+ channel genes, were upregulated in the DSS+Veh group when compared with the control group; however, tegoprazan or rabeprazole administration reduced these DSS-induced increased expression levels (Figure 2H), indicating that tegoprazan relieves colitis by suppressing the expression of proinflammatory factors, but not K+ channels. Collectively, these findings suggest that tegoprazan ameliorates DSS-induced colitis, although rabeprazole does not exhibit this effect.



Tegoprazan Prevents Intestinal Permeability and Loss of Tight Junction Proteins

The impaired epithelial barrier facilitates increased intestinal permeability, leading to the development of chronic inflammation (22). Because we obtained more significant effects of tegoprazan in the DSS-induced colitis model, we focused on the gut barrier function in the DSS-induced colitis model and investigated microbiome modulation by tegoprazan for a longer duration of days, resulting in immune responses altered by mucosal barrier function in the colonic epithelium. To characterize the protective effects of tegoprazan on epithelial permeability, intestinal permeability was measured using the fluorescein isothiocyanate (FITC)-dextran assay in the DSS mouse model, in which disruption of the intestinal epithelial barrier is induced by DSS. As shown in Figure 3A, intestinal permeability was markedly increased in the DSS+Veh and DSS+RPZ groups when compared with the DSS+TEGO group. As tight junctions regulate intestinal epithelial permeability, mRNA levels of tight junction-specific molecules, including Zo1 and Occludin, were analyzed. qRT-PCR results revealed that mRNA levels of Zo1 and Occludin were significantly higher in the DSS+TEGO group than those in the DSS+Veh group (Figure 3B). Furthermore, the protein levels of Zo-1 were investigated using immunohistochemistry. The DSS+Veh group exhibited significantly lower Zo-1 protein levels than the control group. Consistent with the mRNA level, the protein level of Zo-1 was remarkably ameliorated in the tegoprazan-treated group (Figure 3C). These findings suggest that tegoprazan protects the intestinal epithelial tight junction barrier and inhibits the increase in intestinal permeability.




Figure 3 | Tegoprazan restores intestinal epithelial barrier function. (A–C) In vivo intestinal permeability assay using the DSS model was described in online methods: CON (n = 6), DSS+Veh, DSS+TEGO, and DSS+RPZ (each n = 8). (A) FITC-dextran flux (arbitrary unit), plotted as percentage of control. (B) Gene expression level of Zo1 and Occludin. Data represent the mean of triplicate real-time quantitative RT-PCR. (C) Representative immunohistochemical images and densitometric analysis of Zo-1 protein. (D–F) Caco-2 cell monolayers in a Transwell plate or culture plate were treated with TNF-α (40 ng/mL) for 48 h to disrupt the epithelial barrier. (D) TEER measurement. (E) FITC-dextran flux (arbitrary unit), plotted as a percentage of control. (F) Quantification of the fluorescence intensity of E-cadherin (arbitrary unit) and representative image of E-cadherin. Data represent the mean ± standard error of the mean (S.E.M) of 3 independent experiments. Significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 using one-way ANOVA followed by Dunnett’s multiple comparison test (A−D) or two-way ANOVA followed by Bonferroni post hoc test (E). ns, not significant; CON, treated with DMSO; TNF-α, tumor necrosis factor-α; TEGO 1, treated with TNF-α and 1.0 μM tegoprazan; TEGO 3, treated with TNF-α and 3.0 μM tegoprazan; RPZ 1, treated with TNF-α and 1.0 μM rabeprazole; RPZ 3, treated with TNF-α and 3.0 μM rabeprazole; Tregs, regulatory T cells; TEER, transepithelial electrical resistance; FITC, fluorescein isothiocyanate.



To further confirm molecular mechanisms underlying the protective role of tegoprazan in intestinal barrier function, we employed an in vitro Caco-2 cell culture system (23), widely employed to assess intestinal epithelial barrier function. Accordingly, Caco-2 cell monolayers were treated with TNF-α (40 ng/mL) for 48 h to disrupt the epithelial barrier, followed by the measurement of the TEER. Tegoprazan administration significantly suppressed the TNF-α-induced reduction in TEER levels; however, rabeprazole failed to demonstrate a similar effect (Figure 3D). In addition, the paracellular permeability of Caco-2 cell monolayers in Transwell was evaluated using the FITC-dextran assay. TNF-α significantly increased the FITC-dextran flux, which significantly decreased following tegoprazan treatment (Figure 3E). Consistently, immunostaining with anti-E-cadherin or ZO-1 antibodies revealed that tegoprazan markedly increased the adhesion and tight junction protein production in the Caco-2 monolayer; conversely, rabeprazole displayed a decreasing trend in these proteins (Figure 3F). Furthermore, TNF-α treatment decreased culture media pH, whereas both tegoprazan and rabeprazole restored pH levels to the level of the vehicle-treated control; this indicated that change in pH induced by tegoprazan or rabeprazole did not impact the epithelial barrier function of Caco-2 cell monolayers (Supplementary Figure S2). These data indicate that tegoprazan suppresses TNF-α-induced disruption of epithelial barrier function, whereas rabeprazole does not mediate this action. These in vitro results are consistent with the in vivo observation that tegoprazan reduces DSS-induced colitis by maintaining high junction integrity of the epithelial mucosa.



Tegoprazan Enriches Bacteroides Vulgatus Without Influencing Pathogenic Bacteria

To determine whether tegoprazan attenuates colitis by altering the gut microbiota, a 16S rRNA gene analysis of cecal contents and tissue was undertaken. Principal coordinate analysis revealed that the microbiota structure of the tegoprazan-treated group differed significantly from that of the DSS+Veh group in both fecal and tissue samples, whereas the DSS+RPZ and DSS+Veh groups presented markedly similar microbiota structures (Figure 4A). The DSS+TEGO group showed significantly increased microbiota diversity and enrichment in fecal and cecal tissue samples on assessing the Shannon and Simpson indices, with a decreasing trend observed in the cecal tissue samples of the DSS+RPZ group (Figure 4B; Supplementary Figure S3A). Interestingly, the DSS+Veh and DSS+RPZ groups revealed decreased microbiota diversity, with elevated levels of Firmicutes in fecal and cecal tissues when compared with the CON or DSS+TEGO group (Figure 4B; Supplementary Figure S3). These results may be attributed to the vehicle effects, elevating Firmicutes under colitic conditions. Indeed, beneficial bacteria such as Lactobacillus spp. (24), belonging to the phylum Firmicutes, remained unelevated in the DSS+Veh and DSS+RPZ groups when compared with the DSS+TEGO group (Supplementary Figure S4). Nevertheless, tegoprazan reverted the microbiome to the normal state.




Figure 4 | Tegoprazan alters microbiota and prevents dysbiosis in colitis. Gut microbiome composition in feces and tissue was investigated using 16S rRNA sequencing: CON (n = 6), DSS+Veh, DSS+TEGO, and DSS+RPZ (each n = 5). (A–C) Effect of tegoprazan on beta (A) and alpha diversity (B) indices in DSS-induced colitis. (A) Principal coordinate analysis (PCoA). (B) Shannon index. Box plots with median, 25th/75th percentiles and whiskers from minimum to maximum, and individual values plotted. (C, D) Microbial community bar plot by species in fecal (C) and tissue (D) samples and the abundance ratio of Bacteroides vulgatus, PAC001511_s, Escherichia coli, and Akkermansia muciniphila. (E) Fecal pH: DSS+RPZ (n = 5), CON, DSS+Veh, and DSS+TEGO (each n = 4). Data represent the mean or mean ± standard error of the mean (S.E.M). Significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 using one-way ANOVA followed by Dunnett’s multiple comparison test. ns, not significant; CON, normal control; DSS, treated with dextran sulfate sodium; Veh, treated with vehicle; TEGO, treated with tegoprazan; RPZ, treated with rabeprazole.



The normal gut microbiota consists of two major phyla, namely Firmicutes and Bacteroidetes (25). At the phylum level, the relative abundance of Bacteroidetes decreased in the cecal contents and tissues of DSS and DSS+RPZ groups (Supplementary Figures S3D, E). However, tegoprazan administration restored the DSS-reduced abundance ratio of Bacteroidetes in cecal contents and tissues, similar to that observed in the control group samples. Furthermore, at the species level, the bacterial composition of the DSS+TEGO group differed from that of the DSS+Veh and DSS+RPZ groups (Figures 4C, D). Notably, while B. vulgatus was the most plentiful species in control mice (42% in feces and 28% in tissues), DSS decreased the abundance ratio of B. vulgatus in the intestine (11% in feces and 5% in tissues), and tegoprazan administration explicitly increased the abundance ratio of B. vulgatus in both cecal contents and tissues (29% and 16%, respectively). However, rabeprazole did not impact the abundance of B. vulgatus. In contrast, rabeprazole significantly increased the relative abundance of the phylum Proteobacteria, especially of Escherichia coli (Figures 4C, D; Supplementary Figures S3, S4). Additionally, consistent with the in vitro data presented in Supplementary Figure S2, the DSS+Veh group demonstrated a significantly lower fecal pH at the end of the experiment when compared with the starting point (Figure 4E). In contrast, the fecal pH in the DSS+TEGO group or the DSS+RPZ group was unaltered, indicating that pH does not influence the effect of tegoprazan or rabeprazole. Collectively, these results indicated that tegoprazan promotes the proliferation of certain bacteria such as B. vulgatus independent of pH changes and is not associated with the growth of the pathogenic bacteria such as Proteobacteria which can be induced by an acid-suppressive effect or the specific drug-class effect of PPIs (8, 26).



Bacteroides Vulgatus Induced by Tegoprazan Suppresses Pathogenic Bacterial Adhesion

Next, to further address the impact of B. vulgatus on suppressing intestinal inflammation, B. vulgatus and tegoprazan were administered to DSS-induced colitis mice. As shown in Figure 5, the administration of B. vulgatus alone marginally attenuated DSS-induced colitis. Additionally, tegoprazan treatment and co-administration of B. vulgatus and tegoprazan prevented colitis in terms of weight loss, diarrhea, bleeding, colon shortening, histological damage, and goblet cell loss (Figures 5A–E), suggesting that the main anti-colitic effects were derived from tegoprazan. Bacteroides vulgatus administration drastically reduced the plasma IL-6 levels when compared with the DSS+Veh group (Figure 5F). The DSS+BV+TEGO group more significantly reduced plasma IL-6 and Tnf-α levels. Notably, B. vulgatus administration reduced gut permeability (Figure 5G). These data suggest that B. vulgatus can be implicated in the in vivo anti-colitic effects of tegoprazan.




Figure 5 | Bacteroides vulgatus alleviates aspects of DSS-induced colitis. Colitis was induced in 8-week-old male mice by administering 2% DSS in distilled drinking water for 5 days, followed by normal drinking water for 4 days. B vulgatus (5 × 108 CFU/mouse/day) was administered daily and tegoprazan (30 mg/kg) and rabeprazole (30 mg/kg) were administered orally, twice daily throughout the experimental period: CON and DSS+Veh (each n = 6), DSS+TEGO (n = 5), DSS+BV and BV (n = 7), and DSS+BV+TEGO (n = 8). After sacrificing animals on Day 9, the entire colon from anesthetized mice was harvested for further investigations. The detailed methods are described in the Materials and Methods section. (A) Body weight change. (B) Disease activity index. (C) Representative images of colons and colon length. (D, E) Representative images following periodic acid-Schiff (PAS)-staining and histological score (D) and goblet cell number (E). Scale bars = 20 μm. (F) Plasma level of Il-6 and Tnf-α. Plasma cytokine concentrations were measured using cytometric bead array analysis. (G) FITC-dextran flux (arbitrary unit) was plotted as a percentage of the control. Data represent the mean ± standard error of the mean (S.E.M). Significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 using two-way ANOVA followed by Bonferroni post hoc test (A, B) and one-way ANOVA followed by Dunnett’s multiple comparison test (C–F). ns, not significant; CON, normal control; BV, treated with B vulgatus; DSS, treated with dextran sulfate sodium; Veh, treated with vehicle; TEGO, treated with tegoprazan; Il-6, interleukin-6; Tnf-α, tumor necrosis factor.



To determine whether tegoprazan is directly involved in B. vulgatus growth, tegoprazan or rabeprazole was added to the B. vulgatus culture medium at an optical density (OD600) of 0.1. After 3 h, the samples were serially diluted and plated on GAM agar plates. We observed that tegoprazan promoted B. vulgatus, whereas rabeprazole did not promote growth (Figures 6A, B). Pathogenic bacterial adhesion on host cells plays a critical role in both inflammation and infection (27). Accordingly, a bacterial adhesion assay was performed to determine whether B. vulgatus affects the epithelial adhesion of pathogenic microorganisms. Salmonella typhimurium belongs to the Enterobacteriaceae family of the γ-Proteobacteria class and is a well-described important pathogen, similar to E. coli. S. typhimurium increases tight junction permeability, penetrates the intestinal mucosa, and triggers an acute inflammatory response (28). For inducing competition between B. vulgatus and S. typhimurium for adhesion to intestinal epithelial cells, the two bacteria were mixed in an equal volume and then added to HT-29 cells. Herein, we observed that B. vulgatus inhibited S. typhimurium adhesion to HT-29 cells (Figures 6C, D). However, tegoprazan did not prevent the adhesion of S. typhimurium alone, suggesting that tegoprazan impedes epithelial adhesion of pathogenic bacteria in the presence of B. vulgatus. Collectively, these observations indicate that tegoprazan directly promotes the growth of B. vulgatus, which inhibits the epithelial adhesion of pathogenic bacteria and helps relieve intestinal inflammation.




Figure 6 | Tegoprazan inhibits epithelial adhesion of pathogenic bacteria by directly promoting the growth of Bacteroides vulgatus. (A, B) Effect of tegoprazan on the growth of B vulgatus. Data represent the mean ± standard error of the mean (S.E.M) of 4 independent experiments. (A) Representative image of B vulgatus growth treated with tegoprazan and rabeprazole. (B) Quantification of B vulgatus plated on GAM agar plate, plotted as the number of colonies. (C, D) Effect of B vulgatus on the attachment of pathogenic bacteria to epithelial cells. Data represent the mean ± standard error of the mean (S.E.M) of 3 independent experiments. (C) Representative images of adhered Salmonella typhimurium colonies. (D) Quantification of S. typhimurium plated on nutrient agar plate, plotted as percdentage of control. (E) Graphical summary. Significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001 using one-way ANOVA followed by Dunnett’s multiple comparison test. ns, not significant; BV, B vulgatus only; TEGO 1, treated with 1.0 μM tegoprazan; TEGO 3, treated with 3.0 μM tegoprazan; RPZ 1, treated with 1.0 μM rabeprazole; RPZ 3, treated with 3.0 μM rabeprazole; STM, S. Typhimurium only, BV+STM, S. Typhimurium treated with B vulgatus; BV+STM+TEGO, S. Typhimurium treated with B vulgatus and tegoprazan; STM+TEGO, S. Typhimurium treated with tegoprazan; GAM, Gifu anaerobic medium.






Discussion

The intestinal mucosal barrier plays a vital role in IBD, as this is the first barrier to afford protection against foreign pathogens. Disruption of the epithelial barrier may result in microbial passage to the lamina propria, possibly eliciting an immune response. Tegoprazan is a new gastric acid inhibitor that utilizes a mechanism distinct from that of traditional PPIs to overcome the shortcomings of PPIs. Interestingly, tegoprazan improved colitis in DSS and DNBS colitis models. Tegoprazan also reduced the expression of proinflammatory cytokines, such as Tnfa, Il6, and Il1b. However, rabeprazole failed to demonstrate any anti-colitic effect. In addition, elevated splenic Tregs (Supplementary Figure S1J) suggest that immune cell modulation, at least in part, mediates the anti-colitic effect of tegoprazan. Tight junctions located in the epithelial and endothelial cell layers play essential roles in the formation of the intestinal epithelial barrier. Accordingly, disruption of the intestinal tight junction barrier increases intestinal permeability, disturbing the mucosal immune system (29). Thus, regulation of tight junctions is critical for maintaining epithelial barrier integrity in IBD. In the DSS-induced colitis model, tegoprazan reduced intestinal permeability and upregulated the expression of tight junction proteins Zo-1 and Occludin. Consistent with in vivo results, tegoprazan promoted the expression of tight junction proteins and reduced gut permeability in a Caco-2 cell monolayer model. In contrast, rabeprazole did not alleviate barrier damage, revealing a tendency to worsen barrier function in a dose-dependent manner. Nevertheless, we emphasize that tegoprazan affords a direct protective effect on intestinal barrier function, in contrast to rabeprazole.

Dysbiosis of the gut microbiota contributes to the pathogenesis of IBD by disrupting the intestinal mucosal barrier and inflammatory responses. Long-term use or overuse of PPIs reportedly affects microbiota composition, promotes bacterial overgrowth, and increases the risk of serious clinical outcomes of infective diseases (30). In particular, long-term PPI administration reportedly exacerbates the severity of IBD. However, it remains unclear whether dysbiosis can be attributed to the acid-suppressive effect or the specific drug-class effect of PPIs (8, 26). In the present study, metagenome analysis was performed to confirm whether tegoprazan reverts gut dysbiosis, unlike PPI, and to assess the effect of tegoprazan-induced gastric acid suppression on the intestinal microbiota composition. We revealed that tegoprazan improves microbiota diversity and enrichment in feces, while rabeprazole aggravates the dysbiosis. The anti-colitic effect of tegoprazan was attributed to a distinct mechanism of tegoprazan, but not the pH change induced by potassium channel involvement, judging from the lack of pH differences between tegoprazan and rabeprazole groups in vitro and in vivo (Figure 4E; Supplementary Figure S2). A previous study has reported that vonoprazan, another potent P-CAB, worsens nonsteroidal anti-inflammatory drug (NSAID)-induced small intestinal injury by reducing beneficial bacteria. Nadatani et al. have revealed that Bacteroidetes is rarely present in the small intestine by analyzing the small intestinal microbiota (31). One theory is that vonoprazan has an alkaline pKa of 9.3 (32), and accordingly shows relatively weak action in the stomach but presents higher activity in the alkaline small intestine, which might alter the intestinal microbiota. In contrast, tegoprazan has a pKa of 5.2, which is only activated in the stomach and has insignificant effect on the small intestine. Therefore, it can be considered that this factor minimally impacts changes in the intestinal microbiota. In addition, the NSAID-induced small intestinal injury model and the DSS- and DNBS-induced colitis models have different mechanisms of action (33), and the composition of microbiota markedly differ in the small intestine and colon (34); this may explain the discrepancies observed. However, as the anti-inflammatory effects of other P-CAB drugs remain elusive, further research is required to determine whether the anti-colitic effect of tegoprazan is a specific drug-class effect of P-CABs. Moreover, we cannot exclude the potential intermediary role of tegoprazan in immune cells such as Tregs.

Herein, tegoprazan drastically increased the levels of Bacteroidetes and decreased those of Proteobacteria—which had previously been reduced and elevated by DSS, respectively—at the phylum level. In contrast, rabeprazole did not enhance the abundance of Bacteroidetes but markedly increased that of Proteobacteria. Rabeprazole significantly increased the abundance of E. coli, which belongs to the phylum Proteobacteria (Figures 4C, D). Notably, spontaneous colitis induction in toll-like receptor (TLR)-5 and IL-10 knockout mice has been associated with an expansion of Proteobacteria (35, 36). Indeed, Proteobacteria are often found to be elevated in IBD (37, 38), and a higher level of Proteobacteria has been detected in patients with severe IBD. Based on these results, we confirmed that rabeprazole exacerbated colitis by abnormally expanding Proteobacteria. Interestingly, our experiments indicate that Bacteroidetes, a counterpart of abundant obligate anaerobes in the normal intestine, such as B. vulgatus, plays a pivotal role in protecting against colitis beyond Firmicutes. Conversely, dysbiosis can be characterized by an imbalance between obligate and facultative anaerobes, termed “oxygen hypothesis” (39). In consequence, inflammation elicits a favorable environment for γ-proteobacteria owing to their relatively higher tolerance for oxygen diffused from the epithelium.

Approximately 25% of the commensal bacteria in the healthy human colon are species of Bacteroides, the most predominant anaerobes (40), with phylogenetic proximity detected between mouse and human B. vulgatus strains in the gut (41). We noted that B. vulgatus is related to the suppression of pathogenic Proteobacteria, in addition to the well-known modulation of the inflammatory response, such as the inhibition of Th17-related cytokines by polysaccharide A (42), intestinal-associated lymphoid tissue development (43), or enhancing barrier function through IL-10 production and reducing proinflammatory NF-κB signaling (44). Several remote studies have revealed that B. vulgatus is associated with gut inflammation (45–48), whereas recent studies have reported that B. vulgatus has a protective effect on intestinal inflammation. In IL-2 knockout mice, B. vulgatus reportedly ameliorates E. coli-induced colitis development (49). Moreover, the administration of B. vulgatus has been shown to reduce LPS production by gut microbiota and protect against atherosclerosis in a coronary artery disease mouse model (50). Bacteroides vulgatus also inhibited intestinal infections by Vibrio cholera (51). Propionic and butyric acids, which suppress Proteobacteria, are substantially dampened by B. vulgatus elimination (51). Intriguingly, this study revealed that tegoprazan increased the abundance of B. vulgatus. Indeed, bacterial growth experiments revealed that tegoprazan directly promoted the growth of B. vulgatus. However, rabeprazole did not promote B. vulgatus growth. Adhesion of pathogenic bacteria, such as Proteobacteria, to host epithelia is crucial, as passage of bacteria across epithelial cells and entry into the lumen leads to infection (52). In the bacterial adhesion assay, B. vulgatus inhibited the adhesion of S. typhimurium to the epithelial cells; however, tegoprazan alone did not affect S. typhimurium adhesion to the epithelial cells. These results reveal that tegoprazan ameliorates intestinal inflammation by increasing the abundance of B. vulgatus, and that increased levels of B. vulgatus play a marginal role in preventing intestinal invasion by blocking the adhesion of pathogenic bacteria (Figure 6E). Polysaccharide A, produced by B. fragilis, reportedly promotes the differentiation of functional Tregs (53), and Tregs, produced by Bacteroidetes, play an important role in maintaining mucosal tolerance (54). Accordingly, Treg induction by tegoprazan administration is considered another anti-inflammatory mechanism. Therefore, further investigations are needed to clarify the mechanism through which tegoprazan promotes B. vulgatus and Tregs, as well as to determine whether it improves intestinal inflammation in patients with IBD. This is the first study to explain how tegoprazan regulates colitis and presents a link between tegoprazan and gut microbiota. Additionally, we revealed that B. vulgatus was involved in mediating the anti-colitic effect of tegoprazan, suggesting that tegoprazan may be useful in microbiota control and as a novel protective agent against IBD.

In conclusion, tegoprazan, a novel P-CAB, exhibits stronger and more reversible gastric acid suppression than traditional PPIs. However, the effect of tegoprazan on intestinal inflammation remains unknown. Long-term PPI administration reportedly increases and exacerbates the severity of IBD. To our knowledge, this study is the first to demonstrate that tegoprazan potentially ameliorates intestinal inflammation by enhancing intestinal epithelial barrier integrity, increasing the levels of Tregs, and modulating the composition of the gut microbiota, as demonstrated by in vitro and in vivo experiments. Additionally, we determined that tegoprazan promotes the growth of a particular member of commensal bacteria, B. vulgatus, which crucially contributes to the suppression of pathogenic microorganisms. Specifically, our findings provide critical insights into the potential treatment strategies using PPIs and P-CABs in IBD, although detailed mechanisms underlying the changes described warrant further characterization.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee of Yonsei University.



Author Contributions

Conceptualization: SWK, MS, JH, and JHC. Methodology: MS, ISP, SK, HWM, and JHK. Investigation: MS, ISP, and SWK. Visualization: MS, ISP, and SWK. Supervision: JHC and SWK. Writing—original draft: MS, SWK, and JHC. Writing—review & editing: TIK and WHK. All authors contributed to the article and approved the submitted version.



Funding

This study received funding from the HK INNO.N corporation (2018–31–0929). The 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. This work was also supported by the Brain Korea 21 Project for Medical Science, Yonsei University.



Acknowledgments

The authors thank Medical Illustration & Design, part of the Medical Research Support Services of Yonsei University College of Medicine, for all artistic support related to this work.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.870817/full#supplementary-material



References

1. Xavier, RJ, and Podolsky, DK. Unravelling the Pathogenesis of Inflammatory Bowel Disease. Nature (2007) 448(7152):427–34. doi: 10.1038/nature06005

2. Mizoguchi, E, Low, D, Ezaki, Y, and Okada, T. Recent Updates on the Basic Mechanisms and Pathogenesis of Inflammatory Bowel Diseases in Experimental Animal Models. Intest Res (2020) 18(2):151–67. doi: 10.5217/ir.2019.09154

3. Lee, M, and Chang, EB. Inflammatory Bowel Diseases (IBD) and the Microbiome-Searching the Crime Scene for Clues. Gastroenterology (2021) 160(2):524–37. doi: 10.1053/j.gastro.2020.09.056

4. Malfertheiner, P, Kandulski, A, and Venerito, M. Proton-Pump Inhibitors: Understanding the Complications and Risks. Nat Rev Gastroenterol Hepatol (2017) 14(12):697–710. doi: 10.1038/nrgastro.2017.117

5. Yang, YX, Lewis, JD, Epstein, S, and Metz, DC. Long-Term Proton Pump Inhibitor Therapy and Risk of Hip Fracture. JAMA (2006) 296(24):2947–53. doi: 10.1001/jama.296.24.2947

6. de Jager, CP, Wever, PC, Gemen, EF, van Oijen, MG, van Gageldonk-Lafeber, AB, Siersema, PD, et al. Proton Pump Inhibitor Therapy Predisposes to Community-Acquired Streptococcus Pneumoniae Pneumonia. Aliment Pharmacol Ther (2012) 36(10):941–9. doi: 10.1111/apt.12069

7. Deshpande, A, Pant, C, Pasupuleti, V, Rolston, DD, Jain, A, Deshpande, N, et al. Association Between Proton Pump Inhibitor Therapy and Clostridium Difficile Infection in a Meta-Analysis. Clin Gastroenterol Hepatol (2012) 10(3):225–33. doi: 10.1016/j.cgh.2011.09.030

8. Imhann, F, Bonder, MJ, Vich Vila, A, Fu, J, Mujagic, Z, Vork, L, et al. Proton Pump Inhibitors Affect the Gut Microbiome. Gut (2016) 65(5):740–8. doi: 10.1136/gutjnl-2015-310376

9. Shah, R, Richardson, P, Yu, H, Kramer, J, and Hou, JK. Gastric Acid Suppression is Associated With an Increased Risk of Adverse Outcomes in Inflammatory Bowel Disease. Digestion (2017) 95(3):188–93. doi: 10.1159/000455008

10. Yang, I, Nell, S, and Suerbaum, S. Survival in Hostile Territory: The Microbiota of the Stomach. FEMS Microbiol Rev (2013) 37(5):736–61. doi: 10.1111/1574-6976.12027

11. Andersson, K, and Carlsson, E. Potassium-Competitive Acid Blockade: A New Therapeutic Strategy in Acid-Related Diseases. Pharmacol Ther (2005) 108(3):294–307. doi: 10.1016/j.pharmthera.2005.05.005

12. Inatomi, N, Matsukawa, J, Sakurai, Y, and Otake, K. Potassium-Competitive Acid Blockers: Advanced Therapeutic Option for Acid-Related Diseases. Pharmacol Ther (2016) 168:12–22. doi: 10.1016/j.pharmthera.2016.08.001

13. Arikawa, Y, Nishida, H, Kurasawa, O, Hasuoka, A, Hirase, K, Inatomi, N, et al. Discovery of a Novel Pyrrole Derivative 1-[5-(2-Fluorophenyl)-1-(Pyridin-3-Ylsulfonyl)-1H-Pyrrol-3-Yl]-N-Methylmethanamin E Fumarate (TAK-438) as a Potassium-Competitive Acid Blocker (P-CAB). J Med Chem (2012) 55(9):4446–56. doi: 10.1021/jm300318t

14. Xia, B, Yang, M, Nguyen, LH, He, Q, Zhen, J, Yu, Y, et al. Regular Use of Proton Pump Inhibitor and the Risk of Inflammatory Bowel Disease: Pooled Analysis of 3 Prospective Cohorts. Gastroenterology (2021) 161(6):1842–52.e10. doi: 10.1053/j.gastro.2021.08.005

15. Takashima, S, Tanaka, F, Kawaguchi, Y, Usui, Y, Fujimoto, K, Nadatani, Y, et al. Proton Pump Inhibitors Enhance Intestinal Permeability via Dysbiosis of Gut Microbiota Under Stressed Conditions in Mice. Neurogastroenterol Motil (2020) 32(7):e13841. doi: 10.1111/nmo.13841

16. Horvath, A, Leber, B, Feldbacher, N, Steinwender, M, Komarova, I, Rainer, F, et al. The Effects of a Multispecies Synbiotic on Microbiome-Related Side Effects of Long-Term Proton Pump Inhibitor Use: A Pilot Study. Sci Rep (2020) 10(1):2723. doi: 10.1038/s41598-020-59550-x

17. Kim, DK, Lee, KH, Kim, SJ, Kim, SJ, Lee, SJ, Park, CH, et al. Effects of Tegoprazan, a Novel Potassium-Competitive Acid Blocker, on Rat Models of Gastric Acid-Related Disease. J Pharmacol Exp Ther (2019) 369(3):318–27. doi: 10.1124/jpet.118.254904

18. Dieleman, LA, Palmen, MJ, Akol, H, Bloemena, E, Pena, AS, Meuwissen, SG, et al. Chronic Experimental Colitis Induced by Dextran Sulphate Sodium (DSS) Is Characterized by Th1 and Th2 Cytokines. Clin Exp Immunol (1998) 114(3):385–91. doi: 10.1046/j.1365-2249.1998.00728.x

19. Morampudi, V, Bhinder, G, Wu, X, Dai, C, Sham, HP, Vallance, BA, et al. DNBS/TNBS Colitis Models: Providing Insights Into Inflammatory Bowel Disease and Effects of Dietary Fat. J Vis Exp (2014) 84):e51297. doi: 10.3791/51297

20. Neurath, MF. Cytokines in Inflammatory Bowel Disease. Nat Rev Immunol (2014) 14(5):329–42. doi: 10.1038/nri3661

21. Zhang, Z, Zheng, M, Bindas, J, Schwarzenberger, P, and Kolls, JK. Critical Role of IL-17 Receptor Signaling in Acute TNBS-Induced Colitis. Inflamm Bowel Dis (2006) 12(5):382–8. doi: 10.1097/01.MIB.0000218764.06959.91

22. Pastorelli, L, De Salvo, C, Mercado, JR, Vecchi, M, and Pizarro, TT. Central Role of the Gut Epithelial Barrier in the Pathogenesis of Chronic Intestinal Inflammation: Lessons Learned From Animal Models and Human Genetics. Front Immunol (2013) 4:280. doi: 10.3389/fimmu.2013.00280

23. Sambuy, Y, De Angelis, I, Ranaldi, G, Scarino, ML, Stammati, A, and Zucco, F. The Caco-2 Cell Line as a Model of the Intestinal Barrier: Influence of Cell and Culture-Related Factors on Caco-2 Cell Functional Characteristics. Cell Biol Toxicol (2005) 21(1):1–26. doi: 10.1007/s10565-005-0085-6

24. Azad, MAK, Sarker, M, Li, T, and Yin, J. Probiotic Species in the Modulation of Gut Microbiota: An Overview. BioMed Res Int (2018) 2018:9478630. doi: 10.1155/2018/9478630

25. Jandhyala, SM, Talukdar, R, Subramanyam, C, Vuyyuru, H, Sasikala, M, and Nageshwar Reddy, D. Role of the Normal Gut Microbiota. World J Gastroenterol (2015) 21(29):8787–803. doi: 10.3748/wjg.v21.i29.8787

26. Martinsen, TC, Bergh, K, and Waldum, HL. Gastric Juice: A Barrier Against Infectious Diseases. Basic Clin Pharmacol Toxicol (2005) 96(2):94–102. doi: 10.1111/j.1742-7843.2005.pto960202.x

27. Ofek, I, Hasty, DL, and Sharon, N. Anti-Adhesion Therapy of Bacterial Diseases: Prospects and Problems. FEMS Immunol Med Microbiol (2003) 38(3):181–91. doi: 10.1016/S0928-8244(03)00228-1

28. Jepson, MA, Collares-Buzato, CB, Clark, MA, Hirst, BH, and Simmons, NL. Rapid Disruption of Epithelial Barrier Function by Salmonella Typhimurium is Associated With Structural Modification of Intercellular Junctions. Infect Immun (1995) 63(1):356–9. doi: 10.1128/IAI.63.1.356-359.1995

29. King, SJ, and McCole, DF. Epithelial-Microbial Diplomacy: Escalating Border Tensions Drive Inflammation in Inflammatory Bowel Disease. Intest Res (2019) 17(2):177–91. doi: 10.5217/ir.2018.00170

30. Gianfrancesco, M, Hyrich, KL, Yazdany, J, Machado, PM, and Robinson, PC. COVID-19 Global Rheumatology Alliance Registry, Anti-IL-6 Therapy, Shared Decision-Making and Patient Outcomes. Response to: 'Correspondence on 'Characteristics Associated With Hospitalisation for COVID-19 in People With Rheumatic Disease: Data From the COVID-19 Global Rheumatology Alliance Physician-Reported Registry' by Gianfrancesco Et al. Compassionate Use of Tocilizumab in Severe COVID-19 With Hyperinflammation Prior to Advent of Clinical Trials - a Real-World District General Hospital Experience' by Khan Et Al, 'Comment on 'Characteristics Associated With Hospitalisation for COVID-19 in People With Rheumatic Disease: Data From the COVID-19 Global Rheumatology Alliance Physician-Reported Registry' by Gianfrancesco M Et Al' by Andreica Et Al and 'COVID-19 Outcomes in Patients With Systemic Autoimmune Diseases Treated With Immunomodulatory Drugs' by Ansarin Et al. Ann Rheum Dis (2020). doi: 10.1136/annrheumdis-2020-218713

31. Crespo-Piazuelo, D, Estelle, J, Revilla, M, Criado-Mesas, L, Ramayo-Caldas, Y, Ovilo, C, et al. Characterization of Bacterial Microbiota Compositions Along the Intestinal Tract in Pigs and Their Interactions and Functions. Sci Rep (2018) 8(1):12727. doi: 10.1038/s41598-018-30932-6

32. Scott, DR, Munson, KB, Marcus, EA, Lambrecht, NW, and Sachs, G. The Binding Selectivity of Vonoprazan (TAK-438) to the Gastric H+, K+ -ATPase. Aliment Pharmacol Ther (2015) 42(11-12):1315–26. doi: 10.1111/apt.13414

33. Randhawa, PK, Singh, K, Singh, N, and Jaggi, AS. A Review on Chemical-Induced Inflammatory Bowel Disease Models in Rodents. Korean J Physiol Pharmacol (2014) 18(4):279–88. doi: 10.4196/kjpp.2014.18.4.279

34. Hillman, ET, Lu, H, Yao, T, and Nakatsu, CH. Microbial Ecology Along the Gastrointestinal Tract. Microbes Environ (2017) 32(4):300–13. doi: 10.1264/jsme2.ME17017

35. Carvalho, FA, Koren, O, Goodrich, JK, Johansson, ME, Nalbantoglu, I, Aitken, JD, et al. Transient Inability to Manage Proteobacteria Promotes Chronic Gut Inflammation in TLR5-Deficient Mice. Cell Host Microbe (2012) 12(2):139–52. doi: 10.1016/j.chom.2012.07.004

36. Maharshak, N, Packey, CD, Ellermann, M, Manick, S, Siddle, JP, Huh, EY, et al. Altered Enteric Microbiota Ecology in Interleukin 10-Deficient Mice During Development and Progression of Intestinal Inflammation. Gut Microbes (2013) 4(4):316–24. doi: 10.4161/gmic.25486

37. Walujkar, SA, Dhotre, DP, Marathe, NP, Lawate, PS, Bharadwaj, RS, and Shouche, YS. Characterization of Bacterial Community Shift in Human Ulcerative Colitis Patients Revealed by Illumina Based 16S rRNA Gene Amplicon Sequencing. Gut Pathog (2014) 6:22. doi: 10.1186/1757-4749-6-22

38. Frank, DN, St Amand, AL, Feldman, RA, Boedeker, EC, Harpaz, N, and Pace, NR. Molecular-Phylogenetic Characterization of Microbial Community Imbalances in Human Inflammatory Bowel Diseases. Proc Natl Acad Sci USA (2007) 104(34):13780–5. doi: 10.1073/pnas.0706625104

39. Rigottier-Gois, L. Dysbiosis in Inflammatory Bowel Diseases: The Oxygen Hypothesis. ISME J (2013) 7(7):1256–61. doi: 10.1038/ismej.2013.80

40. Human Microbiome Project, C. Structure, Function and Diversity of the Healthy Human Microbiome. Nature (2012) 486(7402):207–14. doi: 10.1038/nature11234

41. Dick, LK, Bernhard, AE, Brodeur, TJ, Santo Domingo, JW, Simpson, JM, Walters, SP, et al. Host Distributions of Uncultivated Fecal Bacteroidales Bacteria Reveal Genetic Markers for Fecal Source Identification. Appl Environ Microbiol (2005) 71(6):3184–91. doi: 10.1128/AEM.71.6.3184-3191.2005

42. Troy, EB, and Kasper, DL. Beneficial Effects of Bacteroides Fragilis Polysaccharides on the Immune System. Front Biosci (Landmark Ed) (2010) 15:25–34. doi: 10.2741/3603

43. Rhee, KJ, Sethupathi, P, Driks, A, Lanning, DK, and Knight, KL. Role of Commensal Bacteria in Development of Gut-Associated Lymphoid Tissues and Preimmune Antibody Repertoire. J Immunol (2004) 172(2):1118–24. doi: 10.4049/jimmunol.172.2.1118

44. Gordon, JI. Honor Thy Gut Symbionts Redux. Science (2012) 336(6086):1251–3. doi: 10.1126/science.1224686

45. Onderdonk, AB, Cisneros, RL, and Bronson, RT. Enhancement of Experimental Ulcerative Colitis by Immunization With Bacteroides Vulgatus. Infect Immun (1983) 42(2):783–8. doi: 10.1128/IAI.42.2.783-788.1983

46. Rath, HC, Wilson, KH, and Sartor, RB. Differential Induction of Colitis and Gastritis in HLA-B27 Transgenic Rats Selectively Colonized With Bacteroides Vulgatus or Escherichia Coli. Infect Immun (1999) 67(6):2969–74. doi: 10.1128/IAI.67.6.2969-2974.1999

47. Bloom, SM, Bijanki, VN, Nava, GM, Sun, L, Malvin, NP, Donermeyer, DL, et al. Commensal Bacteroides Species Induce Colitis in Host-Genotype-Specific Fashion in a Mouse Model of Inflammatory Bowel Disease. Cell Host Microbe (2011) 9(5):390–403. doi: 10.1016/j.chom.2011.04.009

48. Hoentjen, F, Tonkonogy, SL, Qian, BF, Liu, B, Dieleman, LA, and Sartor, RB. CD4(+) T Lymphocytes Mediate Colitis in HLA-B27 Transgenic Rats Monoassociated With Nonpathogenic Bacteroides Vulgatus. Inflamm Bowel Dis (2007) 13(3):317–24. doi: 10.1002/ibd.20040

49. Waidmann, M, Bechtold, O, Frick, JS, Lehr, HA, Schubert, S, Dobrindt, U, et al. Bacteroides Vulgatus Protects Against Escherichia Coli-Induced Colitis in Gnotobiotic Interleukin-2-Deficient Mice. Gastroenterology (2003) 125(1):162–77. doi: 10.1016/s0016-5085(03)00672-3

50. Yoshida, N, Emoto, T, Yamashita, T, Watanabe, H, Hayashi, T, Tabata, T, et al. Bacteroides Vulgatus and Bacteroides Dorei Reduce Gut Microbial Lipopolysaccharide Production and Inhibit Atherosclerosis. Circulation (2018) 138(22):2486–98. doi: 10.1161/CIRCULATIONAHA.118.033714

51. You, JS, Yong, JH, Kim, GH, Moon, S, Nam, KT, Ryu, JH, et al. Commensal-Derived Metabolites Govern Vibrio Cholerae Pathogenesis in Host Intestine. Microbiome (2019) 7(1):132. doi: 10.1186/s40168-019-0746-y

52. Ribet, D, and Cossart, P. How Bacterial Pathogens Colonize Their Hosts and Invade Deeper Tissues. Microbes Infect (2015) 17(3):173–83. doi: 10.1016/j.micinf.2015.01.004

53. Mazmanian, SK, Round, JL, and Kasper, DL. A Microbial Symbiosis Factor Prevents Intestinal Inflammatory Disease. Nature (2008) 453(7195):620–5. doi: 10.1038/nature07008

54. Cong, Y, Weaver, CT, Lazenby, A, and Elson, CO. Bacterial-Reactive T Regulatory Cells Inhibit Pathogenic Immune Responses to the Enteric Flora. J Immunol (2002) 169(11):6112–9. doi: 10.4049/jimmunol.169.11.6112




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated 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.

Copyright © 2022 Son, Park, Kim, Ma, Kim, Kim, Kim, Han, Kim and Cheon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Novel Potassium-Competitive Acid Blocker, Tegoprazan, Protects Against Colitis by Improving Gut Barrier Function

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals

          



          		

            Histological Analysis

          



          		

            In Vivo Intestinal Permeability Assay

          



          		

            Cell Culture and Treatment

          



          		

            In Vitro Intestinal Permeability Assay

          



          		

            Flow Cytometry and Cytometric Bead Array (CBA) Analysis

          



          		

            Bacterial Strains and Growth Conditions

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Tegoprazan Alleviates the Severity of Dinitrobenzene Sulfonic Acid (DNBS)-Induced Colitis

          



          		

            Tegoprazan Attenuates DSS-Induced Colitis and Proinflammatory Responses

          



          		

            Tegoprazan Prevents Intestinal Permeability and Loss of Tight Junction Proteins

          



          		

            Tegoprazan Enriches Bacteroides Vulgatus Without Influencing Pathogenic Bacteria

          



          		

            Bacteroides Vulgatus Induced by Tegoprazan Suppresses Pathogenic Bacterial Adhesion

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-870817-g002.jpg
DSS+Veh
DSS+RPZ

CON
DSS+TEGO

1005 [eoiBo0ISIH

& = ® §0

12

e ® o©
(wo) yibusy uoro)

012345678 9(Days)

8

T T &
21005 v

W (Pod) vyw zonwy

© coN

© DSS+Veh
© DSS+TEGO
© DSS+RPZ

012345678 9(0ayp)

s o o o 8

'EEEEETEEE

(%) 96ueyo 1yBiom Apog L loquini oo 01006 feoy O (poa) vNuw gy





OEBPS/Images/fimmu-13-870817-g006.jpg
No. of colonies.
(% of control)

S Commensal microbes

B. vulgatus
. 8

/_.} 5 ~4,
Myeloid cell

Bacteroidetes

Pathogen
° /\

~A, =t

~4,
&
©—@©
™7 Treg

Rabeprazole

Tegoprazan

Myeloid cell

IL-1B IL-6
TNF IL-17

0’ @

™7

Treg

Healthy condition

Colitis






OEBPS/Images/fimmu-13-870817-g004.jpg
Fece Tissue
pcs Tissue pc3 55 * 55 *x
7.97% e
7.97% ° - ° o CcoN 50 *x ns ———
= e 2 o  ® DSsweh 545 ﬁ
o] 3|0 | e osSTEGO £ 40
I ’ © DSSHRPZ @
Pl o s 35 E
PC1 o 48.88% ) 30
48.88% H A ° : i 25 30 -
oot . » . . R & & .,—*”Q & &
o e ra2 ¥ . P2 & & & FF S
- ¥ 00 13.57% S 1357%
100 N
A L 04 5 £30
g & . 3 g =
g i 503 £ i
-l § D) g, )
3 4w H 5 02 ig’ £
i 22 g 2 Z210
% 2 H So1 3 i H
¢ ] & & E
M 4 00 0 go
& & ”a&q
e
& N
[ Bacteroides vulgatus O PAC001511_s
B Escherichia coli group Bl PAC000185_s
[ Akkermansia muciniphila [ Mucispirillum schaedleri
O HM124109_s 3 Others
gyt
g 100 g4 *xk fia; 40 *xk _20 * g1 *x ne
3 & % o g o € H
g £ &_ - La é g o £
60- ° ] §
H 3, Pl ® ns H H
8 w 2 820 S0
H % < 3 ns__ns H :é
2 10 210 ° 205 ns__ns Ji;
: L %9 ] 3% °1% :
o 3 @ 3

f
S & & &
&
[ Bacteroides wuigatus [ PACO01511_s
Escherichia coli group PAC000185_s
[ Akkermansia muciniphila (] Mucispirilium schaedleri
B HM124109_s = omers

a0y _wma TEEE
ns A 0

L 75 %

s

g 70

&






OEBPS/Images/fimmu.2022.870817_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Novel Potassium-Competitive
Acid Blocker, Tegoprazan, Protects
Against Colitis by Improving Gut
Barrier Function





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-870817-g001.jpg
(%) of survival

3

© DNBS+Veh
@ DNBS+TEGO
@ DNBS+RPZ

i 5 (ay)

DNBS+Veh

_ DNBS+TEGO

©

>

w

Colonlength (cm)

9
8
7
6






OEBPS/Images/fimmu-13-870817-g003.jpg
(Proa) VN up20

m (PIod) vNyw 107

o oolgf

g§§8
0D JO %)
& wuwsepous

w

e

600

fusuon sovaososons

uupes-3

o
i

*x
Fres

ek

400
200

(2w p)¥3aL

E-cadherin / DAPI





OEBPS/Images/fimmu-13-870817-g005.jpg
I

LU seqwnu 90 oS oL

% f§ o
o o

% §iEg8°

”_-ﬁ %, % s (10800 J0 %)
H

T REEX)

(&) (wo) buay uood

) Uesap-OLId

+ ° & + o
(o101 Buy6d) mjuL.

© CoN
© DSS+Veh

012345678 9(0ay)

2 8 8 & ©
L (oo bwibd) o1

BRI
A

%) abueowbmhpog ()

NOD YaN+SST 09314550





