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Abstract

:

Inflammatory bowel disease (IBD) is characterized by chronic intestinal-tract inflammation with dysregulated immune responses, which are partly attributable to dysbiosis. Given that diet plays a critical role in IBD pathogenesis and progression, we elucidated the effects of a high-fat diet (HFD) feeding on IBD development in relation to immune dysfunction and the gut microbiota. Five-week-old male C57BL/6J mice were fed either a normal diet (ND) or HFD for 14 weeks. The animals were further divided into ND, ND+ dextran sulfate sodium (DSS), HFD, and HFD+DSS treatment groups. The HFD+DSS mice exhibited lower body weight loss, lower disease activity index, longer colon length, and increased tight-junction protein expression and goblet-cell proportions compared with the ND+DSS mice. The T helper (h)1 and Th17 cell populations and pro-inflammatory cytokines involved in colitis pathogenesis were significantly more reduced in the HFD+DSS mice than in the ND+DSS mice. The HFD+DSS mice showed significantly increased serum leptin concentrations, colonic leptin receptor expression, enhanced anti-apoptotic AKT expression, and reduced pro-apoptotic MAPK and Bax expression compared with the ND+DSS mice, suggesting the involvement of the leptin-mediated pathway in intestinal epithelial cell apoptosis. The alterations in the gut-microbiota composition in the HFD+DSS group were the opposite of those in the ND+DSS group and rather similar to those of the ND group, indicating that the protective effects of HFD feeding against DSS-induced colitis are associated with changes in gut-microbiota composition. Overall, HFD feeding ameliorates DSS-induced colitis and colonic mucosal damage by reinforcing colonic barrier function and regulating immune responses in association with changes in gut-microbiota composition.
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1. Introduction


Inflammatory bowel disease (IBD) is a chronic, recurrent gastrointestinal autoimmune disorder that includes Crohn’s disease (CD) and ulcerative colitis (UC). The incidence of IBD has been stable or has reduced in Western countries since 1990, but its prevalence remains high [1]. Interactions among genetic factors, environmental factors, such as diet, host immune regulation, and imbalances among intestinal bacteria, are considered to be involved in IBD pathogenesis, although the etiology is not fully understood [2]. Patients with IBD experience malabsorption caused by intestinal epithelial alterations, including a loss of epithelial integrity, leading to weight loss and low body-mass index, which is associated with disease severity and serious complications [3,4]. Accordingly, approaches to improving intestinal epithelial integrity and alleviating inflammation are important to mitigate disease severity and related complications in the management of patients with IBD.



Diet plays a crucial role in IBD pathogenesis and progression [5,6]. Growing evidence suggests an association between fat intake and IBD risk; however, the results are controversial [7,8,9,10,11]. High-fat diet (HFD)-induced obesity with excess adipose tissue increases leptin secretion. Leptin, which is mainly produced by adipocytes, is a multifunctional hormone that regulates neuroendocrine function, nutrient uptake, cell differentiation, and angiogenesis [12]. Recent studies have reported the dual role of leptin as a regulator of both the innate and the adaptive immune systems [13,14,15]. Despite the disparity in serum leptin levels in IBD patients, low serum leptin levels are associated with increased IBD risk, suggesting the involvement of leptin-mediated pathways in the pathogenesis and progression of the disease [15,16,17].



Diet also critically affects gut-microbiota composition [18]. Dysbiosis induces a decrease in microbial diversity, which in turn modulates the immune response of intestinal tissues [19]. Increasing evidence shows that IBD patients have increased Bacteroidetes and Proteobacteria and decreased Firmicutes abundance, but the causal relationship between dysbiosis and IBD pathogenesis remains to be elucidated [20,21,22]. Interestingly, HFD feeding is related to decreased Bacteroidetes and increased Firmicutes and Proteobacteria proportions [23,24], which are opposite patterns to those of the gut-microbiota composition in IBD, implying an association between HFD and IBD pathogenesis and/or progression. In this study, we investigated whether HFD feeding influences immune responses and the gut microbiome in a dextran sulfate sodium (DSS)-induced colitis mouse model, a representative experimental model of chemically induced epithelial damage [25].




2. Materials and Methods


2.1. Experimental Animals


Forty 5-week-old male C57BL/6J mice were obtained from the Central Laboratory (Seoul, Republic of Korea). All animals were housed in cages (four mice/cage) under a constant temperature (23 ± 2 °C) and humidity (50 ± 10%) with a 12-h light/ dark cycle. After 1 week of acclimatization, the mice were randomly assigned to either a normal diet (ND; 10% fat calories, Research Diets, D12450B) or HFD (60% fat calories, Research Diets, D12492) feeding group (n = 20/group) (Table S1). After 14 weeks, they were further divided into four groups (day 98), namely, ND, HFD, ND+DSS, and HFD+DSS (n = 10/group). Acute colitis was induced by two cycles of 1.5% DSS (molecular weight, 36,000-50,000 Da; MP Biomedicals, Costa Mesa, CA, USA) in the drinking water for 5 days, followed by recovery periods (Figure 1A). The disease activity index (DAI) was assessed daily by a blinded observer by scoring body-weight loss, stool consistency, and bleeding [26]. After 4 weeks of DSS treatment, the mice were sacrificed under anesthesia using a 2:1 mixture of Zoletil (Virbac, Magny-en-Vexin, France) and Rompun (Bayer, Seoul, Republic of Korea) by intraperitoneal injection. All animal experiments were approved by the Institutional Animal Care and Use Committee of the Sookmyung Women’s University, Seoul, Republic of Korea (SMWU-IACUC-1607-013-01).




2.2. Histological and Immunohistochemical Analyses


The segments obtained from each colon located 2 cm beyond the anus were fixed with 10% neutral buffered formalin solution. The fixed colon segments were embedded in paraffin wax and cut into 5-micrometer-thick sections. For the quantification of goblet cells, slides were stained with Alcian blue (pH 2.5; Sigma-Aldrich, St. Louis, MO, USA) and Periodic acid-Schiff (PAS; Sigma-Aldrich) to detect acidic and neutral mucins, respectively. The goblet-cell population was based on the ratio of the area of stained goblet cells relative to the area of the epithelial layer. For immunohistochemistry, the slides were stained with anti-ZO-1 antibody (1:500, Invitrogen, Eugene, OR, USA) and anti-Ki67 antibody (1:2000, Abcam, Cambridge, MA, USA), a nuclear protein expressed in proliferating cells. The Ki-67 proliferative index was expressed as a percentage of positively stained nuclei in relation to the total number of cells considered. Intestinal epithelial apoptosis was determined by terminal uridine deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay using the TUNEL assay kit (Abcam), according to the manufacturer’s protocol. The apoptotic index was based on the percentage of positively stained cells out of the total number of cells in each slide. The slides were examined under an Olympus PROVIS AX70 light microscope (Olympus, Tokyo, Japan). The images of each slide were taken with a Nikon DS-Ri2 camera (Nikon, Tokyo, Japan) and analyzed by NIS-Elements BR 4.50.00 software (Nikon, Tokyo, Japan). The quantification of each image was conducted using ImageJ (https://imagej.nih.gov/ij/ (accessed on 24 January 2018); NIH, Bethesda, MD, USA).




2.3. Flow Cytometry


T-cell populations in the spleen were determined as previously described [27]. The antibodies used for flow cytometry were those against cluster of differentiation (CD)45 (Tonbo Biosciences, San Diego, CA, USA), CD3, CD8, interferon (IFN) γ, interleukin (IL) 17 (BD Biosciences, San Jose, CA, USA), and CD4 (eBioscience, San Diego, CA, USA). For intracellular staining, the cells were stimulated with PMA (Sigma-Aldrich), ionomycin (Sigma-Aldrich) and Brefeldin A (eBioscience).




2.4. Measurement of Serum Leptin Concentration


Serum leptin concentration was quantitatively measured using a commercially available in vitro enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions.




2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)


Total RNA was extracted from the colon tissues located 2 cm beyond the anus using TRIzol reagent (Invitrogen™, Carlsbad, CA, USA). RNA purification and first-strand cDNA synthesis were performed following the manufacturer’s recommendation (qPCRBIO cDNA synthesis kit, PCR Biosystem, London, UK). The RT-qPCR was performed in a Quantstudio 1 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) using SYBR® Green PCR Master Mix (PCR Biosystem, London, UK). The primer sequences used were as follows: Ifnγ (forward: GCGCCAAGCATTCAATGAGC; reverse: GACTCCTTTTCCGCTTCCTGA), Tnfα (forward: GTAGCCCACGTCGTAGCAAA; reverse: ACAAGGTACAACCCATCGGC), Il1β (forward: TGAAATGCCACCTTTTGACAGTGAT; reverse: GATGTGCTGCTGCGAGATTTG), Il6 (forward: AGTCCTTCCTACCCCAATTTCC; reverse: GTCTTGGTCCTTAGCCACTCC), Mcp1 (forward: GACCCCAAGAAGGAATCCCT; reverse: ACCTTAGGGCAGATGCAGTT), Lepr (forward: CTGAGCCCAAAAACTGCGTC; reverse: GGAGTCAGGAAGGACACACG), β-actin (forward: TATCCACCTTCCAGCAGATGT; reverse: AGCTCAGTAACAGTCCGCCTA), and Gapdh (forward: TGAAGTCGCAGGAGACAACC; reverse: TGGTGAAGCAGCAGGCATCTGAG).




2.6. Western Blot Analysis


Equal amounts of protein extracted from the whole-colon segments located 2 cm beyond the anus were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (GE Healthcare, Richmond, CA, USA). The membranes were blocked with 4% skim milk and incubated with specific antibodies against GAPDH, occludin (Abcam, Cambridge, UK), claudin-1 (Invitrogen, Carlsbad, CA, USA), phospho (p)-AKT (Cell Signaling, Beverly, MA, USA), AKT, BAX, p-MAPK, and MAPK (Cell Signaling). Anti-rabbit immunoglobulin (Ig)G or anti-mouse IgG conjugated with peroxidase (Sigma-Aldrich) were used as the secondary antibody. The membranes were washed, and reactive bands were visualized using an enhanced chemiluminescence system (Amersham Corp., Arlington Heights, IL, USA). The intensity of the protein signal bands was quantified using a Fujifilm LAS-3000 (Fujifilm, Tokyo, Japan).




2.7. Pyrosequencing


Fecal metagenomic DNA was amplified using primers targeting the V3 to V4 regions of the 16S rRNA gene. Barcoded primers 341F and 805R were used for bacterial amplification. Secondary amplification for attaching the Illumina NexTera barcode was performed using i5 forward and i7 reverse primers. The PCR products were resolved using 2% agarose gel electrophoresis and visualized using a Gel Doc system (Bio-Rad, Hercules, CA, USA). Equal concentrations of purified products were pooled before the removal of short fragments (non-target products) using the Ampure beads kit (Agencourt Bioscience, Beverly, MA, USA). The product size and quality were assessed on Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) using a DNA 7500 chip. Mixed amplicons were pooled, and pyrosequencing was conducted by ChunLab, Inc. (Seoul, Republic of Korea) using the Illumina MiSeq Sequencing system, according to the manufacturer’s instructions. After the quality check, paired-end sequence data were merged using PandaSeq2, and primers were trimmed using ChunLab’s in-house program at a similarity cut-off value of 0.8. Sequences were denoised using Mothur’s three pre-clustering programs. Taxonomic classification of each read was performed using the EzTaxon database (http://eztaxon-e.ezbiocloud.net (accessed on 27 September 2018)). Microbial diversity and principal coordinate analysis (PCoA) were performed using the CL community program (ChunLab, Inc., Seoul, Republic of Korea).




2.8. Statistical Analysis


Statistical analysis was performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). One-way analysis of variance (ANOVA) was used, followed by Duncan’s multiple range test, to determine statistical differences among the four groups. A correlation matrix was constructed using the Pearson correlation coefficient and R software version 4.1.2 (R Core Team, 2021). The results were considered statistically significant at a two-tailed p-value < 0.05.





3. Results


3.1. HFD Feeding Alleviates DSS-Induced Colitis Symptoms and Reinforces Colonic Barrier Function


The body weights of the HFD-fed mice were significantly higher than those of the ND-fed mice after 1 week, and this difference was maintained over the experimental period (p < 0.0001; Figure 1B). Upon DSS treatment, the HD+DSS group showed significantly less body-weight loss and lower DAI compared with the ND+DSS group (Figure 1B,C). The colon lengths were shorter in the ND+DSS group than in the other groups, whereas both the HFD and HFD+DSS groups showed increased colon length compared with the control group (p < 0.001; Figure 1D). Colonic goblet cells produce mucins that play an important role in barrier function and immune function [28]. Decreased mucin secretion induced by goblet-cell depletion leads to IEC damage and the loss of tight-junction strands, which aggravates DSS-induced colitis [29,30,31]. Therefore, next, we determined the expression of the tight-junction proteins critical to the epithelial barrier function and the proportion of goblet cells. In the DSS-treated groups, the protein expression of occludin and zonula occludens-1 (ZO-1) was significantly increased in the HFD-fed mice compared with that in the ND-fed mice (occludin, p = 0.010; ZO-1, p = 0.0055; Figure 1E,G). The claudin-1 expression also tended to be higher in the HFD+DSS group than in the ND+DSS group (Figure 1F). Similarly, Alcian blue and PAS staining demonstrated an increased proportion of goblet cells and mucin secretion in the HFD+DSS group compared with the ND+DSS group, although the difference in the Alcian blue staining was not statistically significant (PAS staining, p < 0.0001; Figure 1H). These results collectively suggest that HFD feeding protects against DSS-induced colonic mucosal damage by reinforcing colonic barrier function.




3.2. HFD Feeding Improves Immune Responses in DSS-Induced Colitis


Dysregulated barrier function activates the immune system and is responsible for IBD development [32]. The spleen plays a major role in immune homeostasis and represents the systemic immune status. Splenomegaly, an enlarged spleen concerning weight or size, occurs in autoimmune disorders such as IBD and rheumatoid arthritis [33,34]. Here, in the DSS-treated groups, the spleen weights were significantly greater in the ND-fed mice than in the HFD-fed mice, but did not differ from those in the DSS-untreated groups (p < 0.0001; Figure 2A). Considering that spleen weight reflects the extent of inflammation [35], next, we investigated the effects of diet on the splenic T-cell populations in the DSS-induced colitis model. The populations of T cells, including Th1 and Th17, which are involved in IBD development [36], were significantly diminished in the HFD+DSS group compared with those in the ND+DSS group (p < 0.01; Figure 2B).



Furthermore, the mRNA expression of the Ifnγ and tumor necrosis factor-α (Tnfα), which are produced by Th1 cells, was significantly decreased in the colon tissues of the HFD+DSS group compared with those in the ND+DSS group (Ifnγ, p = 0.0460; Tnfα, p = 0.0004; Figure 2C). In the DSS-treated groups, the mRNA expression of the cytokines related to Th17 response, such as Il1β, Il6, and monocyte chemoattractant protein-1 (Mcp1), was also reduced in the HFD-fed mice compared with those in the ND-fed mice (Il1β, p = 0.0214; Il6; p = 0.0079; Mcp1, p < 0.0001; Figure 2C). Accordingly, our data indicate that HFD feeding protects against DSS-induced colitis, possibly by regulating immune responses.




3.3. HFD Feeding Regulates Apoptosis-Associated Molecules in the Inflamed Intestinal Epithelium


IBD induces intestinal epithelial cell (IEC) apoptosis, causing barrier-function and immune-homeostasis disruption [37,38]. As leptin suppresses apoptotic activity to maintain the IEC population [39], next, we measured the serum leptin concentration and colonic leptin receptor mRNA expression, and further investigated the mechanisms underlying the effects of dietary fat content on IEC apoptosis. The serum leptin concentrations were higher in HFD-fed mice and significantly higher in the HFD+DSS group than in the HFD group (p < 0.001; Figure 3A). The mRNA expression of the leptin receptor (Lepr) in the colon tissues was also increased in the HFD+DSS group compared with the other groups (p = 0.0103; Figure 3B).



In the HFD+DSS group, the anti-apoptotic AKT expression was enhanced (p = 0.013), whereas the expression of the mitogen-activated protein kinase (MAPK), which promotes IEC apoptosis [40], was significantly reduced compared with that in the other groups (p = 0.004; Figure 3C,D). The pro-apoptotic Bax protein expression was significantly decreased in the HFD+DSS group, whereas it was increased in the ND+DSS group (p < 0.0001; Figure 3E). Indeed, the HFD+DSS group exhibited a higher proliferative index and a lower apoptotic index than the other groups (p < 0.0001; Figure 3F). Thus, the elevated leptin levels induced by HFD might be associated with the prevention of IEC apoptosis, which accounts in part for the protective effects of HFD feeding against DSS-induced colitis.




3.4. HFD Feeding Induces Alterations in Gut Microbiota Diversity and Taxonomic Composition


Intestinal epithelial barrier dysfunction and increased permeability allow the translocation of bacteria and microbial products, which induce intestinal microbial dysbiosis, which is in turn related to IBD pathogenesis [20]. To investigate whether the protective effects of HFD feeding against DSS-induced colitis were associated with alterations in gut bacterial composition, next, we conducted a barcoded pyrosequencing-based analysis. In total, 1,436,338 quality-filtered 16S rRNA gene sequences were acquired from 20 samples (n = 5/group). Overall, the HFD-fed mice showed lower operational taxonomic unit (OTU) richness and alpha diversity indices, including Ace and Chao1, than the ND and ND+DSS mice (p < 0.05; Table S2). To compare the similarities and dissimilarities between the groups (beta diversity), we performed PCoA and unweighted pair-group method with arithmetic mean (UPGMA) clustering. The PCoA plot and system clustering tree showed that the microbial community structure of the ND+DSS group was significantly different from that of the other groups. However, the HFD+DSS group exhibited a pattern similar to that of the ND group (Figure 4A,B). Moreover, the gut microbial community structure revealed that the most dominant phyla were Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia (Figure 4C). Eleven classes, including Bacteroidia, Clostridia, Deltaproteobacteria, Betaproteobacteria, and Verrucomicrobiae; eleven orders, including Bacteroidales, Clostridiales, Desulfovibrionales, and Verrucomicrobiales; and twenty-one genera were identified in all the samples (Figure 4D–F).



IBD is associated with increased Bacteroidetes and Proteobacteria and reduced Firmicutes and Verrucomicrobia proportions [19,41,42,43]. We observed that the relative abundance of the phylum Bacteroidetes, class Bacteroidia, order Bacteroidales, family Bacteroidaceae, genus Bacteroides, and species Bacteroides sartorii was significantly increased in the ND+DSS group (p < 0.05; Figure 5A). Moreover, within the phylum Proteobacteria, the proportion of the class Betaproteobacteria was significantly increased in the ND+DSS group, whereas those of the class Deltaproteobacteria, order Desulfovibrionales, and family Desulfovibrionaceae, which is known to be increased under HFD feeding [23,24], were significantly reduced in the ND+DSS group (p < 0.05; Figure 5B). However, the proportions of the phylum Firmicutes, class Clostridia, order Clostridiales, family Ruminococcaceae, and genera Pseudoflavonifractor and Oscillibacter were significantly decreased in the ND+DSS group (Figure 5C). Similarly, decreased proportions of the phylum Verrucomicrobia, class Verrucomicrobiae, order Verrucomicrobiales, family Akkermansiaceae, genus Akkermansia, and species Akkermansia muciniphila were observed in the ND+DSS group (Figure 5D). However, in general, the alterations in the composition of these bacteria observed in the ND+DSS group were opposite to those in the HFD+DSS group, whose composition was similar to that of the ND group. Accordingly, our data suggest that the alterations in the gut-microbiota composition observed in the HFD+DSS group are associated with the protective role of HFD feeding against DSS-induced colitis.




3.5. Correlations of Gut Microbiota with Immune-Response Markers and Tight-Junction Proteins in DSS-Induced Colitis


Certain intestinal microorganisms evoke inflammatory responses [44,45]. Although IBD can be induced by the intestinal microbiota, the specific antigens causing the immune response have not yet been identified [46]. We further examined the correlations of the relative abundance of the bacterial groups with the immune response markers and tight-junction proteins to investigate the association of the gut microbiota with the biomarkers related to IBD pathogenesis.



Overall, the relative abundance of the bacteria known to be increased in IBD was positively associated with the immune-response markers and negatively correlated with the tight-junction proteins. A positive correlation was found between the immune-response markers and the relative abundance of the class Betaproteobacteria (IFNγ, R = 0.61; IL17, R = 0.66) and family Bacteroidaceae (IFNγ, R = 0.50; IL17, R = 0.51) (p < 0.05, Figure 6). However, we observed a negative correlation between the tight-junction proteins and the proportions of the phylum Bacteroidetes (occludin, R = −0.71; claudin-1, R = −0.58), classes Bacteroidia (occludin, R = −0.78; claudin-1, R = −0.60) and Betaproteobacteria (occludin, R = −0.84; claudin-1, R = −0.61), order Bacteroidales (occludin, R = −0.71; claudin-1, R = −0.58), and family Bacteroidaceae (occludin, R = −0.81; claudin-1, R = −0.78) (p < 0.05, Figure 6). Moreover, within the phylum Actinobacteria, the class Coriobacteria and the family Coriobacteriaceae were negatively associated with occludin (R = −0.51) (p < 0.05, Figure 6).



Furthermore, the bacteria whose proportions are reported to be reduced in IBD, including the phylum Firmicutes, class Clostridia, order Clostridiales, and family Ruminococcaceae, showed a negative association with the immune-response markers, whereas they were positively correlated with occludin (Firmicutes, R = 0.71; Clostridia, R = 0.68; Clostridiales, R = 0.68; Ruminococcaceae, R = 0.62) (p < 0.05, Figure 6). In addition, a positive association was found between the tight-junction proteins and the Akkermansiaceae (occludin, R = 0.50; claudin-1, R = 0.59) and Bifidobacteriaceae (claudin-1, R = 0.59) proportions (p < 0.05, Figure 6).





4. Discussion


IBD is a multifactorial disorder related to interactions between genetic and environmental factors, modulations in immune responses, and dysbiosis. Although the exact etiology of IBD is unclear [2], diet, one of the many environmental factors, is known to modulate gut-barrier function, host immunity, and gut-microbiota composition, thereby modifying IBD pathogenesis and progression [5,6]. Several studies have reported an association between dietary fat intake and IBD risk. Experimental studies have found that HFD feeding aggravates colonic inflammation by increasing pro-inflammatory cytokine levels and gut permeability [8,9]. However, epidemiological studies have suggested no association between fat intake and IBD risk [10,11].



Accumulating evidence indicates a link between circulating leptin levels and colitis progression. High concentrations of leptin with excess adiposity aggravate colonic inflammation in animals with colitis [47], whereas elevated leptin levels show a protective effect against inflammation by modulating mucin secretion in intestinal cells [48,49]. Studies on the relationship between circulating leptin concentrations and inflammatory responses in colitis show conflicting results, and the underlying mechanisms remain obscure. Therefore, in this study, we aimed to elucidate the effect of dietary fat content on colitis development in association with serum leptin signaling and gut-microbiota composition.



Animals with colitis often present with colon shortening, severe weight loss, a reduced number and size of mucin-secreting goblet cells, and the collapse of the intestinal mucosal layer [35,50,51]. Decreased mucin secretion damages IEC and reduces the number of tight-junction strands [29,30,31]. Dysregulated barrier function increases pathogen penetration and activates immune responses, leading to continued inflammation and tissue damage [32]. Recent studies suggest that high levels of pro-inflammatory cytokines, including IFNγ, TNFα, IL1β, IL6, and MCP1, are implicated in DSS-induced colitis [52,53]. Thus, the downregulation of pro-inflammatory cytokines has been considered one of the treatment targets for colitis [54]. The expression of IFNγ and TNFα released by Th1 cells is correlated with IBD patients [55]. TNFα aggravates intestinal inflammation, with increased apoptosis in IEC and alterations in epithelial integrity [56]. IL1β is known to promote Th17 cell differentiation and IFNγ expression [57]. In this study, the HFD+DSS group was associated with less body-weight loss, lower DAI, longer colon length, and increased tight-junction protein expression and goblet-cell proportion compared with the ND+DSS group. The pro-inflammatory Th1 and Th17 cell populations and cytokines involved in colitis pathogenesis were significantly smaller in the HFD+DSS group than in the ND+DSS group.



HFD feeding increases gut permeability by inducing changes in the expression of tight-junction proteins, such as occludin and claudin-1, and aggravating intestinal inflammation [58,59]. However, there are conflicting results regarding the role of leptin, whose secretion is increased by HFD feeding, in intestinal barrier function, as leptin exerts both pro- and anti-inflammatory effects on the intestinal mucosa [13,14,15]. High serum leptin levels were shown to be associated with acute inflammation in a colitis animal model, and increased serum leptin concentrations have been observed in IBD patients compared with those in healthy controls [60,61,62,63]. By contrast, IBD patients with and without endoscopic disease activity had significantly lower leptin levels compared with healthy controls [15]. A recent study found that the serum leptin levels of UC and CD patients were more diminished than those of healthy controls, and UC patients exhibited lower serum leptin concentration than patients with CD [64]. A meta-analysis also showed that the circulating leptin levels of CD patients were significantly higher than those of UC patients, suggesting serum leptin levels as a potential biomarker for the differential diagnosis of IBD [65]. Despite the conflicting results regarding serum leptin levels in IBD patients, the leptin-mediated pathway is involved in IBD pathogenesis and progression [15,16,17].



Leptin administration alleviates IBD severity and functions as an anti-inflammatory or protective agent in IEC [66]. IEC apoptosis is an important mechanism underlying epithelial homeostasis that eliminates damaged cells. However, excessive IEC apoptosis increases the transfer of pathogenic bacteria, impairing the barrier function [67,68]. Leptin is associated with the increased proliferation and decreased apoptosis of IEC via the activation of JAK2 and phosphoinositide 3-kinase (PI3K)/AKT [39]. Several studies found that leptin induces the proliferation of IECs to alleviate intestinal injury by binding to leptin receptors [69,70]. In HT29-MTX, leptin increases mucin secretion by activating the protein kinase C (PKC) and PI3K pathways, suggesting that leptin regulates goblet-cell function in the intestinal lumen [66]. A recent study suggested that the protective effects of leptin on tight-junction proteins and mucosal barrier function in a DSS-induced mouse colitis model were partly mediated by STAT3 phosphorylation [71]. Similarly, in the present study, the HFD+DSS group exhibited significantly increased serum leptin concentration and colonic leptin-receptor expression, which was associated with enhanced anti-apoptotic AKT and reduced pro-apoptotic MAPK and Bax expression compared with the ND+DSS group. Thus, our data indicate that HFD feeding alleviated DSS-induced colitis symptoms and colonic mucosal damage by reinforcing colonic barrier function and ameliorating immune responses, which might in part be associated with the protective role of leptin in IEC.



Gut-microbiota dysbiosis contributes to IBD development by modulating the intestinal epithelium and mucosal immune system, although the underlying mechanism remains to be elucidated [72]. Growing evidence shows an increase in Bacteroidetes and Proteobacteria and a decrease in Firmicutes abundance in patients with IBD compared with healthy individuals, which was also observed in the ND+DSS group in the present study [19,20,21,22]. Firmicutes produce butyrate, which is a source of energy for the intestinal mucosa, regulates inflammation, and exerts anti-inflammatory effects [73,74]. In this study, the proportions of the phylum Firmicutes, class Clostridia, order Clostridiales, and family Ruminococcaceae were inversely related to immune-response markers, such as IFNγ and IL17, whereas they were positively correlated with occludin. Thus, in the DSS-treated groups, HFD feeding increased the relative abundance of the phylum Firmicutes, class Clostridia, order Clostridiales, family Ruminococcaceae, and genera Pseudoflavonifractor and Oscillibacter compared with ND feeding.



The abundance of Verrucomicrobia and Akkermansia muciniphila, which is known to maintain intestinal integrity and enhance barrier function, is decreased in IBD patients [75,76,77]. We found that the relative abundance of the phylum Verrucomicrobia, class Verrucomicrobiae, order Verrucomicrobiales, family Akkermansiaceae, genus Akkermansia, and species Akkermansia muciniphila was higher in the HFD+DSS group than in the ND+DSS group, along with a positive association between the proportion of the family Akkermansiaceae and tight-junction proteins, such as occludin and claudin-1. Given that colitis exacerbation causes malabsorption, leading to malnutrition and weight loss [3,4], HFD feeding might be able to help alleviate disease severity and complications in patients, presumably by modulating the gut-microbiota composition.



In general, our data showed that the alterations in the gut-microbiota composition of the HFD+DSS group were opposite to those of the ND+DSS group and rather similar to those of the ND group, indicating that the protective effects of HFD feeding against DSS-induced colitis are associated with changes in gut-microbiota composition. Dysbiosis appears to be associated with IBD development, and further studies are needed to investigate the potential causal relationship between microbiota–host interactions and IBD pathogenesis and progression.




5. Conclusions


In conclusion, HFD feeding alleviates DSS-induced colitis symptoms and colonic mucosal damage by reinforcing colonic barrier function and regulating immune responses, in association with altering the gut-microbiota composition. The protective effects of HFD feeding against experimental colitis might in part be associated with the role of leptin in IEC apoptosis.
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Figure 1. Effects of HFD feeding on DSS-induced colitis symptoms and colonic barrier function. (A) Scheme of experimental design. (B) Body-weight change. (C) Change in DAI. (D) Colon length. (E,F) Colonic expression of occludin and claudin-1. (G) Representative images of ZO-1 protein expression in the colon (magnification ×200) (left) and percentage of ZO-1 staining area (right). (H) Representative images of Alcian blue staining and PAS staining in the colon (magnification ×100) (top) and percentage of staining area (bottom). Values are presented as mean ± SEM. Statistical significance of differences was evaluated using Student’s t-test (* p < 0.001) or one-way ANOVA followed by Duncan’s multiple-range test (means with different superscripts are significantly different at p < 0.0001 for (B,H); p < 0.001 for (D); p < 0.01 for (G); and p < 0.05 for (E)). n = 10/group except for ND+DSS (n = 7) in (B–D); n = 7/group except for ND+DSS (n = 4) in (E,F); n = 3 for (G,H). ND, normal diet; HFD, high-fat diet; ND+DSS, normal diet + dextran sulfate sodium; HFD+DSS, high-fat diet + DSS; DAI, disease activity index; PAS, periodic acid–Schiff; SEM, standard error of mean; ANOVA, analysis of variance. 
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Figure 2. Effects of HFD feeding on T-cell population and pro-inflammatory cytokines in DSS-induced colitis. (A) Spleen weight. (B) Percentage of T-cell population in the spleen. (C) The mRNA expression of pro-inflammatory cytokines in the colon. Values are presented as mean ± SEM. Statistical significance of differences was evaluated using one-way ANOVA, followed by Duncan’s multiple range test. Means with different superscripts are significantly different at p < 0.0001 for (A) and p < 0.05 for (C). ** p < 0.01. n = 5 in (A,B); n = 7/group except for ND+DSS (n = 4) in (C). ND, normal diet; HFD, high-fat diet; ND+DSS, normal diet + dextran sulfate sodium; HFD+DSS, high-fat diet + DSS; SEM, standard error of mean; ANOVA, analysis of variance. 
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Figure 3. Effects of HFD feeding on serum leptin, leptin receptor, and intestinal epithelial cell apoptosis. (A) Serum leptin concentration. (B) Colonic leptin receptor mRNA expression. Colonic expression of p-AKT/AKT (C), p-MAPK/MAPK (D), and Bax (E). (F) Representative images of Ki-67 and TUNEL assay in the colon (magnification ×200) (top) and proliferative index and apoptotic index (bottom). Values are presented as mean ± SEM. Means with different superscripts are significantly different according to one-way ANOVA, followed by Duncan’s multiple-range test (means with different superscripts are significantly different at p < 0.0001 for (E,F); p < 0.001 for (A); p < 0.01 for (D); and p < 0.05 for (B,C)). n = 7/group except for ND+DSS (n = 4) in (A–E); n = 3 for (F). ND, normal diet; HFD, high-fat diet; ND+DSS, normal diet + dextran sulfate sodium; HFD+DSS, high-fat diet + DSS; SEM, standard error of mean; ANOVA, analysis of variance. 






Figure 3. Effects of HFD feeding on serum leptin, leptin receptor, and intestinal epithelial cell apoptosis. (A) Serum leptin concentration. (B) Colonic leptin receptor mRNA expression. Colonic expression of p-AKT/AKT (C), p-MAPK/MAPK (D), and Bax (E). (F) Representative images of Ki-67 and TUNEL assay in the colon (magnification ×200) (top) and proliferative index and apoptotic index (bottom). Values are presented as mean ± SEM. Means with different superscripts are significantly different according to one-way ANOVA, followed by Duncan’s multiple-range test (means with different superscripts are significantly different at p < 0.0001 for (E,F); p < 0.001 for (A); p < 0.01 for (D); and p < 0.05 for (B,C)). n = 7/group except for ND+DSS (n = 4) in (A–E); n = 3 for (F). ND, normal diet; HFD, high-fat diet; ND+DSS, normal diet + dextran sulfate sodium; HFD+DSS, high-fat diet + DSS; SEM, standard error of mean; ANOVA, analysis of variance.



[image: Life 12 00972 g003]







[image: Life 12 00972 g004 550] 





Figure 4. Effects of HFD feeding on gut microbiota diversity and taxonomic composition. (A) Multiple sample PCoA. (B) Multiple-sample UPGMA clustering-similarity tree. Microbial community bar plot by phylum (C), class (D), order (E), and family (F). N, samples of ND; H, samples of HFD; NDS, samples of ND+DSS; HDS, samples of HFD+DSS; ND, normal diet; HFD, high-fat diet; ND+DSS, normal diet + dextran sulfate sodium; HFD+DSS, high-fat diet + DSS (n = 5/group); PCoA, principal coordinate analysis; UPGMA, unweighted pair-group method with arithmetic mean. 
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Figure 5. Relative abundance of dominant gut bacteria phyla. Relative abundance of (A) Bacteroidetes, (B) Proteobacteria, (C) Firmicutes, and (D) Verrucomicrobia. Values are presented as mean ± SEM. Means with different superscripts are significantly different according to one-way ANOVA, followed by Duncan’s multiple-range test (p < 0.05). ND, normal diet; HFD, high-fat diet; ND+DSS, normal diet + dextran sulfate sodium; HFD+DSS, high-fat diet + DSS (n = 5/group); SEM, standard error of mean; ANOVA, analysis of variance. 
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Figure 6. Correlation of gut microbiota with immune-response markers and tight-junction proteins in DSS-induced colitis. Positive and negative correlations are represented in blue and red, respectively. Color intensity and size of the dots are proportional to the correlation coefficients. Correlation values with p < 0.05 are indicated within the box. 
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