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Abstract

:

A correlation between gastrointestinal (GI) inflammation and gut hormones has reported that inflammatory stimuli including bacterial endotoxins, lipopolysaccharides (LPS), TNFα, IL-1β, and IL-6 induces high levels of incretin hormone leading to glucose dysregulation. Although incretin hormones are immediately secreted in response to environmental stimuli, such as nutrients, cytokines, and LPS, but studies of glucose-induced incretin secretion in an inflamed state are limited. We hypothesized that GI inflammatory conditions induce over-stimulated incretin secretion via an increase of glucose-sensing receptors. To confirm our hypothesis, we observed the alteration of glucose-induced incretin secretion and glucose-sensing receptors in a GI inflammatory mouse model, and we treated a conditioned media (Mϕ 30%) containing inflammatory cytokines in intestinal epithelium cells and enteroendocrine L-like NCI-H716 cells. In GI-inflamed mice, we observed that over-stimulated incretin secretion and insulin release in response to glucose and sodium glucose cotransporter (Sglt1) was increased. Incubation with Mϕ 30% increases Sglt1 and induces glucose-induced GLP-1 secretion with increasing intracellular calcium influx. Phloridzin, an sglt1 inhibitor, inhibits glucose-induced GLP-1 secretion, ERK activation, and calcium influx. These findings suggest that the abnormalities of incretin secretion leading to metabolic disturbances in GI inflammatory disease by an increase of Sglt1.
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1. Introduction


The gastrointestinal (GI) tract is an important organ system for digesting food, absorbing nutrients, excreting waste, and hormone secretion. Enteroendocrine cells (EECs), which are specialized cells of the gastrointestinal tract and pancreas, account for 1% of all intestinal cells. More than 30 peptides by different types of EECs have been found to play an important role in the regulation of appetite, glucose homeostasis, lipid metabolism, energy expenditure, and various metabolic functions in response to nutrients or neural signaling (Wu, et al. [1,2,3]). Incretin hormones, known as glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1), are secreted in enteroendocrine K-cells and L-cells, respectively. These hormones play an important role in the regulation of glucose metabolism and homeostasis by insulin secretion in glucose-dependent manner and stimulate the proliferation of pancreatic β-cells [4,5,6,7]. Incretin hormone is immediately secreted by neurotransmitters and luminal nutrients including carbohydrates, proteins, fat derivatives, and non-nutrient stimuli, such as ghrelin, leptin, bile acid, bitter tastes, endotoxins, and cytokines, through diverse sensing receptors [8,9,10,11,12,13,14,15,16]. Among the various environmental stimuli, glucose is the most important energy source and potent stimulator of incretin secretion in the intestine. The mechanism of glucose-induced incretin secretion has been identified as occurring through two alternative pathways: endocrine cells detect glucose by modified taste cells via sodium glucose cotransporter (SGLT1) playing a major role in glucose uptake with the facilitative glucose transporter GLUT2. These transporters induce glucose absorption from the intestinal lumen and liberate hormone granules resulting in electrical activity via closure of ATP-sensitive K+ channels (KATP channels) and the opening of voltage-dependent Ca+ channels. As a second pathway, the sweet taste receptor (STR; heterodimer of T1R2 and T1R3) signaling pathway, and they stimulate hormone secretion via Ca2+ and the cAMP signaling pathway.



GI disease may be affected by infectious, autoimmune, and physiological state. Inflammatory bowel disease (IBD) is the most well-known GI disease accompanied by inappropriate immunological activation caused by multifactorial etiology. IBD is accompanied by idiopathic inflammatory conditions in the epithelial barrier between the small intestine and the rectum, there are two major types of IBD: ulcerative colitis (UC) and Crohn’s disease (CD). UC and CD are most common in the terminal ileum to colon and have present with common symptoms, such as weight loss, diarrhea, rectal bleeding, and abdominal pain caused by intestinal damage [17,18,19,20]. GI inflammation induces abnormalities in enteroendocrine hormones, and intestinal endotoxins and inflammatory contents flow into the underlying tissue due to increased intestinal permeability after gut barrier injury with disturbances of the gut microbiota. Many studies of alterations of hormone levels have been conducted in cases of GI inflammation, such as in patients with gastritis, colitis, ileitis, irritable bowel syndrome (IBS), and IBD [21,22,23]. In particular, incretin hormone is closely related to the regulation of glucose homeostasis in glucose-dependent manner. Several studies have been reported that exposure to inflammatory stimuli, such as bacterial endotoxins, lipopolysaccharides (LPS), TNFα, IL-1β, and IL-6, induce abnormalities in incretin secretion [24,25]. In intestinal endotoxic conditions, over-secretion of incretin were found to induce insulin secretion and glucose lowering leading to hyperinsulinemia and blood glucose lowering. Many studies have reported changes in intestinal hormone levels in IBD patients and in animal models, but knowledge of how glucose-induced incretin secretion is affected by GI inflammation is still insufficient. We aimed to confirm how GI inflammation affects glucose-induced incretin secretion and to investigate the cause of change in incretin secretion. To confirm a correlation between GI inflammation and alteration of incretin secretion in response to glucose, we conducted GI inflammatory conditions using dextran sodium sulfate (DSS) and inflammatory cytokines. The DSS-induced mouse model is most widely used as a representative human IBD model to investigate the pathophysiological mechanisms and in pharmacological preclinical studies [26,27,28].



In the present study, we investigated over-stimulated incretin secretion in response to glucose exposure leading to insulin secretion and lowering blood glucose levels in GI-inflamed mice and investigated that GI inflammatory condition may increase Sglt1. These findings may demonstrate the abnormal incretin secretion leading to metabolic disturbances in GI inflammatory conditions.




2. Results


2.1. Incretin Secretion Increased by Glucose Gavage in Gastrointestinal (GI)-Inflamed Mice


GI inflammatory conditions were induced by DSS administration into acute and chronic groups (Figure S1). Glucose-stimulated GIP secretion showed sharp increases following 10% glucose gavage, especially in the acutely GI-inflamed group (Figure 1A,B). GLP-1 secretion was also increased compared to that in the control group after glucose consumption (Figure 1C), but there was no significant difference in comparison to the chronic group (Figure 1D). Acutely GI-inflamed mice showed hyperinsulinemia in a fasting state, and insulin secretion was more elevated than in the control group following glucose administration (Figure 1E). In contrast, the chronic group showed a similar pattern of insulin secretion without hyperinsulinemia (Figure 1F). The in vivo reactivity to glucose, which is deeply related to insulin secretion, was examined using the oral-glucose tolerance test (OGTT). Both GI-inflamed mouse models showed elevated glucose disposal. After starvation for 16 h, the acute group showed hypoglycemia and the blood glucose levels rose slowly over a long period of time (Figure 1G), whereas the rise in the blood glucose level exhibited a trend similar to that in the control group, and the glucose level was lower in the chronic GI-inflamed mice (Figure 1H).




2.2. Gastrointestinal (GI) Inflammatory Conditions Stimulate Glucose-Induced Incretin Secretion


The GLP-1 and GIP secretion in response to glucose gavage were increased leading to blood glucose lowering in GI-inflamed mice compared to those in the control mice. Many studies have reported that inflammatory cytokines are well known elevating incretin secretion. To confirm whether the increase of incretin levels caused by inflammatory stimuli, we observed incretin secretion in the small intestine in absence of inflammatory stimuli. Medium containing 10% glucose and a DPP4 inhibitor was treated in minced duodenum and ileum tissues which had been washed off to remove inflammatory stimuli. GIP, which is mainly distributed in the duodenum and jejunum, also showed sharply enhanced hormone secretion after 10% glucose exposure (Figure 2A), and the GLP-1 secretion also over-stimulated in the acutely GI-inflamed group compared to the GI-intact group (Figure 2B). When absence of inflammatory stimuli in the chronic group, the levels of incretin were similar to those of in the control group. Glucose-induced GIP secretion (Figure 2C), and GLP-1 secretion did not observe over-secretion in ileum tissue of chronic group (Figure 2D). In the acute group, the over-secretion of incretin by glucose exposure is observed in both duodenum and ileum tissue, whereas there is significant over-secretion of GIP in duodenum tissue of the chronic group. Furthermore, we observed the distribution of chromogranin A (CgA), which is located in the secretory vesicles of endocrine cells. In the small intestine of the acutely GI-inflamed group, CgA-positive cells did not show differences when compared to those of the control group (Figure 2E). CgA-positive spots are (4.3 ± 0.75) in the control group and acute group (4 ± 0.82) per μm in duodenum tissue, and (4 ± 0.53), (4.1 ± 1.12) in ileum tissue, whereas CgA-positive spots were increased in the chronic group (6.7 ± 1.11) with increased hyperplasia more than the control group (5.5 ± 2.63) per μm (Figure 2F). Chronic inflammation increases the amount of secretory vesicles in the small intestine, but not in acutely GI-inflamed mice. In the both groups, immunohistochemistry of GIP in duodenum tissues (Figure 2G), and GLP-1 in ileum tissues (Figure 2H). Incretin-positive cells did not show differences in acutely GI-inflamed mice, but incretin-positive spots were increased in chronic GI-inflamed mice. These results signify that GI inflammation increases glucose-stimulated incretin secretion and long-term weak exposure of inflammatory stimuli leads to an increment of secretory vesicles containing GIP and GLP-1.




2.3. Na+-Glucose Co-Transporter Sglt1 Protein is Increased in GI-Inflamed Mice


We confirmed the over-secretion of incretin in response to glucose exposure in GI-inflamed state, in vivo and ex vivo. Based on our results, we hypothesized that GI inflammatory condition induces alteration of glucose-sensing receptors leading to increased incretin secretion. Glucose-induced incretin secretion is stimulated via glucose-sensing receptors such as sweet taste receptor (STR), Sglt1, and GLUT2 in enteroendocrine cells. In duodenum tissue, the STR proteins of T1R2, T1R3, and Gα gustducin were reduced compared to the control group (Figure 3A). The expression levels of STR in both ileum tissues were also diminished, but the amount of Sglt1 protein was increased in only the acutely GI-inflamed mice (Figure 3B). GI Inflammatory conditions caused an increase of Sglt1 protein leading to elevating glucose-induced incretin secretion in the small intestine, especially in severe GI-inflamed mice.




2.4. Inflammatory Condition Induces an Increment of Na+-Glucose Co-Transporter Sglt1


To confirm whether inflammatory conditions increase Sglt1 protein in the small intestine, inflammatory stimuli secreted from LPS-stimulated RAW264.7 cells were treated in isolated intestinal epithelium cells. Following LPS stimulation for 24 h, stimulated RAW264.7 cells released cytokines such as IL-1β, IL-6, and TNFα, but there was no difference in IFNγ level (Figure 4A). Intestinal epithelium cells were observed of single cells and crypts particles. Conditioned media (Mϕ 30%) containing a supernatant at 30% of activated-macrophage did not induce morphological changes and cell proliferation after Mϕ 30% treatment for 48 h. Sglt1 was increased in single cells (Figure 4B) and crypts particles (Figure 4C) with incubation of Mϕ 30% media for two days. There was a significant increase of IF intensity (Figure 4D), and amount of Sglt1 protein was elevated by 186.44% (± 5.48) in intestinal epithelium cells (Figure 4E). In addition to isolated intestinal epithelium cells, a treatment of conditioned media for 48 h in enteroendocrine-like NCI-H716 cells leads to increment of Sglt1 protein in dose-dependent manner (Figure 5A,B). We confirmed increasing glucose-induced incretin secretion and Sglt1 protein, but STRs did not show significant changes. When cultured with conditioned media, GLP-1 secretion was increased by glucose at 110.40% (± 17.05) compared with control, and treatment with the Sglt1 inhibitor phloridzin reduced GLP-1 secretion at 52.55% (± 4.20) in enteroendocrine-like NCI-H716 cells (Figure 5C). Chromogranin A (endorine marker) was seen, but incretin levels were too low (<out of range) in isolated intestinal epithelium cells. ERK phosphorylation also increased in Mϕ 30%-differentiated NCI-H716 cells than control group (Figure 5D), and these ERK activation was reduced by incubation with phloridzin (Figure 5E). GLP-1 is secreted by 10% glucose exposure through an increase of intracellular Ca2+ influx in differentiated NCI-H716 cells. Fluo-4 fluorescence, which correlated with intracellular Ca2+ entry, is significantly increased after glucose treatment for 1 h and Sglt1 inhibition reduces up-regulation of intracellular Ca2+ (Figure 5F).





3. Discussion


In the present study, we aimed to investigate how incretin secretion is affected in the GI inflammatory state. We confirmed elevating incretin secretion in response to glucose exposure through an increase of the Sglt1 in the intestine and enteroendocrine cells. A convoluted connection between the immune and enteroendocrine systems has been reported in various inflammatory diseases, such as infections, obesity, diabetes, and inflammatory bowel disease [29,30], and many studies show alterations of hormone levels in various cases of GI inflammation, including in patients with gastritis, colitis, ileitis, irritable bowel syndrome (IBS), and IBD [21,22,23]. Cross-talk between inflammation and gut hormones has been reported, GI Inflammation impacts on enteroendocrine cells, leading to functional defects and hormone imbalances [31,32,33]. In addition, several clinical studies with IBD patients have reported enteroendocrine disorders and abnormalities of insulin secretion [34,35]. Inflammatory stimuli, such as IL-6, TNFα, and endotoxin, induce GIP and GLP-1 secretion, leading to hyperinsulinemia in critically ill patients [36,37]. In IBD mouse models, portal endotoxin levels and various cytokine levels have been observed at high concentrations with intestinal epithelial inflammation, and plasma GIP and PYY levels were increased [38,39]. Lebrun et al. reported that luminal LPS accelerates GLP-1 secretion through IL-6 and TLR4-dependent manner in GI-inflamed mice [40]. Numerous studies have been reported an increase of GLP-1 secretion in human IBD patients and systemic plasma cytokines impact on intestinal hormone secretion. Many studies have shown that inflammatory cytokines accelerate GLP-1 secretion, while GIP secretion is stimulated with LPS and these secretions are mediated by the IL-1β-dependent pathway, but not IL-6 and TNFα [41]. Inflammatory stimuli are well known to be involved in intestinal hormone release, and we also observed high concentrations of plasma incretins as well as PYY (data not shown) in a GI-inflamed mouse model using DSS administration.



In our results, extracellular inflammatory conditions, such as cytokines and endotoxin, cause the high levels of incretin hormones have been demonstrated by the absence of inflammatory stimuli. Of note, oral glucose administration stimulates robust incretin secretion in GI-inflamed mice, and increasing glucose-induced incretin secretion leads to lowering blood glucose levels via insulin secretion. Interestingly, DSS administration mainly affects colon but the small intestine is affected by GI inflammation. We confirmed that elevated incretin levels decreased when extracellular inflammatory stimuli were removed, and over-secretion of incretin in response to 10% glucose was observed in the minced small intestine of GI-inflamed mice than those of GI-intact mice, but there was not significant compared with in the intact control group except acutely GI-inflamed duodenum tissue. We confirmed over-secretion of incretin hormone in response to glucose exposure in the acute inflammatory group more than that in the chronic group. Over-secretion of incretin hormone was due to the elevated Sglt1 protein in the acute group, whereas the chronic group was affected by the increase of hormone production rather than the increase of Sglt1 protein. The effect of Sglt1 on glucose-induced incretin secretion is greater than that of hormone production.



SGLT1 induces membrane polarization by the co-transport of Na+ with glucose playing a critical role in glucose-dependent incretin secretion, but impact of Sglt1 on plasma GLP-1 levels in vivo is controversial. Sun et al. demonstrated that Sglt1 plays a role in glucose-induced GLP-1 secretion using sglt1 inhibitor phloridzin in human ileal L-cells. Gorboulev et al. reported that glucose does not stimulate an incretin hormone release in SGLT1-deficient mice [42]. An increase of incretin secretion in response to glucose exposure is caused by elevated incretin production or increased amount of receptor to recognize glucose. In our results, we found that the Sglt1 protein is specifically increased in the small intestine of GI inflammatory conditions, while STR showed lower levels of intestinal protein expression than GI intact mice. GLUT2 did not show significant change compared to those in GI intact mice, although it is well known that GLUT2 does not contribute significantly to incretin secretion in the intestine.



To confirm whether Sglt1 protein by inflammatory stimuli were increased, isolated intestinal epithelium cells and NCI-H716 cells were incubated with conditioned media (Mϕ 30%) containing IL-1β, IL-6, and TNFα released from LPS-stimulated macrophage cells. Pro-inflammatory cytokines TNFα and IL-6 are associated with many chronic inflammatory diseases. Gagnon et al. reported that chronic exposure of TNFα induces impairment of GLP-1 secretion, and TNFα interrupted GIP-induced GLP-1 secretion through inhibiting GIP-induced AKT phosphorylation in NCI-H716 cells [43]. Whereas, Ellingsgaard et al. reported that IL-6 enhances GLP-1 production from pancreatic alpha cells and mRNA expression associated with GLP-1, such as gcg, pcsk1, and slc5a1 in GLUTag cells [10]. Moreover, GLP-1 secretion resulting from gut ischemic injury is immediately regulated through the IL-6-dependent pathway and GLP-1 secretion by LPS injection was mitigated in gene deletion of IL-6 (IL6 −/−) mice. It is well known that the IL-6-depedent pathway plays a prominent role in the correlation between GLP-1 secretion and GI inflammation. We assumed that inflammatory cytokines might increase the expression of Sglt1 protein. Following incubation with conditioned media containing inflammatory cytokines, Sglt1 protein was increased in isolated intestinal epithelium cells and NCI-H716 cells, but not other glucose-sensing receptors STR and enteroendocrine marker chromogranin A (CgA). Although glucose-induced incretin secretion in intestinal epithelium cells was not measured (<out of range), GLP-1 secretion by 10% glucose exposure was elevated in differentiated NCI-H716 cells with inflammatory conditions. The glucose-induced downstream signals, such as ERK phosphorylation and calcium influx, were also increased in NCI-H716 cells exposed to inflammatory stimuli compared to the absence of inflammatory stimuli. Although ERK phosphorylation is known to be associated with GLP-1 secretion, a clear mechanism of ERK activation is still unknown. In our data, ERK phosphorylation is increased by glucose exposure. Calcium influx is increased by ATP production after glucose uptake and signal transduction through various receptors. We used the sglt1 inhibitor phloridzin to confirm whether incretin secretion may induced by an increase of Sglt1, a treatment of phloridzin abolished the Ca2+ increase. Moreover, we treated each cytokine to differentiated NCI-H716 cells to find a specific cytokine that induced an increase of Sglt1 in identical manner, but sole treatment of human recombinant cytokine including IL-1β, IL-6, TNFα, IFNγ, and LPS did not show an increase of Sglt1 protein (data did not show).



Accordingly, we observed that GI inflammatory conditions promotes glucose-induced incretin secretion by an increase of Sglt1 protein. Furthermore, we investigated the hormone secretion and blood glucose levels in interval fasting mice for three days to confirm whether fasting and reduced food intake after DSS administration effect on incretin secretion (Figure S2). There were no changes in hormone secretion and blood glucose levels during fasting. Moreover, lowering contents of glucose and fetal bovine serum did not induce an increment of Sglt1 protein in NCI-H716 cells. These results showed enhanced incretin secretion in response to glucose through an increase of Sglt1 protein induced by GI inflammatory conditions, not fasting. Our results show a link between GI inflammation and glucose-dependent incretin secretion. Severe inflammatory condition leads to more Sglt1 increase than mild inflammation. These findings demonstrate the possibility that GI inflammation causes metabolic disturbances through alterations of glucose-induced incretin secretion. More studies are required to identify mechanism and specific factors that affect receptors which react to various stimuli in inflammatory conditions. Collectively, our data may explain the abnormalities of intestinal hormone secretion are caused by GI inflammatory conditions through increasing Sglt1 expression.




4. Material and Methods


4.1. Mice and DSS-Induced GI Inflammation


This study was carried out in strict accordance with the ethical guidelines of Kyung Hee University. All animal study protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Kyung Hee University (confirmation number: KHUASO-(SE)-14-043). Specific pathogen-free female C57BL/6 mice, 8–9 weeks old, were purchased from Daehan Biolink (DBL, Chungcheongbuk-do, Republic of Korea). All mice were acclimated for a week. DSS (MP biomedicals, Solon, OH), dissolved in autoclaved water to 3% (w/v) or 2% was administered ad libitum. The acute group were induced 3% DSS administration for seven days and chronic group were induced by seven days of oral 2% DSS followed by 10 days of H2O (for 1, 2, and 3 cycles). Acute and chronic mice were sacrificed after DSS-induction at seven and 52 days, respectively




4.2. Assessment of Clinical Score and Histological Score


The mice were monitored and scored daily using standard chart. For body weight, loss of 0–3% weight was scored as 0, a loss of 3–10% weight was registered as 1, a loss of 10–20% weight was registered as 2, loss of >20% weight was registered as 3. For the diarrhea score, zero points were assigned for well-formed pellets, two points for pasty and semi-formed stools that did not adhere to the anus, and three points for watery stools that smeared to the anus. For visible feces blood, feces were squashed and then assessed for the degree of feces blood (Figure S3A). Intestinal sample of damaged intestine collected at seven and 52 days from each mouse for histological evaluation and fixed by 10% formalin for 24 h and embedded in paraffin. Paraffin sample were cut into 5 µm sections and stained with H and E [44]. The histological results were scored based on the presented in Table S1 and examined for damage. All scorings were performed in a blinded fashion (Figure S3B).




4.3. Oral Glucose Tolerance Test and Blood Sampling for Multiplex Assay


The method of oral glucose tolerance test and blood sampling were described in our previous studies [45]. Briefly, mice were starved for 16 h and then administrated with 5 mg/kg glucose after the 0 time point.




4.4. Measurement of Gut Hormones and Cytokines in Blood


Mice were fasted for 16 h and sacrificed by CO2. Collected blood from abdominal aorta was transferred into EDTA coated-tube containing DPP-4 inhibitor and 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (Sigma-Aldrich, Saint Louis, MO, USA) for protecting blood coagulation and peptide hormone degradation. The plasma was immediately separated into fresh tubes after centrifugation (1000× g, 10 min, 4 °C). The levels of gut hormones and cytokines were measured using Milliplex® MAP Mouse Metabolic Magnetic Bead Panel (EMD Millipore Corporation, Billerica, MA, USA) and Bio-Rad Mouse Cytokine Assay (Bio-Rad, Hercules, CA, USA). The plasma concentration was measured by a Bio-Plex® MAGPIX™ Multipex reader and performed as described in each manufacturer’s guide using Bio-Plex manager software (Bio-Rad).




4.5. Immunohistochemistry and Immunofluorescence


Parts of intestine tissue and pancreas tissue were dewaxed, rehydrated, and then dipped in the antigen-retrieval solution (10 mM sodium citrate, pH 6) in microwave oven for 30 min, followed by 0.3% hydrogen peroxide for 30 min, and overnight incubation at 4 °C with primary antibodies. Information of primary antibodies were entered in Table S1. After primary antibody incubation for IHC, tissues were incubated for 30 min with secondary antibodies, and then incubated slides using a Vectastain ABC Kit (Vector laboratories, Burlingame, CA, USA) for 1 h, followed by DAB staining (Vector) and counterstaining with hematoxylin. For immunofluorescence, we used secondary antibodies including donkey anti-rabbit Alexa Fluor 488, donkey anti-goat Alexa Fluor 594 (Life Technology, Carlsbad, CA), and DAPI. The method of immunofluorescence was described in our previous studies [46].




4.6. Tissue Culture of Mouse Small Intestine


Mice intestines were removed from stomach to anus and then 5 cm was cut from the GI junction and cecum as each duodenum and ileum pieces, followed by perfused twice ex vivo using cold PBS containing the protease inhibitor cocktail (Roche, Basel, Swiss) and minced [47]. Minced duodenum and ileum tissue were transferred into 24-well plates and immediately incubated with or without 10% glucose Dulbecco’s modified Eagle’s medium (DMEM) containing DPP4 inhibitor (Millipore) for an hour. The incubated supernatants of minced intestinal tissues were collected and centrifuged at 1000× g for 20 min at 4 °C for GIP and GLP-1 measurements (Bio-Rad).




4.7. Cell Culture and Preparation of Conditioned Media


The murine macrophage cell line RAW264.7 cells and human cell line NCI-H716 cells were purchased from the Korean Cell Line Bank (Seoul, Republic of Korea). The culture medium of RAW264.7 was high glucose (4.5 g/L) DMEM (Corning, NY, USA) containing 10% FBS and 1% P/S. RAW264.7 cells were seeded at 7 × 106 cell per T75 flask overnight, and then the culture medium was exchanged with lipopolysaccharide (LPS) at 1 mg/mL for 24 h. Following LPS stimulation, activated-RAW264.7 cells washed with PBS twice and cell medium was changed complete DMEM without LPS for 24 h. Cell supernatant was filtered at 0.22 μm and stored at −80 °C until used. Briefly described summary about preparation of conditioned media in Figure S3C. The culture medium of suspension NCI-H716 cells was RPMI (Corning, NY, USA) containing 10% FBS and 1% P/S. To differentiate enteroendocrine-like cells, NCI-H716 cells were seeded in matrigel-coated plates and incubated with high glucose (4.5 g/L) DMEM medium containing 10% FBS and 1% P/S at 37 °C under a 5% CO2 condition for one day. After incubation, medium was changed conditioned medium (Mϕ 30%) containing 30% (v/v) of filtered supernatant of LPS-stimulated RAW264.7 cells for two days. In contrast to conditioned media (Mϕ 30%), control media used a supernatant of non-activated RAW264.7 cells (without LPS activation). For the preparation of conditioned media, cell viability tests of various percentage (10–100%) of supernatant was performed and we confirmed a concentration of conditioned media up to 30%. For measurement of GLP-1 levels, DMEM medium was exchanged with low-glucose (1 g/L) DMEM overnight after differentiation for three days. Following starvation with low-glucose DMEM, differentiated NCI-H716 cells were washed with PBS and 10% (w/v) glucose in PBS containing 1 mM CaCl2 was treated for 1 h. The Sglt1 inhibitor phloridzin was treated at 100 μM with 10% glucose solution in differentiated NCI-H716 cells.




4.8. Isolation Intestinal Epithelium Cells


The small intestine was collected into ice-cold Leibocitz-15 (L-15) medium, and then the collected small intestine was opened, rinsed in L-15, and chopped. The minced tissue was digested five times with 0.35 mg/mL collagenase XI (Sigma) in Dulbecco’s modified Eagle’s medium (4.5 g/L glucose) at 37 °C for 10 min with intermittent vigorous shaking, and the supernatants from digests 3–5 were subjected to centrifuge at 1000× g for 3 min. Digested pellets re-suspended in complete DMEM containing 10% FBS (Lonza, Basel, Swiss) and 1% penicillin-streptomycin and filtered by 100 μm strainer. Isolated intestinal epithelium cells were placed on matrigel-coated plates for immunofluorescence and immunoblotting. Cells were incubated for three days and then the culture medium was changed to conditioned media containing a supernatant at 30% of LPS-stimulated RAW264.7 cells for two days.




4.9. Immunoblotting


Immunoblotting was performed as preciously described [48]. Tissue samples of the intestine were washed and lysed in T-per buffer (Cell Signaling technology, Danvers, MA, USA) for an hour at 4 °C. Samples were subjected to 8–10% SDS-gel electrophoresis with same amount of 20–30 μg [49]. Membranes were blocked for 5% BSA in TBST and incubated with primary antibody individually overnight.




4.10. Statistical Analysis


Data were represented with the means with SEM. The statistical analysis and graphics were performed using GraphPad Prism 5 software package (GraphPad Software, San Diego, CA, USA). The results of blood sampling in mice were analyzed by the two-way ANOVA. Generalized estimating equation for repeated-measures was used to analyze the OGTT, gastrointestinal hormones levels and body weight change to detect group-by-time interactions [50]. An unpaired t test was applied for comparison with control in respect of hormone levels and gene expression of each intestine parts, respectively. P values * p < 0.05, ** p < 0.01, *** p < 0.001 are considered statistically significant.
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Abbreviations




	GI
	Gastrointestinal



	Sglt1
	Sodium-glucose cotransporter 1



	GIP
	Glucose-dependent insulinotropic polypeptide



	GLP-1
	Glucagon-like peptide-1



	Incretin
	GIP and GLP-1



	STR
	Sweet taste receptor



	IBD
	Inflammatory bowel disease



	IECs
	Intestinal epithelium cells







References


	



Wu, T.; Rayner, C.K.; Young, R.L.; Horowitz, M. Gut motility and enteroendocrine secretion. Curr. Opin. Pharmacol. 2013, 13, 928–934. [Google Scholar] [CrossRef] [PubMed]

	



Lauffer, L.M.; Iakoubov, R.; Brubaker, P.L. GPR119 is essential for oleoylethanolamide-induced glucagon-like peptide-1 secretion from the intestinal enteroendocrine L-cell. Diabetes 2009, 58, 1058–1066. [Google Scholar] [CrossRef]

	



Dockray, G.J. Enteroendocrine cell signalling via the vagus nerve. Curr Opin Pharm. 2013, 13, 954–958. [Google Scholar] [CrossRef]

	



Doyle, M.E.; Egan, J.M. Mechanisms of action of glucagon-like peptide 1 in the pancreas. Pharmacol. Ther. 2007, 113, 546–593. [Google Scholar] [CrossRef]

	



Buteau, J. GLP-1 receptor signaling: Effects on pancreatic beta-cell proliferation and survival. Diabetes Metab. 2008, 34 (Suppl. 2), S73–S77. [Google Scholar] [CrossRef]

	



Moran-Ramos, S.; Tovar, A.R.; Torres, N. Diet: Friend or foe of enteroendocrine cells--how it interacts with enteroendocrine cells. Adv. Nutr. (BethesdaMd.) 2012, 3, 8–20. [Google Scholar] [CrossRef] [PubMed]

	



De Silva, A.; Bloom, S.R. Gut Hormones and Appetite Control: A Focus on PYY and GLP-1 as Therapeutic Targets in Obesity. Gut Liver 2012, 6, 10–20. [Google Scholar] [CrossRef]

	



Bodnaruc, A.M.; Prud’homme, D.; Blanchet, R.; Giroux, I. Nutritional modulation of endogenous glucagon-like peptide-1 secretion: A review. Nutr. Metab. 2016, 13, 92. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.S.; Egan, J.M.; Jang, H.J. Denatonium induces secretion of glucagon-like peptide-1 through activation of bitter taste receptor pathways. Diabetologia 2014, 57, 2117–2125. [Google Scholar] [CrossRef] [PubMed]

	



Ellingsgaard, H.; Hauselmann, I.; Schuler, B.; Habib, A.M.; Baggio, L.L.; Meier, D.T.; Eppler, E.; Bouzakri, K.; Wueest, S.; Muller, Y.D.; et al. Interleukin-6 enhances insulin secretion by increasing glucagon-like peptide-1 secretion from L cells and alpha cells. Nat. Med. 2011, 17, 1481–1489. [Google Scholar] [CrossRef]

	



Tolhurst, G.; Heffron, H.; Lam, Y.S.; Parker, H.E.; Habib, A.M.; Diakogiannaki, E.; Cameron, J.; Grosse, J.; Reimann, F.; Gribble, F.M. Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via the G-protein-coupled receptor FFAR2. Diabetes 2012, 61, 364–371. [Google Scholar] [CrossRef] [PubMed]

	



Kokrashvili, Z.; Yee, K.K.; Ilegems, E.; Iwatsuki, K.; Li, Y.; Mosinger, B.; Margolskee, R.F. Endocrine taste cells. Br. J. Nutr. 2014, 111 (Suppl. 1), S23–S29. [Google Scholar] [CrossRef]

	



Gagnon, J.; Baggio, L.L.; Drucker, D.J.; Brubaker, P.L. Ghrelin Is a Novel Regulator of GLP-1 Secretion. Diabetes 2015, 64, 1513–1521. [Google Scholar] [CrossRef]

	



Rozengurt, N.; Wu, S.V.; Chen, M.C.; Huang, C.; Sternini, C.; Rozengurt, E. Colocalization of the alpha-subunit of gustducin with PYY and GLP-1 in L cells of human colon. Am. J. Physiol. Gastrointest. Liver Physiol. 2006, 291, G792–G802. [Google Scholar] [CrossRef] [PubMed]

	



Reimann, F.; Habib, A.M.; Tolhurst, G.; Parker, H.E.; Rogers, G.J.; Gribble, F.M. Glucose sensing in L cells: A primary cell study. Cell Metab. 2008, 8, 532–539. [Google Scholar] [CrossRef] [PubMed]

	



Psichas, A.; Sleeth, M.L.; Murphy, K.G.; Brooks, L.; Bewick, G.A.; Hanyaloglu, A.C.; Ghatei, M.A.; Bloom, S.R.; Frost, G. The short chain fatty acid propionate stimulates GLP-1 and PYY secretion via free fatty acid receptor 2 in rodents. Int. J. Obesity 2015, 39, 424–429. [Google Scholar] [CrossRef]

	



Hanauer, S.B. Inflammatory bowel disease: Epidemiology, pathogenesis, and therapeutic opportunities. Inflamm. Bowel Dis. 2006, 12 (Suppl. 1), S3–S9. [Google Scholar] [CrossRef]

	



Lennard-Jones, J.E. Classification of inflammatory bowel disease. Scand. J. Gastroenterol. Suppl. 1989, 170, 2–6. [Google Scholar] [CrossRef] [PubMed]

	



Podolsky, D.K. Inflammatory bowel disease (2). New Engl. J. Med. 1991, 325, 1008–1016. [Google Scholar] [CrossRef] [PubMed]

	



Strober, W.; Fuss, I.J. Proinflammatory cytokines in the pathogenesis of inflammatory bowel diseases. Gastroenterology 2011, 140, 1756–1767. [Google Scholar] [CrossRef]

	



Harrison, E.; Lal, S.; McLaughlin, J.T. Enteroendocrine cells in gastrointestinal pathophysiology. Curr. Opin. Pharm. 2013, 13, 941–945. [Google Scholar] [CrossRef]

	



McDermott, J.R.; Leslie, F.C.; D’Amato, M.; Thompson, D.G.; Grencis, R.K.; McLaughlin, J.T. Immune control of food intake: Enteroendocrine cells are regulated by CD4+ T lymphocytes during small intestinal inflammation. Gut 2006, 55, 492–497. [Google Scholar] [CrossRef] [PubMed]

	



Keller, J.; Beglinger, C.; Holst, J.J.; Andresen, V.; Layer, P. Mechanisms of gastric emptying disturbances in chronic and acute inflammation of the distal gastrointestinal tract. Am. J. Physiol. Gastrointest. Liver Physiol. 2009, 297, G861–G868. [Google Scholar] [CrossRef]

	



Kahles, F.; Meyer, C.; Mollmann, J.; Diebold, S.; Findeisen, H.M.; Lebherz, C.; Trautwein, C.; Koch, A.; Tacke, F.; Marx, N.; et al. GLP-1 secretion is increased by inflammatory stimuli in an IL-6-dependent manner, leading to hyperinsulinemia and blood glucose lowering. Diabetes 2014, 63, 3221–3229. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, A.T.; Mandard, S.; Dray, C.; Deckert, V.; Valet, P.; Besnard, P.; Drucker, D.J.; Lagrost, L.; Grober, J. Lipopolysaccharides-mediated increase in glucose-stimulated insulin secretion: Involvement of the GLP-1 pathway. Diabetes 2014, 63, 471–482. [Google Scholar] [CrossRef] [PubMed]

	



Chassaing, B.; Aitken, J.D.; Malleshappa, M.; Vijay-Kumar, M. Dextran sulfate sodium (DSS)-induced colitis in mice. Curr. Protoc. Immunol. 2014, 104, 15–25. [Google Scholar]

	



Kitajima, S.; Takuma, S.; Morimoto, M. Tissue distribution of dextran sulfate sodium (DSS) in the acute phase of murine DSS-induced colitis. J. Vet. Med. Sci. 1999, 61, 67–70. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, D.Y.; Park, J.H.; Yim, S.-V.; Son, Y.; Hong, H.S. Substance-P protects intestinal epithelium against dextran sulfate sodium-induced toxicity in vitro. Mol. Cell. Toxicol. 2016, 12, 391–398. [Google Scholar] [CrossRef]

	



Roda, G.; Sartini, A.; Zambon, E.; Calafiore, A.; Marocchi, M.; Caponi, A.; Belluzzi, A.; Roda, E. Intestinal epithelial cells in inflammatory bowel diseases. World J. Gastroenterol. 2010, 16, 4264–4271. [Google Scholar] [CrossRef]

	



Zietek, T.; Rath, E. Inflammation Meets Metabolic Disease: Gut Feeling Mediated by GLP-1. Front. Immunol. 2016, 7, 154. [Google Scholar] [CrossRef]

	



El-Salhy, M.; Hatlebakk, J.G.; Gilja, O.H. Abnormalities in endocrine and immune cells are correlated in dextransulfatesodiuminduced colitis in rats. Mol. Med. Rep. 2017, 15, 12–20. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.Y.; Zhang, N.; Wen, S.; Zhang, J.; Sun, X.L.; Fan, X.M.; Sun, Y.H. Decreased glucagon-like peptide-1 correlates with abdominal pain in patients with constipation-predominant irritable bowel syndrome. Clin. Res. Hepatol. Gastroenterol. 2017, 41, 459–465. [Google Scholar] [CrossRef]

	



Schmidt, P.T.; Ljung, T.; Hartmann, B.; Hare, K.J.; Holst, J.J.; Hellstrom, P.M. Tissue levels and post-prandial secretion of the intestinal growth factor, glucagon-like peptide-2, in controls and inflammatory bowel disease: Comparison with peptide YY. Eur. J. Gastroenterol. Hepatol. 2005, 17, 207–212. [Google Scholar] [CrossRef] [PubMed]

	



Tigas, S.; Tsatsoulis, A. Endocrine and metabolic manifestations in inflammatory bowel disease. Ann. Gastroenterol. 2012, 25, 37–44. [Google Scholar] [PubMed]

	



Martin-de-Carpi, J.; Moriczi, M.; Pujol-Muncunill, G.; Navas-Lopez, V.M. Pancreatic Involvement in Pediatric Inflammatory Bowel Disease. Front. Pediatrics 2017, 5, 218. [Google Scholar] [CrossRef] [PubMed]

	



Lebherz, C.; Kahles, F.; Piotrowski, K.; Vogeser, M.; Foldenauer, A.C.; Nassau, K.; Kilger, E.; Marx, N.; Parhofer, K.G.; Lehrke, M. Interleukin-6 predicts inflammation-induced increase of Glucagon-like peptide-1 in humans in response to cardiac surgery with association to parameters of glucose metabolism. Cardiovasc. Diabetol. 2016, 15, 21. [Google Scholar] [CrossRef] [PubMed]

	



Timper, K.; Grisouard, J.; Sauter, N.S.; Herzog-Radimerski, T.; Dembinski, K.; Peterli, R.; Frey, D.M.; Zulewski, H.; Keller, U.; Muller, B.; et al. Glucose-dependent insulinotropic polypeptide induces cytokine expression, lipolysis, and insulin resistance in human adipocytes. Am. J. Physiol. Endocrinol. Metab. 2013, 304, E1–E13. [Google Scholar] [CrossRef]

	



Munitz, A.; Seidu, L.; Cole, E.T.; Ahrens, R.; Hogan, S.P.; Rothenberg, M.E. Resistin-like molecule alpha decreases glucose tolerance during intestinal inflammation. J. Immunol. 2009, 182, 2357–2363. [Google Scholar] [CrossRef]

	



Gabele, E.; Dostert, K.; Hofmann, C.; Wiest, R.; Scholmerich, J.; Hellerbrand, C.; Obermeier, F. DSS induced colitis increases portal LPS levels and enhances hepatic inflammation and fibrogenesis in experimental NASH. J. Hepatol. 2011, 55, 1391–1399. [Google Scholar] [CrossRef]

	



Lebrun, L.J.; Lenaerts, K.; Kiers, D.; Pais de Barros, J.P.; Le Guern, N.; Plesnik, J.; Thomas, C.; Bourgeois, T.; Dejong, C.H.C.; Kox, M.; et al. Enteroendocrine L Cells Sense LPS after Gut Barrier Injury to Enhance GLP-1 Secretion. Cell Rep. 2017, 21, 1160–1168. [Google Scholar] [CrossRef]

	



Kahles, F.; Meyer, C.; Diebold, S.; Foldenauer, A.C.; Stohr, R.; Mollmann, J.; Lebherz, C.; Findeisen, H.M.; Marx, N.; Lehrke, M. Glucose-dependent insulinotropic peptide secretion is induced by inflammatory stimuli in an interleukin-1-dependent manner in mice. Diabetes Obes. Metab. 2016, 18, 1147–1151. [Google Scholar] [CrossRef]

	



Gorboulev, V.; Schurmann, A.; Vallon, V.; Kipp, H.; Jaschke, A.; Klessen, D.; Friedrich, A.; Scherneck, S.; Rieg, T.; Cunard, R.; et al. Na(+)-D-glucose cotransporter SGLT1 is pivotal for intestinal glucose absorption and glucose-dependent incretin secretion. Diabetes 2012, 61, 187–196. [Google Scholar] [CrossRef] [PubMed]

	



Gagnon, J.; Sauve, M.; Zhao, W.; Stacey, H.M.; Wiber, S.C.; Bolz, S.S.; Brubaker, P.L. Chronic Exposure to TNFalpha Impairs Secretion of Glucagon-Like Peptide-1. Endocrinology 2015, 156, 3950–3960. [Google Scholar] [CrossRef] [PubMed]

	



Ko, J.-W.; Park, S.-H.; Lee, I.-C.; Lee, S.-M.; Shin, I.-S.; Kang, S.-S.; Moon, C.; Kim, S.-H.; Heo, J.-D.; Kim, J.-C. Protective effects of garlic oil against 1,3-dichloro-2-propanol-induced hepatotoxicity: Role of CYP2E1 and MAPKs. Mol. Cell. Toxicol. 2016, 12, 185–195. [Google Scholar] [CrossRef]

	



Lee, I.S.; Kim, K.S.; Kim, K.H.; Park, J.; Jeong, H.S.; Kim, Y.; Na, Y.C.; Chung, W.S.; Ahn, K.S.; Lee, S.G.; et al. Antihyperglycemic and Antiobesity Effects of JAL2 on db/db Mice. Evid. -Based Complementary Altern. Med. Ecam 2016, 2016, 6828514. [Google Scholar] [CrossRef]

	



Park, J.; Kim, K.S.; Kim, K.H.; Lee, I.S.; Jeong, H.S.; Kim, Y.; Jang, H.J. GLP-1 secretion is stimulated by 1,10-phenanthroline via colocalized T2R5 signal transduction in human enteroendocrine L cell. Biochem. Biophys. Res. Commun. 2015, 468, 306–311. [Google Scholar] [CrossRef] [PubMed]

	



Jang, H.J.; Kokrashvili, Z.; Theodorakis, M.J.; Carlson, O.D.; Kim, B.J.; Zhou, J.; Kim, H.H.; Xu, X.; Chan, S.L.; Juhaszova, M.; et al. Gut-expressed gustducin and taste receptors regulate secretion of glucagon-like peptide-1. Proc. Natl. Acad. Sci. USA 2007, 104, 15069–15074. [Google Scholar] [CrossRef]

	



Park, J.; Kim, H.; Lee, I.S.; Kim, K.H.; Kim, Y.; Na, Y.C.; Lee, J.H.; Jang, H.J. The therapeutic effects of Yongdamsagan-tang on autoimmune hepatitis models. Biomed. Pharm. 2017, 94, 244–255. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.-H.; Park, J.Y.; Lee, I.-S.; Kim, Y.; Jang, H.-J. Proteins derived from Prunus armeniaca kernel are possible to cause Immunoglobulin E reactivity in human sera. Mol. Cell. Toxicol. 2017, 13, 213–220. [Google Scholar] [CrossRef]

	



Lee, I.S.; Kim, K.S.; Kim, K.H.; Park, J.; Jeong, H.S.; Kim, Y.; Na, Y.C.; Lee, S.G.; Ahn, K.S.; Lee, J.H.; et al. Anti-diabetic and anti-obesitic effects of aqueous extracts of Yangkyuksanhwa-tang and its two major compositions on db/db mice. Biomed. Pharmacother. Biomed. Pharmacother. 2016, 83, 431–438. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 02537 g001 550]





Figure 1. Incretin secretion increased by glucose gavage in gastrointestinal (GI)-inflamed mice. The hormone levels were measured at each time point. Total GIP secretion in response to oral glucose gavage (5 mg/kg) in the acute (A) and the chronic GI-inflamed group (B). Glucose-induced GLP-1 secretion in the acute (C) and chronic inflamed groups (D). Insulin secretion in the acute (E) and chronic inflamed groups (F). The plasma glucose concentrations were measured by OGTT under starvation conditions in the acute (G) and chronic groups (H). Black line: Control, red line: GI-inflamed mice, n = 5/group, * p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA. Grey bar: Control; black bar: GI-inflamed mice groups. * p < 0.05, ** p < 0.01, *** p < 0.001, Student’s t-test. 
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Figure 2. Gastrointestinal tract (GI) inflammatory conditions stimulate glucose-induced incretin secretion. Glucose-stimulated GIP secretion (A) and GLP-1 secretion (B) in the minced duodenum and ileum tissues of the acute group. Incretin secretion in response to 10% glucose in the chronic group (C,D). Comparison of the absence and presence of 10% glucose. * p < 0.05, ** p < 0.01, *** p < 0.001, n = 6/group, Compared to the control group in presence of 10% glucose. #p < 0.05, Student’s t-test. The distribution of Chromogranin A (CgA), a representative enteroendocrine cell marker, in the acute (E) and chronic groups (F). GIP-positive spots in duodenum tissue (G) and GLP-1-positive spots in ileum tissue (H). Positive cells (brown spots). Graph shows mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, Student’s t-test. Scale bars represent 50 μm. 
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Figure 3. Na+-glucose co-transporter Sglt1 was increased in GI-inflamed mice. The protein expression levels of glucose-sensing receptors including subunits of sweet taste receptor, Sglt1, and GLUT2 in duodenum (A) and ileum tissue (B) of GI-inflamed mice. 
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Figure 4. The inflammatory condition induced an increment of Na+-glucose co-transporter Sglt1 in isolated intestinal epithelium cells. Conditioned media (Mϕ 30%) containing inflammatory cytokines, such as IL-1β, IL-6, TNFα, and IFNγ (A). IFNγ did not show significant difference. Isolated intestinal epithelium cells (IECs) were incubated without Mϕ 30% (Control, using a supernatant of non-activated RAW264.7 cells) or with conditioned media (Mϕ 30%) for two days. Following incubation with conditioned media (Mϕ 30%) for two days, Sglt1 was increased in single cells (B) and crypt particles (C). Scale bars represent 100 μm. Intensity of Sglt1 fluorescence elevated with incubation of Mϕ 30% (D). The protein expression levels of Sglt1 and Chromogranin A (CgA) in isolated IECs (E). *** p < 0.001, n = 5–6/group, Student’s t-test. 
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Figure 5. The inflammatory condition induced an increment of Na+-glucose co-transporter Sglt1 in differentiated NCI-H716 cells. Fluorescence of Sglt1 in differentiated NCI-H716 cells (A). Scale bars represent 50 μm. Sglt1 increased after incubation with conditioned media (Mϕ 30%) in a dose-dependent manner (B). GLP-1 secretion in response to 10% glucose in NCI-H716 cells (C). Gray bar: Control group; black bar: incubated group with conditioned media. Glucose exposure induces ERK phosphorylation (D) and ERK phosphorylation is slightly reduced by incubation with phloridzin (E). * p < 0.05, ** p < 0.01, *** p < 0.001. Student’s t-test. Images of Fura-4AM fluorescence in differentiated NCI-H716 cells after incubation with 10% glucose and showing effect of 1 mM Phloridzin (F). Scale bars represent 100 μm. 
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