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Background and Aims

Many nutritional and epidemiological studies have shown that high consumption of trans fatty acids can cause several adverse effects on human health, including cardiovascular disease, diabetes, and cancer. In the present study, we investigated the effect of trans fatty acids on innate immunity in the gut by observing mice fed with a diet high in trans fatty acids, which have been reported to cause dysbiosis.



Methods

We used C57BL6/J mice and fed them with normal diet (ND) or high-fat, high-sucrose diet (HFHSD) or high-trans fatty acid, high-sucrose diet (HTHSD) for 12 weeks. 16S rRNA gene sequencing was performed on the mice stool samples, in addition to flow cytometry, real-time PCR, and lipidomics analysis of the mice serum and liver samples. RAW264.7 cells were used for the in vitro studies.



Results

Mice fed with HTHSD displayed significantly higher blood glucose levels and advanced fatty liver and intestinal inflammation, as compared to mice fed with HFHSD. Furthermore, compared to mice fed with HFHSD, mice fed with HTHSD displayed a significant elevation in the expression of CD36 in the small intestine, along with a reduction in the expression of IL-22. Furthermore, there was a significant increase in the populations of ILC1s and T-bet-positive ILC3s in the lamina propria in mice fed with HTHSD. Finally, the relative abundance of the family Desulfovibrionaceae, which belongs to the phylum Proteobacteria, was significantly higher in mice fed with HFHSD or HTHSD, than in mice fed with ND; between the HFHSD and HTHSD groups, the abundance was slightly higher in the HTHSD group.



Conclusions

This study revealed that compared to saturated fatty acid intake, trans fatty acid intake significantly exacerbated metabolic diseases such as diabetes and fatty liver.
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Highlights

In this study, we investigated the effect of trans fatty acids on innate immunity in the gut by comparing mice fed with a diet high in trans fatty acids with mice fed with a normal diet or a diet high in saturated fatty acids. We revealed that trans fatty acid intake significantly exacerbated metabolic diseases such as diabetes and fatty liver when compared to saturated fatty acid intake. It has been suggested that this is mainly due to inflammatory modification of the innate immunity, in particular, an increase in the number of intestinal T-bet-positive ILC3s and a significant decrease in the production of IL-22 in the intestine and liver.



Introduction

Trans fatty acids are a generic term for artificial fatty acids containing trans carbon-carbon double bonds, which are mainly produced in the food production process. Margarine or shortening, a hardened oil produced by hydrogenation, is a typical food with trans fatty acids. Humans now consume trans fatty acids in a way that was not part of our diet in the past. Many nutritional and epidemiological studies have shown that high consumption of trans fatty acids can cause several adverse effects on human health, including cardiovascular disease, diabetes, and cancer (1).

The gut of humans and other mammals contains trillions of microorganisms, which are collectively known as the gut microbiota. The gut microbiota functions as an endocrine organ, helping to shape the intestinal immune response and produce metabolites that are involved in many aspects of the normal host physiology (2). The gut microbiota provides important benefits to the host, especially for metabolic and immune development; thus, homeostasis of the gut microbiota is important for maintaining the health of the host (3). As a result, abnormal changes in the composition and biodiversity of the gut microbiota, known as dysbiosis, can be an important cause of several metabolic syndromes, such as inflammatory bowel disease (IBD), obesity, dyslipidemia, diabetes, heart disease, and cancer (4–8), mediated through chronic inflammation and insulin resistance (4, 8). It is widely accepted that diet is a major factor that regulates the composition of the gut microbiota in humans and mice (7).

In the past decade, a group of lymphocytes, which act in innate immunity and do not express antigen receptors, has been discovered and named innate lymphoid cells (ILCs). Currently, ILCs are classified into three groups: ILC1, ILC2, and ILC3. ILC1s produce IFN-γ to protect against intracellular bacteria and viruses through activation of macrophages. The transcription factor T-bet is involved in the induction of ILC1 differentiation (type 1 immune response). ILC3s produce interleukin (IL)-17 and IL-22, which are involved in the defense against extracellular bacteria and fungi through mobilization of neutrophils, as well as, activation and proliferation of epithelial cells.

In the present study, we hypothesized that trans fatty acids cause dysbiosis and associated immune changes in the intestine. The purpose of this study was to confirm the effect of trans fatty acids on innate immunity in the gut by comparing mice fed with a diet high in trans fatty acids [which have been reported to cause dysbiosis (9)] with mice fed with a normal diet or a diet high in saturated fatty acids.



Materials and Methods


Animals

All experimental procedures were approved by the Committee for Animal Research at the Kyoto Prefectural University of Medicine. Seven-week-old C57BL/6J (wild-type) male mice were purchased from Shimizu Laboratory Supplies (Kyoto, Japan) and housed in a specific pathogen-free controlled environment. We used the littermate mice that were born at the same time at a mouse supply facility. Moreover, we housed weight-matched 10 animals in two cages (5 animals per cage) in each group, experimented with all of them, and took data from a total of six animals, excluding the two larger mice and smaller mice at sacrifice. The mice were fed a normal diet (ND; 345 kcal/100 g, fat kcal 4.6%; CLEA, Japan, Tokyo), or high-fat, high-sucrose diet (HFHSD; 459 kcal/100 g, 20% protein, 40% carbohydrate, and 40% fat, coconut oil; D12327, Research Diets Inc., New Brunswick, NJ, USA), or high-trans fatty acid, high-sucrose diet (HTHSD; 459 kcal/100 g, 20% protein, 40% carbohydrate, and 40% fat, shortening; D18120301, Research Diets Inc.) for 12 weeks, starting at 8 weeks of age. Body weights of the mice were measured every week. When the mice reached 20 weeks of age, they were sacrificed by administration of a combination anesthetic with 0.3 mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg butorphanol, after an overnight fast (10) (Figure 1A).




Figure 1 | Trans fatty acids significantly worsen glucose tolerance, despite causing only mild weight gain, as compared to saturated fatty acids. (A) Eight-week-old C57BL6/J mice were fed with ND, HFHSD, or HTHSD for 12 weeks, starting at 8 weeks of age. The mice were sacrificed when they reached 20 weeks of age. (B) Changes in the body weights of the mice (n=6). If the weight of mice fed with HFHSD was significantly higher than that with HTHSD by an unpaired, two-tailed Student’s t test, it was marked with asterisk on top. (C) Caloric intake measured at 20 weeks of age (n=6). (D, E) When the mice reached 20 weeks of age, an intraperitoneal glucose tolerance test (2 g/kg body weight) was performed, followed by analysis of the area under the curve (n=6). (F) Representative liver histology of the mice. (G) NAFLD activity score (n=6). (H) Oil Red O-stained area (n=6). (I) Fibrosis stage (n=6). (J) Representative jejunum histology of the mice. (K) Villus height (n=6). (L) Villus width (n=6). Data are represented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001 using Tukey HSD test. ND, normal diet; HFHSD, high-fat, high-sucrose diet; HTHSD, high-trans fatty acid, high-sucrose diet. (M) Crypt depth (n=6).





Measurement of Caloric Intake

The oral intake of the mice was measured at 20 weeks. Mice were housed individually and weighed food was placed in a trough in each cage. After 24 h, the amount of remaining food was weighed. Caloric intake was calculated by subtracting the final amount of food from the initial amount of food.



Analytic Procedures for Glucose and Insulin Tolerance Tests

An iPGTT (2 g/kg of body weight) was performed in 20-week-old mice that were made to fast for 16 h. The blood glucose levels were measured from drops of blood at the time-points indicated, using a glucometer (Gultest Neo Alpha; Sanwa Kagaku Kenkyusho, Nagoya, Japan). The results of the iPGTT test were analyzed by measuring the AUC.



Protocol for Isolation of Mononuclear Cells From Livers and Small Intestines of Mice

To exclude blood contamination in the liver and small intestine, systemic perfusion with heparinized saline was performed before harvesting or washing the liver and small intestinal tissues with phosphate-buffered saline (PBS). The liver was perfused with 20 mL of PBS (pH 7.0) and then harvested. Isolation of hepatic lymphocytes by mechanical dissection was performed using the methods described in previous studies (11). Briefly, a suspension of liver tissue in Roswell Park Memorial Institute (RPMI) 1640 medium containing 20 mL/L fetal bovine serum (FBS, 2%) was centrifuged. The obtained pellet was resuspended in 40% Percoll® solution, layered on top of an equal volume of 60% Percoll® solution and centrifuged, followed by extraction of the middle layer.

Intestinal lamina propria mononuclear cells were isolated according to the instructions of the Lamina Propria Dissociation Kit (130-097-410; Miltenyi Biotec, Germany). Cell pellets were resuspended in 40% Percoll® and added slowly to the upper portion of the centrifuge tubes, which contained 5 mL of 80% Percoll® at the bottom. Lamina propria mononuclear cells were obtained by washing twice with 2% FBS/PBS, post density gradient centrifugation at 420 × g for 20 min.



Tissue Preparation and Flow Cytometry

Stained cells were analyzed on a FACSCanto™ II system and the data were analyzed using FlowJo software version 10 (TreeStar, Ashland, OR, USA). The innate lymphoid cells were gated using methods provided in a previous study (11, 12), with antibodies described in the supplementary file.



Liver Histology

Liver tissue was obtained and fixed with 10% buffered formaldehyde or embedded in paraffin. Tissue sections were prepared and stained with hematoxylin and eosin (H&E) and Masson’s Trichrome stains. Additionally, the non-alcoholic fatty liver disease (NAFLD) activity score was adopted to assess NAFLD severity, as in our previous study (13), the details for which are provided in the supplementary file.

The liver sections were also subjected to Oil Red O staining. The tissues were fixed in 4% paraformaldehyde overnight at 4°C. Liver tissues, which were frozen in OCT compounds, were cut into 4 μm-thick sections, mounted onto slides, and allowed to dry for 1–2 h. The sections were then rinsed with PBS, pH 7.4. After air drying, the slides were placed in 100% propylene glycol for 2 min and stained with 0.5% Oil Red O solution in propylene glycol for 30 min. The slides were transferred to an 85% propylene glycol solution for 1 min, rinsed in distilled water for two changes, and processed for hematoxylin counterstaining.

Images were captured with a fluorescence microscope BZ-X710 (Keyence, Osaka, Japan), followed by analysis of the Oil Red O-stained area of the liver tissue using ImageJ software.



Small Intestine Histology

The small intestine tissue was obtained and either fixed with 10% buffered formaldehyde or embedded in paraffin. Tissue sections were prepared and stained with H&E. Images were captured with a fluorescence microscope BZ-X710. The height/width of the villus and crypt depth were analyzed using ImageJ software.



Gene Expression in Murine Liver and Small Intestine

We used real-time reverse transcription polymerase chain reaction to quantify the mRNA expression levels of Tnfa, Il6, Il1b, Cd36, Ccl2, and Il22 using the same methods as in our previous study (11), the details for which are provided in the supplementary file. The primer sequence information was provided in the Supplementary Table.



Measurement of Fatty Acid Concentrations in the Liver Tissue and Serum Samples

The fatty acid composition of the murine liver and serum samples was analyzed using gas chromatography-mass spectrometry on an Agilent 7890B/5977B System (Agilent Technologies, Santa Clara, CA, USA). Liver tissue (15 µg) and serum (25 µL) samples were methylated using a Fatty Acid Methylation Kit (Nacalai Tesque, Kyoto, Japan). The final product was loaded onto a Varian capillary column (DB-FATWAX UI; Agilent Technologies). The capillary column used for fatty acid separation was CP-Sil 88 for FAME (100 m × an inner diameter of 0.25 mm × membrane thickness of 0.20 μm, Agilent Technologies). The column temperature was maintained at 100°C for 4 min, increased gradually by 3°C/min to 240°C, and then held there for 7 min. The sample was injected in split mode with a split ratio of 5:1. Each fatty acid methyl ester was detected in the select ion-monitoring mode. All results were normalized to the peak height of the C17:0 internal standard (14).



Murine Macrophage Cell Culture and Flow Cytometry

Murine macrophage cells (RAW264.7, KAC Co. Ltd., Kyoto, Japan) were seeded into 24-well plates and grown in DMEM supplemented with 10% FBS. RAW264.7 cells were treated with ethanol, 200 μM palmitic acid or elaidic acid for 24 h. Following that, RAW264.7 cells were pre-treated with phorbol myristiric acid (at the indicated concentrations) for 20 min, prior to stimulation with 1 μM ionomycin for cytokine release.

Stained cells were analyzed using FACSCanto™ II system and the data were analyzed using FlowJo software version 10. Antibodies for gating of il-12- and il-1β-positive cells were the same as those used in our previous study (11, 15), the details for which are provided in the supplementary file.



Fecal Microbiota Analysis

The fecal samples were collected from the appendix and placed in a cryotube. Immediately afterwards, they were attached to liquid nitrogen for cryopreservation and kept in liquid nitrogen until DNA extraction. Each three fecal samples collected from the appendix of three mice one by one, excluding the one larger mice and smaller mice in a cage of each group. Microbial DNA was extracted from frozen fecal samples using the QIAamp® DNA Stool Mini Kit (Qiagen, Venlo, Netherlands), following the manufacturer’s instructions. The PCR reaction was performed using EF-Taq (SolGent, Korea), with 20 ng of genomic DNA as a template in a 30 µL reaction mixture. The PCR protocol included activation of Taq polymerase at 95°C for 2 min, followed by 35 cycles at 95°C, 55°C, and 72°C for 1 min each, finished with a 10 min step at 72°C. The amplified products were purified using a multiscreen filter plate (Millipore Corp., Billerica, MA, USA). Sequencing was performed using a BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). DNA samples containing the extension products were added to Hi-Di™ formamide (Applied Biosystems). The mixture was incubated at 95°C for 5 min, followed by 5 min on ice, and then analyzed using an ABI Prism 3730xl DNA Analyzer (Applied Biosystems). 16S rRNA sequencing was performed by Macrogen (Seoul, Korea). QIIME version 1.9.1 was used to filter sequences for quality (16). Scores less than 75% and mismatches in the barcode or primers were eliminated from the files. The number of operational taxonomic units (OTUs) was determined using the UCLUST algorithm at 97% similarity (17). Taxonomic assignment of 16S rRNA was performed with the Greengenes core-set-aligned with UCLUST and the UNITE sequence sets for ITS using BLAST (UNITE, 2017). A total of 2,873 OTUs of the 16S rRNA gene and 919 ITS OTUs were used in the subsequent analysis.

The relative abundance of the phenotypic categories of the taxonomic groups was predicted using METAGENassist, a statistical tool for comparative metagenomics (18). Data filtering was based on interquantile range, row normalization by sum, and column normalization based on autoscaling. Differences in microbial communities between three groups were investigated using the phylogeny-based unweighted UniFrac distance metric, and principal coordinate analysis (PCoA) plots and beta-diversity with permutational multivariat analysis of variance (PERMANOVA) test with Tinn-R Gui version 1.19.4.7, R version 1.36 (19). The relative abundance of the bacterial genera between the three groups was evaluated using one-way analysis of variance followed by FDR corrections, and that between two groups was evaluated using the weighted average differences (WAD) method with Tinn-R Gui version 1.19.4.7, R version 1.36 (20), and paired an unpaired, two-tailed Student’s t test with JMP (SAS Institute Inc., Cary, NC, USA). In this WAD method, the genera were ranked by comprehensively assessing higher expression, higher weight, and fold change. WAD was found to be an effective transcriptome analysis. The relative abundance of functional profiles for the gut microbiota in the groups was evaluated using the WAD method and an unpaired, two-tailed Student’s t tests. The top 20 microbial genera in the gut microbiota were determined with the WAD algorithm using R between two groups or small q values evaluated by one-way ANOVA between three groups.



Statistical Analysis

Differences between two groups were assessed using an unpaired, two-tailed Student’s t test and Mann-Whitney U test for parametric and non-parametric continuous values, respectively. Differences in categorized variables between two groups were assessed using the Pearson’s chi-square test. Differences in continuous variables among more than three groups were assessed using one-way ANOVA. We used Prism software version 8.0 (GraphPad, San Diego, CA, USA). The difference was considered statistically significant at P<0.05.




Results


HTHSD Induces Significant Impaired Glucose Tolerance Without Weight Gain

The body weights of mice fed with HFHSD or HTHSD were significantly higher than those of mice fed with ND. Upon comparing HTHSD and HFHSD groups, body weights of the mice were found to be significantly higher in the HFHSD group, from 14 weeks of age (Figure 1B). Among the three groups, the caloric intake of the ND group was significantly lower than that of the HFHSD or HTHSD groups, at 20 weeks of age (Figure 1C). In the iPGTT, the AUC of blood glucose increased in the following order of the groups - ND, HFHSD, and HTHSD (Figures 1D, E).



HTHSD Aggravates NAFLD and Induces Small Intestinal Inflammation

Both hepatic fat accumulation (Figures 1F–H) and liver fibrosis (Figure 1I) worsened in the following order of the groups - ND, HFHSD, and HTHSD.

Upon histological analysis of the small intestine, villus height and width reduced in the following order of the groups - ND, HFHSD, and HTHSD (Figures 1J–L). Conversely, crypt depth increased in the following order of the groups - ND, HFHSD, and HTHSD (Figure 1M).



HTHSD Induces Inflammation and Activation of Fatty Acid Transporter in the Liver and Small Intestine

Next, the relative expression of genes related to inflammation and fatty acid transporters in the liver and small intestine was investigated. Expression levels of Tnfa, Il6, Il1b, and Cd36 in the liver increased in the following order of the groups - ND, HFHSD, and HTHSD (Figures 2A–D). Moreover, expression of Ccl2 increased in the following order of the groups - ND, HFHSD, and HTHSD (Figure 2E). Likewise, mice fed with ND, HFHSD, and HTHSD diets displayed increasing expression of Tnfa and Cd36, with decreasing expression of Il22 in the small intestine, in that order. Mice fed with HTHSD showed higher expression of Il-6 in the small intestine than mice fed with ND or HFHSD, and the expression of Il1b in mice fed with HFHSD or HTHSD was significantly higher than that with ND, whereas that is not different between mice fed with HFHSD and HTHSD (Figures 2F–J). Overall, in both the liver and small intestine, the expression levels of inflammation markers and fatty acid transporters were significantly higher in mice fed with HTHSD, than in those fed with HFHSD.




Figure 2 | Mice fed with HTHSD displayed significantly elevated inflammation-related gene expression, than mice fed with HTHSD. Gene expression (n=6) in the liver for: (A) Tnfa, (B) Il6, (C) Il1b, (D) Cd36, and (E) Ccl2. Gene expression (n=6) in the small intestine for: (F) Tnfa, (G) Il6, (H) Il1b, (I) Cd36, and (J) Il22. Data are represented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA and an unpaired, two-tailed Student’s t test. ND, normal diet; HFHSD, high-fat, high-sucrose diet; HTHSD, high-trans fatty acid, high-sucrose diet.





HTHSD Induces an Increase in the Number of ILC1s, ILC3s, and M1 Macrophages in the Liver

Changes in the number of ILCs and macrophages in the liver were examined using flow cytometry (Supplementary Figures 1, 2). ILC1s and ILC3s, which have been reported to contribute to the onset of NAFLD [26–27], were significantly higher in the livers of mice fed with HTHSD, as compared to mice fed with ND or HFHSD (ILC1s, ND: p=0.009 and HFHSD: p=0.029; ILC3s, ND: p=0.043 and HFHSD: p=0.003) (Figures 3A, B). In addition, the number of T-bet-positive ILC3s, which secrete high amounts of IFN-γ [28], were found to increase in the following order of the groups - ND, HFHSD, and HTHSD (Figure 3C). There are two main phenotypes of macrophages: M1 pro-inflammatory macrophages and M2 anti-inflammatory macrophages [29]. The M1/M2 macrophage ratio, which indicates an association with liver fibrosis [30], increased in the following order of the groups - ND, HFHSD, and HTHSD (Figure 3D).




Figure 3 | ILC1s, T-bet-positive ILC3s, and M1/M2 macrophages ratio in liver and small intestine in mice fed with HTHSD significantly increased compared. On the other hand, ILC3s in liver in mice fed with HTHSD increased, whereas those in small intestine decreased. (A) Ratio of ILC1s to CD45-positive cells in the liver (n=6). (B) Ratio of ILC3s to CD45-positive cells in the liver (n=6). (C) Ratio of T-bet-positive ILC3s to CD45-positive cells in the liver (n=6). (D) Ratio of M1 macrophages to M2 macrophages in the liver (n=6). (E) Ratio of ILC1s to CD45-positive cells in the small intestine (n=6). (F) Ratio of ILC3s to CD45-positive cells in the small intestine (n=6). (G) Ratio of T-bet-positive ILC3s to CD45-positive cells in the liver (n=6). (H) Ratio of M1 macrophages to M2 macrophages in the liver (n=6). Data are represented as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA and an unpaired, two-tailed Student’s t test.



ILC1s in the lamina propria of the small intestine were higher (both p<0.001) in the HFHSD and HTHSD groups than in the ND group; between the HTHSD or HFHSD groups, ILC1 numbers were significantly higher (p=0.045) in the HTHSD group (Figure 3E). In addition, ILC3s in the lamina propria of the small intestine were lower (both p<0.001) in the HFHSD or HTHSD groups than in the ND group; in addition, there was no significant difference (p=0.550) between the HFHSD and HTHSD groups (Figure 3F).

There was an increase in the number of T-bet-positive ILC3s and the M1/M2 macrophage ratio in the lamina propria of the small intestine, in the following order of the groups - ND, HFHSD, and HTHSD (Figures 3G, H).



Elaidic Acid, Which Increases Upon HTHSD Intake, Induces Inflammation

Next, lipidomes in the liver and sera samples were investigated. Among the three groups, palmitic acid concentration was the highest in the liver and sera samples of mice fed with HFHSD, whereas elaidic acid concentration was the highest in the liver and sera samples of mice fed with HTHSD (Figures 4A–D). Therefore, ethanol (control), palmitic acid, and elaidic acid were added to RW264.7 cells, a murine macrophage cell line, followed by assessment of the secreted cytokines using multicolor flow cytometric analysis. IL-1β- or IL-12-positive cells were significantly higher (p<0.001) in the groups treated with palmitic acid or elaidic acid, than in the control group. IL-1β-positive cells were not significantly different (p=0.850) between the palmitic acid- and elaidic acid-treated groups, while IL-12-positive cells were significantly higher (p<0.001) in the elaidic acid-treated group, than in the palmitic acid-treated group (Figures 4E, F).




Figure 4 | The effect of elaidic acid on IL-1β secretion from macrophages was comparable to that of palmitic acid, and the effect of elaidic acid on IL-12 secretion was significantly stronger. (A) Intrahepatic palmitic acid concentration (μg/mg) (n=6). (B) Intrahepatic elaidic acid concentration (μg/mg) (n=6). (C) Serum palmitic acid concentration (μg/mL) (n=6). (D) Serum elaidic acid concentration (μg/mL) (n=6). Data are represented as mean ± SD; **p < 0.01, ***p < 0.001 using one-way ANOVA and an unpaired, two-tailed Student’s t test.





HTHSD Diet Induces an Increase in the Abundance of the Phylum Proteobacteria

Finally, relative abundance of the gut microbiota was investigated using 16s RNA sequencing. PCoA plots were constructed to compare the three groups (Figure 5A). Moreover, beta-diversity with PERMANOVA tests were shown in Figures 5C, D, and showed notable differences between the ND and HFHSD groups (p= 0.010) or the ND and HTHSD groups (p= 0.007). On the other hand, there was no significant differences between HFHSD and HTHSD groups (p= 0.055) (Figures 5B–D). At the phylum level, the relative abundance of Bacteroidetes was significantly higher (p<0.001) in mice fed with ND (54.1 ± 14.0%) than in mice fed with HFHSD (21.9 ± 6.8%) or HTHSD (13.5 ± 10.3%); there was no significant difference (p=0.301) between the HFHSD and HTHSD groups (Figure 6A). Likewise, the relative abundance of Deferribacteres was significantly higher (p<0.001) in mice fed with ND (25.1 ± 5.9%) than in mice fed with HFHSD (13.1 ± 2.8%) or HTHSD (12.9 ± 2.5%); there was no significant difference (p=0.931) between the HFHSD and HTHSD groups. On the contrary, the relative abundance of Proteobacteria was significantly higher in mice fed with ND (6.5 ± 2.8%), HFHSD (42.0 ± 3.6%), and HTHSD (61.3 ± 9.9%) (all p<0.001) (Figure 6A). At the genus level, the top 20 species were ranked using the WAD method. Upon comparing mice fed with ND and HFHSD, the relative abundance of the family Desulfovibrionaceae, which belongs to the phylum Proteobacteria (29.7 ± 3.6% vs. 1.4 ± 1.1%, p=0.005), genus Odoribacte, genus Oscillibacte, genus Pseudoflavonifractor, and genus Parabacteroides was significantly higher in mice fed with HFHSD, than in mice fed with ND. On the contrary, genus Barnesiella, family Prevotellaceae, and genus Rikenella were significantly lower in mice fed with HFHSD than in those fed with ND (Figure 6B). Upon comparing mice fed with ND and HTHSD, the relative abundance of the family Desulfovibrionaceae was significantly higher in mice fed with HTHSD than in mice fed with ND (3.3 ± 0.9% vs. 1.9 ± 0.9%, p=0.009). In contrast, the relative abundance of genus Barnesiella, family Prevotellaceae, and genus Vampirovibrio was significantly lower in mice fed with HFHSD, than in mice fed with ND (Figure 6C). On the other hand, there were no big differences in the relative abundance of genera between mice fed with HTHSD or HFHSD. However, the relative abundance of genus Rikenella, which belongs to the family Rikenellaceae, was significantly higher in mice fed with HTHSD, than in mice fed with HFHSD (1.7 ± 0.8% vs. 0.0 ± 0.0%, p=0.018). The relative abundance of the family Desulfovibrionaceae was higher in mice fed with HTHSD, than in mice fed with HFHSD, although the difference was not statistically significant. Moreover, the relative abundance of phylum Firmicutes, genus Psudoflavonifractor, genus Barnesiella, and genus Clostridium XIVb was significantly lower in mice fed with HTHSD, than in mice fed with HFHSD (Figure 6D). Furthermore, in one-way ANOVA, the similar results were obtained (Supplementary Figure 3).




Figure 5 | PCoA plots of gut microbiota of mice fed with ND, HFHSD, or HTHSD (A) Weighted PCoA plots were shown (n=3). Weighted beta-diversity with PERMANOVA test were shown (n=3). (B) ND vs HFHSD (p= 0.010), (C) ND vs HTHSD (p= 0.007), and (D) HFHSD vs HTHSD (p= 0.055). PCoA: Principal coordinate analysis, PERMANOVA: Permutational multivariat analysis of variance.






Figure 6 | Mice fed with HFHSD or HTHSD displayed significantly higher relative abundance of family Desulfovibrionaceae (which belongs to phylum Proteobacteria) than mice fed with ND. (A) Relative abundance of gut microbiota, by phylum. (B–D) Dominant gut microbial genera. The influence of genera of unique gut microbiota in mice fed with ND, HFHSD, or HTHSD was assessed using the weighted average differences method, followed by ranking of the assessed influence of genera from top to bottom. The top 20 gut microbial genera are shown. Relative abundance of gut microbiota in the two groups was compared using an unpaired, two-tailed Student’s t test. Gut microbiota with significantly higher abundance in a group have been indicated in the color of the group. Red: ND, Blue: HFHSD, Green: HTHSD.






Discussion

The present study revealed that, as compared to saturated fatty acids, trans fatty acids induced more intestinal inflammation and resulted in significantly impaired glucose tolerance with increased hepatic fat accumulation and progression of liver fibrosis. Previous studies have shown that trans fatty acids are risk factors for cardiovascular disease, diabetes, and cancer (1, 21, 22). This study provides a basis for this increased risk.

Some possible explanations for this observation are listed below. Secretion of Il-6, a pro-inflammatory cytokine, has been found to be higher in mice fed with an elaidic acid-rich diet, as compared to mice fed with a PUFA-rich diet (23). In addition, activation of NF-κB and Tnfa, as well as expression of Ccl2, osteopontin, and macrophage markers in the liver have been found to be elevated in mice fed with a trans fatty acid-rich diet (24–26). Hirata et al. (27) showed that, as compared to both control and oleic acid, 12 h of incubation with 0.2 mM elaidic acid induced caspase 3 cleavage and promoted apoptotic cell death in RAW264.7 macrophages, mediated via over-activation of the apoptosis signal-regulated kinase 1-p38 mitogen-activated protein kinase pathway. Ge et al. (9) reported that a diet enriched with trans fatty acids induced lipid deposition in small intestinal epithelial cells and destruction of the small intestinal epithelium. In addition, a significant increase in the expression levels of Cxcl12, Cxcl14, and Cxcr4 has been observed in the small intestine of mice fed with trans fatty acids. In the present study, the number of M1 macrophages and ILC1 in the mucous membranes of the liver and small intestine were predominantly increased in the trans-fatty acid-fed mice, and the expression levels of inflammation-related genes, such as Tnfa, Il6, and Il1b, were also predominantly increased. In addition, the pathological images of small intestine showed that the HFHSD group had a significant decrease in the height and width of the villi and an increase in the depth of the crypt, indicating inflammation of the small intestinal mucosa.

Ge et al. (9) also reported that trans fatty acid-rich diet caused a decrease in the relative abundance of the phylum Bacteroidetes, along with an increase in the phylum Proteobacteria and the family Desulfovibrionaceae, which are gram-negative sulfate-reducing bacteria found to be significantly abundant in obese and metabolically-impaired mice (28, 29). The results of the present study are consistent with those of the above studies. Increased relative abundance of Desulfovibrionaceae and the resulting excessive hydrogen sulfide (H2S) production may contribute to IBDs and inflammation-related bowel diseases, such as colorectal cancer (30). H2S enhances the breakdown of the mucus barrier by decreasing the disulfide bonds in the mucus network, thus leading to an increase in the permeability of the mucus layer (31). Rupture of the mucus barrier allows toxins and bacteria to come into close proximity to the colonic epithelium, causing inflammation, and ultimately, contributing to the development of IBD and colorectal cancer (31). Furthermore, failure of the mucus barrier has been reported to alter the innate immunity of the intestinal tract. In particular, the number of ILC3s, which are major regulators of inflammation and infection at mucosal barriers, are altered by failure of the mucus barrier (32). ILC3-derived IL-22 plays an important role in promoting STAT3-dependent expression of antimicrobial peptides and maintenance of the intestinal epithelial barrier function (33–35). Conversely, loss of ILC3s is associated with reduced expression of IL-22 and lower levels of antimicrobial peptides expressed by the intestinal epithelial cells. In the present study, intake of HFHSD or HTHSD increased the abundance of the family Desulfovibrionaceae in the gut microbiota and decreased the number of ILC3s in the lamina propria of the small intestine. Additionally, the increased abundance of the family Desulfovibrionaceae has been reported to be associated with increased fat absorption (36, 37). In our study, expression of Cd36, a transporter of long-chain fatty acids, in the small intestine was significantly higher in mice fed with HFHSD or HTHSD, than in those fed with ND; between the HTHSD and HFHSD groups, HTHSD displayed higher expression. At the same time, mice fed with HTHSD displayed higher abundance of the family Desulfovibrionaceae, as compared to those fed with HFHSD, although the difference was not significant. Moreover, the relative abundance of the genus Rikenella, which belongs to the family Rikenellaceae, was significantly higher in mice fed with HTHSD than in those fed with HFHSD. Several previous studies have reported that the abundance of the family Rikenellaceae increases upon intake of a high-fat diet (38), and this increase is related to the loss of gut barrier function (39).

In summary, the failure of the mucus barrier was more severe in the mice fed with HTHSD, than in the mice fed with HFHSD, due to an increase in the relative abundance of the family Desulfovibrionaceae and genus Rikenella, which might be responsible for causing various metabolic disorders.

The increased ratio of ILC1s and decreased ratio of RORγt-positive ILC3s in the small intestine were observed to a similar degree in both mice fed with HFHSD and HTHSD, whereas the ratio of T-bet-positive ILC3s in the small intestine was significantly higher in mice fed with HTHSD, than in mice fed with HFHSD. There is some evidence that ILCs can exhibit functional plasticity in response to environmental cues. The function of ILC3s has been shown to vary with the expression of the transcription factors RORγt and T-bet (40). Stimulation of cytokines such as IL-12 and IL-18 increases the number of ex-RORγt-positive ILC3s, which are characterized to be T-bet positive, and decreases the number of RORγt-positive ILC3s, indicating that ILC3s are able to respond to environmental cues. It has been reported that ex-RORγt-positive ILC3s have the ability to produce IFNγ and reduce the production of IL-17 and IL-22 (41). Thus, ex-RORγt-positive ILC3s exhibit functions similar to those of ILC1s. In addition, in cell experiments using RAW264.7, elaidic acid, which was elevated in the liver and serum samples of mice fed with HTHSD, did not significantly increase the ratio of IL-1β-positive cells, as compared to palmitic acid, which was elevated in the liver and serum samples of mice fed with HFHSD. IL-1β has been reported to accelerate the dedifferentiation of ILC1s to ILC3s (42). It has been suggested that there is a compensatory increase in IL-1β secretion, to increase the number of ILC3s, which attenuates intestinal mucosal inflammation. On the other hand, as compared to cells administered with palmitic acid, the ratio of IL-12-positive cells was significantly higher in cells administered with elaidic acid. Therefore, it is thought that, as compared to palmitic acid stimulation, IL-12 secreted by elaidic acid stimulation of macrophages increases the number of ILC1s (43) and differentiates ILC3s into ex-RORγt-positive ILC3s to a greater extent. In this study, intake of HTHSD might have decreased the production of IL22s in intestinal epithelial tissues by increasing the number of ex-RORγt-positive ILC3s, which strongly express T-bet and lack the ability to produce IL-22, thus reducing the maintenance of antimicrobial peptides and intestinal epithelial barrier function. On the other hand, the number of ILC3s in the liver was significantly higher in the HFHSD or HTHSD groups, than in the ND group, a trend opposite to that observed in the case of ILC3s in the lamina propria of the small intestine. In our previous study, we found that HFD treatment caused a compensatory increase in the number of ILC3s, to reduce inflammation in the liver (11). In the present study, inflammation in the small intestinal mucosa was the primary and important change, while an increase in the number of ILC3s in the liver was thought to be compensatory, due to the associated hepatitis and liver fibrosis.

As limitation of this study, we do not have the data of the microbiome longitudinally i.e., at baseline and at several timepoint. This data could have clarified the effect of HFSHSD and HTHSD in changing gut microbiota.

Taken together, the present study revealed that the intake of trans-fatty acids and saturated fatty acids caused dysbiosis and associated immune changes in the intestine, and significantly aggravated metabolic diseases such as diabetes and fatty live when compared with the intake of normal diet, and this was more pronounced for trans-fatty acids. In addition, trans-fatty acids strongly activate the differentiation of RORgt-positive ILC3 into T-bet-positive ILC3 by promoting the secretion of IL-12 from macrophages more strongly than saturated fatty acids.



Data Availability Statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession number(s) can be found below: https://doi.org/10.6084/m9.figshare.14370035.v1.



Ethics Statement

The animal study was reviewed and approved by The Committee for Animal Research at the Kyoto Prefectural University of Medicine.



Author Contributions

TO originated and designed the study, researched the data, and wrote the manuscript. YH and MH originated and designed the study, researched the data, and reviewed the manuscript. SM, TS, EU, NN, MA, and MY researched the data and contributed to the discussion. HT provided technical cooperation. MF originated and designed the study, researched the data, and reviewed and edited the manuscript. MF is the guarantor of this work and, as such, had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by The Japan Food Chemical Research Foundation.



Acknowledgments

We thank all of the staff members of the Kyoto Prefectural University of Medicine. We would like to thank Editage (www.editage.com) for English language editing.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.669672/full#supplementary-material



References

1. Smith, BK, Robinson, LE, Nam, R, and Ma, DWL. Trans-Fatty Acids and Cancer: A Mini-Review. Br J Nutr (2009) 102:1254–66. doi: 10.1017/S0007114509991437

2. Sekirov, I, Russell, SL, Caetano M Antunes, L, and Finlay, BB. Gut Microbiota in Health and Disease. Physiol Rev (2010) 90:859–904. doi: 10.1152/physrev.00045.2009

3. Round, JL, and Mazmanian, SK. The Gut Microbiota Shapes Intestinal Immune Responses During Health and Disease. Nat Rev Immunol (2009) 9:313–23. doi: 10.1038/nri2515

4. Brennan, CA, and Garrett, WS. Gut Microbiota, Inflammation, and Colorectal Cancer. Annu Rev Microbiol (2016) 70:395–411. doi: 10.1146/annurev-micro-102215-095513

5. Velagapudi, VR, Hezaveh, R, Reigstad, CS, Gopalacharyulu, P, Yetukuri, L, Islam, S, et al. The Gut Microbiota Modulates Host Energy and Lipid Metabolism in Mice. J Lipid Res (2010) 51:1101–12. doi: 10.1194/jlr.M002774

6. Macfarlane, G, Blackett, K, Nakayama, T, Steed, H, and Macfarlane, S. The Gut Microbiota in Inflammatory Bowel Disease. Curr Pharm Design (2009) 15:1528–36. doi: 10.2174/138161209788168146

7. de Filippo, C, Cavalieri, D, di Paola, M, Ramazzotti, M, Poullet, JB, Massart, S, et al. Impact of Diet in Shaping Gut Microbiota Revealed by a Comparative Study in Children From Europe and Rural Africa. Proc Natl Acad Sci U S A (2010) 107:14691–6. doi: 10.1073/pnas.1005963107

8. Cani, PD, Bibiloni, R, Knauf, C, Waget, A, Neyrinck, AM, Delzenne, NM, et al. Changes in Gut Microbiota Control Metabolic Endotoxemia-Induced Inflammation in High-Fat Diet-Induced Obesity and Diabetes in Mice. Diabetes (2008) 57:1470–81. doi: 10.2337/db07-1403

9. Ge, Y, Liu, W, Tao, H, Zhang, Y, Liu, L, Liu, Z, et al. Effect of Industrial Trans-Fatty Acids-Enriched Diet on Gut Microbiota of C57BL/6 Mice. Eur J Nutr (2019) 58:2625–38. doi: 10.1007/s00394-018-1810-2

10. Kawai, S, Takagi, Y, Kaneko, S, and Kurosawa, T. Effect of Three Types of Mixed Anesthetic Agents Alternate to Ketamine in Mice. Exp Anim (2011) 60:481–7. doi: 10.1538/expanim.60.481

11. Okamura, T, Hamaguchi, M, Bamba, R, Nakajima, H, Yoshimura, Y, Kimura, T, et al. Immune Modulating Effects of Additional Supplementation of Estradiol Combined With Testosterone in Murine Testosterone-Deficient NAFLD Model. Am J Physiol - Gastrointestin Liver Physiol (2020) 318:G989–99. doi: 10.1152/ajpgi.00310.2019

12. Ono, Y, Nagai, M, Yoshino, O, Koga, K, Nawaz, A, Hatta, H, et al. Cd11c+ M1-like Macrophages (MΦs) But Not CD206+ M2-Like MΦ are Involved in Folliculogenesis in Mice Ovary. Sci Rep (2018) 8:8171. doi: 10.1038/s41598-018-25837-3

13. Kleiner, DE, Brunt, EM, van Natta, M, Behling, C, Contos, MJ, Cummings, OW, et al. Design and Validation of a Histological Scoring System for Nonalcoholic Fatty Liver Disease. Hepatology (2005) 41:1313–21. doi: 10.1002/hep.20701

14. Okamura, T, Nakajima, H, Hashimoto, Y, Majima, S, Senmaru, T, Ushigome, E, et al. Low Circulating Dihomo-Gamma-Linolenic Acid is Associated With Diabetic Retinopathy: A Cross Sectional Study of KAMOGAWA-DM Cohort Study. Endocrine J (2020). doi: 10.1507/endocrj.EJ20-0564

15. Bouchareychas, L, Grössinger, EM, Kang, M, Qiu, H, and Adamopoulos, IE. Critical Role of LTB4/BLT1 in IL-23-Induced Synovial Inflammation and Osteoclastogenesis Via NF-κb. J Immunol (Baltimore Md: 1950) (2017) 198:452–60. doi: 10.4049/jimmunol.1601346

16. Caporaso, JG, Kuczynski, J, Stombaugh, J, Bittinger, K, Bushman, FD, Costello, EK, et al. QIIME Allows Analysis of High-Throughput Community Sequencing Data. Nat Methods (2010) 7:335–6. doi: 10.1038/nmeth.f.303

17. Edgar, RC. Search and Clustering Orders of Magnitude Faster Than BLAST. Bioinformatics (2010) 26:2460–1. doi: 10.1093/bioinformatics/btq461

18. Coburn, CT, Knapp, J, Febbraio, M, Beets, AL, Silverstein, RL, and Abumrad, NA. Defective Uptake and Utilization of Long Chain Fatty Acids in Muscle and Adipose Tissues of CD36 Knockout Mice. J Biol Chem (2000) 275:32523–9. doi: 10.1074/jbc.M003826200

19. Sanguinetti, G, Milo, M, Rattray, M, and Lawrence, ND. Accounting for Probe-Level Noise in Principal Component Analysis of Microarray Data. Bioinformatics (2005) 21:3748–54. doi: 10.1093/bioinformatics/bti617

20. Kadota, K, Nakai, Y, and Shimizu, K. A Weighted Average Difference Method for Detecting Differentially Expressed Genes From Microarray Data. Algorithms Mol Biol (2008) 3:8. doi: 10.1186/1748-7188-3-8

21. Mozaffarian, D, Katan, MB, Ascherio, A, Stampfer, MJ, and Willett, WC. Trans Fatty Acids and Cardiovascular Disease. New Engl J Med (2006) 354:1601–13. doi: 10.1056/NEJMra054035

22. Thompson, AK, Minihane, AM, and Williams, CM. Trans Fatty Acids, Insulin Resistance and Diabetes. Eur J Clin Nutr (2011) 65:553–64. doi: 10.1038/ejcn.2010.240

23. Machado, RM, Nakandakare, ER, Quintao, ECR, Cazita, PM, Koike, MK, Nunes, VS, et al. Omega-6 Polyunsaturated Fatty Acids Prevent Atherosclerosis Development in LDLr-KO Mice, in Spite of Displaying a Pro-Inflammatory Profile Similar to Trans Fatty Acids. Atherosclerosis (2012) 224:66–74. doi: 10.1016/j.atherosclerosis.2012.06.059

24. Tetri, LH, Basaranoglu, M, Brunt, EM, Yerian, LM, and Neuschwander-Tetri, BA. Severe NAFLD With Hepatic Necroinflammatory Changes in Mice Fed Trans Fats and a High-Fructose Corn Syrup Equivalent. Am J Physiol - Gastrointestin Liver Physiol (2008) 295:G987–95. doi: 10.1152/ajpgi.90272.2008

25. Hu, X, Tanaka, N, Guo, R, Lu, Y, Nakajima, T, Gonzalez, FJ, et al. Pparα Protects Against Trans-Fatty-Acid-Containing Diet-Induced Steatohepatitis. J Nutr Biochem (2017) 39:77–85. doi: 10.1016/j.jnutbio.2016.09.015

26. Larner, DP, Morgan, SA, Gathercole, LL, Doig, CL, Guest, P, Weston, C, et al. Male 11-HSD1 Knockout Mice Fed Trans-Fats and Fructose are Not Protected From Metabolic Syndrome or Nonalcoholic Fatty Liver Disease. Endocrinology (2016) 157:3493–504. doi: 10.1210/en.2016-1357

27. Hirata, Y, Takahashi, M, Kudoh, Y, Kano, K, Kawana, H, Makide, K, et al. Trans-Fatty Acids Promote Proinflammatory Signaling and Cell Death by Stimulating the Apoptosis Signal-Regulating Kinase 1 (ASK1)-p38 Pathway. J Biol Chem (2017) 292:8174–85. doi: 10.1074/jbc.M116.771519

28. Hildebrandt, MA, Hoffmann, C, Sherrill-Mix, SA, Keilbaugh, SA, Hamady, M, Chen, YY, et al. High-Fat Diet Determines the Composition of the Murine Gut Microbiome Independently of Obesity. Gastroenterology (2009) 137:1716–24. doi: 10.1053/j.gastro.2009.08.042

29. Zhang, C, Zhang, M, Pang, X, Zhao, Y, Wang, L, and Zhao, L. Structural Resilience of the Gut Microbiota in Adult Mice Under High-Fat Dietary Perturbations. ISME J (2012) 6:1848–57. doi: 10.1038/ismej.2012.27

30. Figliuolo, VR, dos Santos, LM, Abalo, A, Nanini, H, Santos, A, Brittes, NM, et al. Sulfate-Reducing Bacteria Stimulate Gut Immune Responses and Contribute to Inflammation in Experimental Colitis. Life Sci (2017) 189:29–38. doi: 10.1016/j.lfs.2017.09.014

31. Ijssennagger, N, van der Meer, R, and van Mil, SWC. Sulfide as a Mucus Barrier-Breaker in Inflammatory Bowel Disease? Trends Mol Med (2016) 22:190–9. doi: 10.1016/j.molmed.2016.01.002

32. Artis, D, and Spits, H. The Biology of Innate Lymphoid Cells. Nature (2015) 517:293–301. doi: 10.1038/nature14189

33. Satoh-Takayama, N, Vosshenrich, CAJ, Lesjean-Pottier, S, Sawa, S, Lochner, M, Rattis, F, et al. Microbial Flora Drives Interleukin 22 Production in Intestinal Nkp46+ Cells That Provide Innate Mucosal Immune Defense. Immunity (2008) 29:958–70. doi: 10.1016/j.immuni.2008.11.001

34. Sonnenberg, GF, Fouser, LA, and Artis, D. Border Patrol: Regulation of Immunity, Inflammation and Tissue Homeostasis At Barrier Surfaces by IL-22. Nat Immunol (2011) 12:383–90. doi: 10.1038/ni.2025

35. Zheng, Y, Valdez, PA, Danilenko, DM, Hu, Y, Sa, SM, Gong, Q, et al. Interleukin-22 Mediates Early Host Defense Against Attaching and Effacing Bacterial Pathogens. Nat Med (2008) 14:282–9. doi: 10.1038/nm1720

36. Just, S, Mondot, S, Ecker, J, Wegner, K, Rath, E, Gau, L, et al. The Gut Microbiota Drives the Impact of Bile Acids and Fat Source in Diet on Mouse Metabolism. Microbiome (2018) 6:134. doi: 10.1186/s40168-018-0510-8

37. Petersen, C, Bell, R, Klag, KA, Lee, SH, Soto, R, Ghazaryan, A, et al. T Cell–Mediated Regulation of the Microbiota Protects Against Obesity. Science (2019) 365:eaat9351. doi: 10.1126/science.aat9351

38. Daniel, H, Gholami, AM, Berry, D, Desmarchelier, C, Hahne, H, Loh, G, et al. High-Fat Diet Alters Gut Microbiota Physiology in Mice. ISME J (2014) 8:295–308. doi: 10.1038/ismej.2013.155

39. Miranda-Ribera, A, Ennamorati, M, Serena, G, Cetinbas, M, Lan, J, Sadreyev, RI, et al. Exploiting the Zonulin Mouse Model to Establish the Role of Primary Impaired Gut Barrier Function on Microbiota Composition and Immune Profiles. Front Immunol (2019) 10:2233. doi: 10.3389/fimmu.2019.02233

40. Klose, CSN, Kiss, EA, Schwierzeck, V, Ebert, K, Hoyler, T, D’Hargues, Y, et al. A T-bet Gradient Controls the Fate and Function of CCR6-Rorγt + Innate Lymphoid Cells. Nature (2013) 494:261–5. doi: 10.1038/nature11813

41. Vonarbourg, C, Mortha, A, Bui, VL, Hernandez, PP, Kiss, EA, Hoyler, T, et al. Regulated Expression of Nuclear Receptor Rorγt Confers Distinct Functional Fates to NK Cell Receptor-Expressing Rorγt+ Innate Lymphocytes. Immunity (2010) 33:736–51. doi: 10.1016/j.immuni.2010.10.017

42. Bernink, JH, Krabbendam, L, Germar, K, de Jong, E, Gronke, K, Kofoed-Nielsen, M, et al. Interleukin-12 and -23 Control Plasticity Of Cd127+ Group 1 And Group 3 Innate Lymphoid Cells in The Intestinal Lamina Propria. Immunity (2015) 43:146–60. doi: 10.1016/j.immuni.2015.06.019

43. Fuchs, A, Vermi, W, Lee, JS, Lonardi, S, Gilfillan, S, Newberry, RD, et al. Intraepithelial Type 1 Innate Lymphoid Cells are a Unique Subset of il-12- and il-15-responsive Ifn-γ-Producing Cells. Immunity (2013) 38:769–81. doi: 10.1016/j.immuni.2013.02.010



Conflict of Interest: HT was employed by Agilent Technologies. YH has
received grants from Asahi Kasei Pharma, personal fees from Daiichi Sankyo
Co., Ltd., personal fees from Mitsubishi Tanabe Pharma Corp., personal fees
from Sanofi K.K., personal fees from Novo Nordisk Pharma Ltd., outside the
submitted work. TS has received personal fees from Ono Pharma Co., Ltd.,
Mitsubishi Tanabe Pharma Co, Astellas Pharma Inc., Kyowa Hakko Kirin Co.,
Ltd., Sanofi K.K., MSD K.K., Kowa Pharma Co., Ltd., Taisho Toyama Pharma
Co., Ltd., Takeda Pharma Co., Ltd., Kissei Pharma Co., Ltd., Novo Nordisk
Pharma Ltd., Eli Lilly Japan K.K. outside the submitted work. MH has received
grants from Asahi Kasei Pharma, Nippon Boehringer Ingelheim Co., Ltd.,
Mitsubishi Tanabe Pharma Corporation, Daiichi Sankyo Co., Ltd., Sanofi
K.K., Takeda Pharmaceutical Company Limited, Astellas Pharma Inc., Kyowa
Kirin Co., Ltd., Sumitomo Dainippon Pharma Co., Ltd., Novo Nordisk Pharma
Ltd., and Eli Lilly Japan K.K., outside the submitted work. MA received personal
fees from Novo Nordisk Pharma Ltd., Abbott Japan Co., Ltd., AstraZeneca plc,
Kowa Pharmaceutical Co., Ltd., Ono Pharmaceutical Co., Ltd., Takeda
Pharmaceutical Co., Ltd., outside the submitted work. MY reports personal
fees from MSD K.K., Sumitomo Dainippon Pharma Co., Ltd., Kowa Company,
Limited, AstraZeneca PLC, Takeda Pharmaceutical Company Limited, Kyowa
Hakko Kirin Co., Ltd., Daiichi Sankyo Co., Ltd., Kowa Pharmaceutical Co., Ltd.,
Ono Pharma Co., Ltd., outside the submitted work. MF has received grants from
Nippon Boehringer Ingelheim Co., Ltd., Kissei Pharma Co., Ltd., Mitsubishi
Tanabe Pharma Co, Daiichi Sankyo Co., Ltd., Sanofi K.K., Takeda Pharma Co.,
Ltd., Astellas Pharma Inc., MSD K.K., Kyowa Hakko Kirin Co., Ltd., Sumitomo
Dainippon Pharma Co., Ltd., Kowa Pharmaceutical Co., Ltd., Novo Nordisk
Pharma Ltd., Ono Pharma Co., Ltd., Sanwa Kagaku Kenkyusho Co., Ltd. Eli
Lilly Japan K.K., Taisho Pharma Co., Ltd., Terumo Co., Teijin Pharma Ltd.,
Nippon Chemiphar Co., Ltd., and Johnson & Johnson K.K. Medical Co., Abbott
Japan Co., Ltd., and received personal fees from Nippon Boehringer Ingelheim
Co., Ltd., Kissei Pharma Co., Ltd., Mitsubishi Tanabe Pharma Corp., Daiichi
Sankyo Co., Ltd., Sanofi K.K., Takeda Pharma Co., Ltd., Astellas Pharma Inc.,
MSD K.K., Kyowa Kirin Co., Ltd., Sumitomo Dainippon Pharma Co., Ltd.,
Kowa Pharma Co., Ltd., Novo Nordisk Pharma Ltd., Ono Pharma Co., Ltd.,
Sanwa Kagaku Kenkyusho Co., Ltd., Eli Lilly Japan K.K., Taisho Pharma Co.,
Ltd., Bayer Yakuhin, Ltd., AstraZeneca K.K., Mochida Pharma Co., Ltd., Abbott
Japan Co., Ltd., Medtronic Japan Co., Ltd., Arkley Inc., Teijin Pharma Ltd. and
Nipro Cor., outside the submitted work.

The remaining 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.

Copyright © 2021 Okamura, Hashimoto, Majima, Senmaru, Ushigome, Nakanishi, Asano, Yamazaki, Takakuwa, Hamaguchi and Fukui. 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/Images/fimmu-12-669672-g006.jpg
7
4

S

2%
4
;’Z/

N

AN

%2
7
L
P4

»,
.

&

2
7
‘:'{/
77
Z,

N

T

7






OEBPS/Images/fimmu-12-669672-g004.jpg
(i) woneauaouos
‘Spioe opiclo wnios.

g 38 8 8§ °

(quye) uonienusouco

U spioe owied wniog

(Buy) uoneausouos
SP120 o1pIela oedoueAu

§ &8 8 &

(Buyr) uoeausauos
‘spive omuwied onedayenu

5189 401 1QO*0RP TN
ooy

o,
I o

100 4aL1QOY0RPAH G
ooy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Trans Fatty Acid Intake Induces Intestinal Inflammation and Impaired Glucose Tolerance

      

        		

          Background and Aims

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Highlights

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals

          



          		

            Measurement of Caloric Intake

          



          		

            Analytic Procedures for Glucose and Insulin Tolerance Tests

          



          		

            Protocol for Isolation of Mononuclear Cells From Livers and Small Intestines of Mice

          



          		

            Tissue Preparation and Flow Cytometry

          



          		

            Liver Histology

          



          		

            Small Intestine Histology

          



          		

            Gene Expression in Murine Liver and Small Intestine

          



          		

            Measurement of Fatty Acid Concentrations in the Liver Tissue and Serum Samples

          



          		

            Murine Macrophage Cell Culture and Flow Cytometry

          



          		

            Fecal Microbiota Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            HTHSD Induces Significant Impaired Glucose Tolerance Without Weight Gain

          



          		

            HTHSD Aggravates NAFLD and Induces Small Intestinal Inflammation

          



          		

            HTHSD Induces Inflammation and Activation of Fatty Acid Transporter in the Liver and Small Intestine

          



          		

            HTHSD Induces an Increase in the Number of ILC1s, ILC3s, and M1 Macrophages in the Liver

          



          		

            Elaidic Acid, Which Increases Upon HTHSD Intake, Induces Inflammation

          



          		

            HTHSD Diet Induces an Increase in the Abundance of the Phylum Proteobacteria

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-669672-g002.jpg
[ —

Jonn o eju1
Jo uessaidid onremy

T —
oursonur ur o600
1o Vosaidra anteRe

LT ]

s o1 pazeusou
ounsowt gy
1o uossasiva antmey

ursnut uy g1
Jo Uomsaua snteiey

Q
(%

Y
o






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-669672-g005.jpg
HE i
£

E

§ i w0 o

P usen)
c
P02 o s
Wrmson
e 3659
peren
Rr0s

ST

&





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-669672-g003.jpg
4 AH| *,
i N "_m_ %,
Bl o >
¥ g B r—
ones 6N ZWILN N ones W Z/LN
AH| %,
i W ik %
. ki FEEIT
5 HERERE
¢ 3 4 3 0 o
i sra i 2o
L 3
%
o,
ool
HEEEEE EEERE
» ‘eunsequl ul
. 1 R L
i |l %,
’ it %
5 %
HER R £ § 3

65010 10T %

.S¥0010 1071 %





OEBPS/Images/fimmu-12-669672-g001.jpg
4]
[ —

Fed on ND, HFHSD
orTHSD.

¢
§
:
g
5

Villus height

T

20ueeks

Buecks

Time (min)

9 Gum)

Area o i red O st

Body weight (9)

AUC (moa"min)

g
H

Vilus it ()

0

Caloric ntake (kcaliday)

A7

HFHSD HTHSD

Masson

Oil-red-0  Trichrome

oyt depth ()






OEBPS/Images/fimmu.2021.669672_cover.jpg
, frontiers
in Immunology

Trans Fatty Acid Intake Induces
Intestinal Inflammation and Impaired
Glucose Tolerance





