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            Abstract
Dietary fibres can exert beneficial anti-inflammatory effects through microbially fermented short-chain fatty acid metabolites1,2, although the immunoregulatory roles of most fibre diets and their microbiota-derived metabolites remain poorly defined. Here, using microbial sequencing and untargeted metabolomics, we show that a diet of inulin fibre alters the composition of the mouse microbiota and the levels of microbiota-derived metabolites, notably bile acids. This metabolomic shift is associated with type 2 inflammation in the intestine and lungs, characterized by IL-33 production, activation of group 2 innate lymphoid cells and eosinophilia. Delivery of cholic acid mimics inulin-induced type 2 inflammation, whereas deletion of the bile acid receptor farnesoid X receptor diminishes the effects of inulin. The effects of inulin are microbiota dependent and were reproduced in mice colonized with human-derived microbiota. Furthermore, genetic deletion of a bile-acid-metabolizing enzyme in one bacterial species abolishes the ability of inulin to trigger type 2 inflammation. Finally, we demonstrate that inulin enhances allergen- and helminth-induced type 2 inflammation. Taken together, these data reveal that dietary inulin fibre triggers microbiota-derived cholic acid and type 2 inflammation at barrier surfaces with implications for understanding the pathophysiology of allergic inflammation, tissue protection and host defence.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Inulin fibre diet upregulates systemic bile acids and tissue eosinophils.[image: ]


Fig. 2: Inulin fibre diet-induced eosinophilia requires ILC2s and IL-33.[image: ]


Fig. 3: Microbiota-derived CA and host FXR mediate inulin fibre diet-triggered type 2 inflammation.[image: ]


Fig. 4: Inulin-fibre-diet-induced eosinophils promote allergic inflammation and anti-helminth defence.[image: ]
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              All data necessary to understand and evaluate the conclusions of this paper are provided in the Article and its Source Data and  Supplementary Information. The 16S rRNA-seq data are available at the NCBI Sequence Read Archive under accession number BioProject PRJNA761331. The RNA-seq and spatial transcriptomic data are available at Gene Expression Omnibus (GEO) under accession numbers GSE183443 and GSE183696, respectively. The mouse genome data (NCBI GRCm38/mm10) used for the alignment of RNA-seq data are available under accession number BioProject PRJNA20689. The MS1 and MS2 data for mouse samples analysed in this study are available at the GNPS website (https://massive.ucsd.edu) under MassIVE ID number MSV000086890. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Changes in gut microbiota by inulin fibre diet.
a–d, Mice were fed the control or inulin fibre diets for two weeks (n = 5 mice). Weighted UniFrac PCoA (a) and taxonomic classification (b) of 16S rRNA in stool pellets were shown. For PCoA plot PERMANOVA: F = 12.6, Df = 1, P = 0.008. ‘uncl_d_’ stands for ‘unclassified_domain_’. ‘uncl_d_Bacteria’ matches exactly to mitochondria or chloroplasts, probably from the food. Relative abundance of families or genera increased (c) or decreased (d) by the inulin fibre diet was shown. Data in a–d are representative of three independent experiments. Data are means ± s.e.m. Statistics were calculated by unpaired two-tailed t-test (c,d).
Source data


Extended Data Fig. 2 Changes in systemic metabolome by inulin fibre diet.
a, Chemical structures of major differentially abundant compounds identified in this study. b, Faecal concentration of SCFAs in mice from control and inulin fibre diet groups (n = 5 mice). c, Integration of serum bile acids shown in Fig. 1d (n = 6 mice for control or 7 mice for inulin fibre). Data in b,c are representative of at least two independent experiments. Data are means ± s.e.m. Statistics were calculated by two-way ANOVA with Šidák’s multiple-comparisons test (b) or unpaired two-tailed t-test (c).
Source data


Extended Data Fig. 3 MS analyses of various samples.
a, Table depicting detection level and other parameters for the metabolites analysed. b–c, Coinjection plots (b) or MS/MS spectra (c) for the metabolites analysed. d–g, Relative abundance of conjugated bile acids in serum (n = 8 mice for control or 9 mice for inulin fibre) (d), faecal unconjugated (e) and conjugated bile acids (f) (n = 9 mice for control or 12 mice for inulin fibre), and conjugated and unconjugated bile acids in caecal content (n = 3 mice) (g). Data are representative of (g) or combined (d–f) from two independent experiments. Data are means ± sem. Statistics were calculated by unpaired two-tailed t-test (d–g).
Source data


Extended Data Fig. 4 Gating strategies shown using samples from colon.
a, Gating strategy for eosinophils in bar graphs including Fig. 1e and Tregs in Extended Data Figs. 5a and 7a. CD45+CD11b+SiglecF+ cells were further verified as SSChiCD11c−. b–c, Gating strategies for neutrophils (b) and various other immune cells (c) in Extended Data Fig. 5b.


Extended Data Fig. 5 Effects of inulin fibre diet on immune cells in various tissues.
a,b, Mice were fed control or inulin fibre diet for two weeks (n = 4 mice). Bar graph shows frequencies of FoxP3+ Treg cells (a) and various immunocytes (b) in the colonic lamina propria of control or inulin fibre diet-fed mice. c, Frequency of colonic eosinophils in mice fed control or inulin fibre diet for the indicated periods of time (n = 3 mice for 0.5-, 1-, or 12-week timepoints, n = 5 mice for 2-week timepoint, and n = 4 mice for 6-week timepoint). d, Percentage of eosinophils in various tissue sites from mice administered control or inulin fibre diet for two weeks. mesLN, mesenteric lymph nodes; SI, small intestine. n = 4 for bone marrow, blood, spleen, mesLN, caecum, SI control or skin inulin fibre, n = 3 for SI inulin fibre or skin control. e,f, Mice were fed chow, control diet, or various high fibre diets, and serum levels of CA (e) were measured after two weeks (n = 3 mice for chow, control, or cellulose fibre, and n = 4 mice for inulin or psyllium fibre). Frequency of eosinophils in the colon and lung (f) of mice fed the indicated diets for two weeks (n = 7 mice (colon) or 4 mice (lung) for chow, n = 6 mice for control or inulin fibre, n = 3 mice for cellulose fibre, and n = 7 mice (colon) or 3 mice (lung) for psyllium fibre). Data are representative of (a–d) or combined (e,f) from two independent experiments. Data are means ± s.e.m. Statistics were calculated by unpaired two-tailed t-test (a), two-way ANOVA with Šidák’s (b,d) or Holm–Šidák’s (c) multiple-comparisons test, or one-way ANOVA with Šidák’s multiple-comparisons test (e,f).
Source data


Extended Data Fig. 6 Inulin fibre diet-induced gene and protein expression in various immune and non-immune cells.
a, Mice were fed control or inulin fibre diet for two weeks and ILC2s (CD45+Lin−CD90.2+CD127+KLRG1+) were sorted from colonic lamina propria cells. Heatmap showing level of significance of GO enrichment tests in the colonic ILC2 RNASeq data, as measured by -log10(Pcorrected). Blue, not significant (Pcorrected > 0.01), Red, significant (Pcorrected < 0.01). b,c Gating strategy for bar graphs for IL-5+ cells (including Fig. 2c) (b) and frequency of IL-5-expressing CD4+ T cells (c) in the colonic lamina propria of mice (n = 4 mice). d, Gating strategy for detecting PDGFRα+Sca-1+ (double positive, DP) mesenchymal stromal cells (for bar graphs including Fig. 2f) and double negative (DN) stromal cells in colon and lung tissues. e,f Flow cytometry plots and bar graphs showing IL-33-eGFP expression in epithelial and stromal cell subsets in the colon (e) and lung (f). n = 2 mice (No eGFP) or 3 mice (colon control or inulin fibre) or 4 mice (lung control or inulin fibre). Data in c,e,f, are representative of two independent experiments. Data are means ± s.e.m. Statistics were calculated by unpaired two-tailed t-test (c, f) or one-way ANOVA with Holm–Šidák’s multiple-comparisons test (e).
Source data


Extended Data Fig. 7 Effects of bile acid metabolites on immune and non-immune cells.
a, Frequency of RORγt+ subset of Tregs in the colons of mice administered SCFAs in drinking water, or water alone (control) (n = 4 mice). b, Serum levels of CA in mice provided with regular or CA-supplemented drinking water (control n = 6 mice, CA n = 4 mice). c, Frequency of eosinophils in the lungs of indicated groups (control n = 4 mice, inulin fibre n = 2 mice, CA n = 4 mice). d, Serum levels of CDCA in mice administered 6 mM CDCA in drinking water for two weeks (control n = 6 mice, CDCA n = 3 mice). e, Percentage of IL-5+ ILC2s in single cells from the colons of naïve WT mice in vitro stimulation with or without 50 μM CA (n = 4 mice). f, Gating strategy for detection of human ILCs (for bar graphs including Fig. 3f). g, Top, STRING network visualization of the genes upregulated by the inulin fibre diet (FDR < 10%) in the indicated layers of mouse colon determined by spatial transcriptomic analyses as shown in Fig. 3h. Lines represent protein–protein associations. Connected clusters of less than 3 nodes (genes), as well as all disconnected nodes were excluded. Bottom, a table shows selected significantly enriched KEGG pathways for the genes shown in the STRING network. h, Il33 expression in WT or Nr1h4−/− mice fed control or inulin fibre diet for two weeks (n = 4 mice for WT inulin fibre group and 3 mice for other groups). i, Frequency of eosinophils in the colons and lungs of WT and Nr1h4−/− mice on control or inulin fibre diet (n = 3 mice). j, Il33 levels determined by qRT-PCR in sorted stromal cells cultured for 7 days followed by stimulation for 24 h with media control or 50 μM CA with or without 10 μM DY268 (n = 5 mice). k, Number of IL-5-expressing ILC2s in the colon of bone marrow chimeric mice on indicated diets (For WT→WT, n = 3 mice for control or 4 mice for inulin fibre, For WT→Nr1h4−/−(KO) or KO→WT, n = 4 mice). Data in a–e, h–k are representative of two independent experiments. Data are means ± s.e.m. Statistics were calculated by Mann–Whitney U-test (a), unpaired (b,d) or paired (e, j) two-tailed t-test or one-way (c) or two-way (h,i,k) ANOVA with Fisher’s LSD test.
Source data


Extended Data Fig. 8 Metabolic and immunological parameters in gnotobiotic mice on inulin fibre diet.
a, Schematic diagram for the FMT experiment with human microbiota. b, Taxonomic classification of 16S rRNA genes in faecal suspension from individual human donors or stool pellets collected from representative recipient mice with corresponding human microbiota on control or inulin fibre diet (n = 4 human donors or recipient mice). c–d, Serum CA (c) and tissue eosinophil (d) levels in the diet-fed recipient mice. Each dot represents one animal, and each colour represents one donor. For serum CA levels, n = 15 control mice or 17 inulin fibre mice. For tissue eosinophil levels, n = 14 control mice or 16 inulin fibre mice. e–h, Representative metabolic and immunological parameters of mice colonized with faecal content from one donor two weeks post initiation of the indicated diets (n = 4 mice for control or 5 mice for inulin fibre). Levels of various unconjugated and conjugated bile acid were measured in serum (e) and faeces (f). Il33 expression was measured in the colon (g) and IL-5+ ILC2s in colon and lung (h) two weeks post initiation of the indicated diets. i–j, Single colonies of WT or Δbsh B. ovatus (Bo) strains were cultured in Mega medium with 100 µM taurocholic acid (TCA) for 72 h and then TCA (i) and CA (j) in 100 μl culture supernatants were quantified, n = 3 independent bacterial colonies. k–q, GF mice were monocolonized with WT or Δbsh Bo and fed control or inulin fibre diet. CA and TCA were measured. For serum, n = 10 mice (WT Bo control or Δbsh Bo inulin fibre) or n = 11 mice (WT Bo inulin fibre or Δbsh Bo control). For faeces, n = 6 mice (WT Bo) or n = 8 mice (Δbsh Bo control) or n = 7 mice (Δbsh Bo inulin fibre), and for caecal content, n = 3 mice (WT Bo) or 4 mice (Δbsh Bo) (k–m). Il33 expression in the colon (n), IL-5+ ILC2s in the lung (o), and faecal CFUs (p) were measured (n = 3 mice for WT Bo, n = 4 mice for Δbsh Bo control, n = 3 mice for Δbsh Bo inulin fibre). Expression levels of bsh gene BO_02350 in faecal samples were also quantified (n = 3 mice) (q). Data are representative of (b–j,m–q) or combined (c,d,k,l) from 2-4 independent experiments. Data are means ± s.e.m. Statistics were calculated by unpaired two-tailed t-test (c–j) or two-way ANOVA with Fisher’s LSD test (k–q). The diagram in a was created using BioRender.
Source data


Extended Data Fig. 9 The effects of inulin fibre diet in mice challenged with HDM.
a, Schematic diagram for HDM model of allergic airway inflammation. b–d, Frequency of eosinophils in lung (b) and BALF (c) in naïve (saline) or HDM-challenged mice fed the control or inulin fibre diet (saline n = 2 mice, HDM control diet n = 3 mice for lung or 4 mice for BALF, HDM inulin fibre n = 4 mice). d, Airway hyperresponsiveness in HDM-challenged mice measured as resistance of the respiratory system (Rrs) to increasing doses of methacholine (n = 6 mice). Data are representative of (b–c) or combined (d) from 2 independent experiments. Data are means ± s.e.m. Statistics were calculated by unpaired two-tailed t-test (b–c) or two-way ANOVA with Fisher’s LSD test (d). e,Proposed model. The diagrams in a and e were created using BioRender.
Source data


Extended Data Table 1 Composition of diets used in this studyFull size table





Supplementary information
Supplementary Information
Supplementary Figs. 1 and 2 and Supplementary Tables 1 and 2.


Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Arifuzzaman, M., Won, T.H., Li, TT. et al. Inulin fibre promotes microbiota-derived bile acids and type 2 inflammation.
                    Nature 611, 578–584 (2022). https://doi.org/10.1038/s41586-022-05380-y
Download citation
	Received: 10 January 2021

	Accepted: 22 September 2022

	Published: 02 November 2022

	Issue Date: 17 November 2022

	DOI: https://doi.org/10.1038/s41586-022-05380-y


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Cooperation of ILC2s and TH2 cells in the expulsion of intestinal helminth parasites
                                    
                                

                            
                                
                                    	Dietmar M. W. Zaiss
	Edward J. Pearce
	Christoph S. N. Klose


                                
                                Nature Reviews Immunology (2024)

                            
	
                            
                                
                                    
                                        The changing metabolic landscape of bile acids – keys to metabolism and immune regulation
                                    
                                

                            
                                
                                    	Ipsita Mohanty
	Celeste Allaband
	Pieter C. Dorrestein


                                
                                Nature Reviews Gastroenterology & Hepatology (2024)

                            
	
                            
                                
                                    
                                        Dietary supplementation with inulin improves burn-induced skeletal muscle atrophy by regulating gut microbiota disorders
                                    
                                

                            
                                
                                    	Shan Gao
	Xiaoshuai Zhao
	Zhongyuan Xia


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Prebiotic inulin ameliorates SARS-CoV-2 infection in hamsters by modulating the gut microbiome
                                    
                                

                            
                                
                                    	Isaiah Song
	Jiayue Yang
	Shinji Fukuda


                                
                                npj Science of Food (2024)

                            
	
                            
                                
                                    
                                        Dysbiosis of the intestinal fungal microbiota increases lung resident group 2 innate lymphoid cells and is associated with enhanced asthma severity in mice and humans
                                    
                                

                            
                                
                                    	Amjad N. Kanj
	Theodore J. Kottom
	Joseph H. Skalski


                                
                                Respiratory Research (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    From inulin to inflammation
                

                
	Michael Attwaters



                
    
        
            Nature Metabolism
        
        Research Highlight
        
        
            18 Nov 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
