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            Abstract
Non-caloric artificial sweeteners (NAS) are among the most widely used food additives worldwide, regularly consumed by lean and obese individuals alike. NAS consumption is considered safe and beneficial owing to their low caloric content, yet supporting scientific data remain sparse and controversial. Here we demonstrate that consumption of commonly used NAS formulations drives the development of glucose intolerance through induction of compositional and functional alterations to the intestinal microbiota. These NAS-mediated deleterious metabolic effects are abrogated by antibiotic treatment, and are fully transferrable to germ-free mice upon faecal transplantation of microbiota configurations from NAS-consuming mice, or of microbiota anaerobically incubated in the presence of NAS. We identify NAS-altered microbial metabolic pathways that are linked to host susceptibility to metabolic disease, and demonstrate similar NAS-induced dysbiosis and glucose intolerance in healthy human subjects. Collectively, our results link NAS consumption, dysbiosis and metabolic abnormalities, thereby calling for a reassessment of massive NAS usage.
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                    Figure 1: Artificial sweeteners induce glucose intolerance transferable to germ-free mice.[image: ]


Figure 2: Functional characterization of saccharin-modulated microbiota.[image: ]


Figure 3: Saccharin directly modulates the microbiota.[image: ]


Figure 4: Acute saccharin consumption impairs glycaemic control in humans by inducing dysbiosis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Experimental scheme.
10-week-old C57Bl/6 male mice were treated with the following dietary regimes. a, Drinking commercially available non-caloric artificial sweeteners (NAS; saccharin, sucralose and aspartame) or glucose, sucrose or water as controls and fed a normal-chow (NC) diet. b, Drinking commercially available saccharin or glucose as control and fed a high-fat diet (HFD). c, Drinking pure saccharin or water and fed HFD. d, As in c, but with outbred Swiss-Webster mice. Glucose tolerance tests, microbiome analysis and supplementation of drinking water with antibiotics were performed on the indicated time points. e, Schematic of faecal transplant experiments.


Extended Data Figure 2 Artificial sweeteners induce glucose intolerance.
a, AUC of mice fed HFD and commercial saccharin (N = 10) or glucose (N = 9). b, AUC of HFD-fed mice drinking 0.1Â mgÂ mlâˆ’1 saccharin or water for 5Â weeks (N = 20), followed by â€˜antibiotics Aâ€™ (N = 10). c, d, OGTT and AUC of HFD-fed outbred Swiss-Webster mice (N = 5) drinking pure saccharin or water. e, f, Faecal samples were transferred from donor mice (N = 10) drinking commercially available, pure saccharin, glucose or water controls into 8-week-old male Swiss-Webster germ-free recipient mice. AUC of germ-free mice 6Â days following transplant of microbiota from commercial saccharin- (N = 12) and glucose-fed mice (N = 11) (e); or pure saccharin- (N = 16) and water-fed (N = 16) donors (f). Symbols (GTT) or horizontal lines (AUC), means; error bars, s.e.m. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, ANOVA and Tukey post hoc analysis (GTT) or unpaired two-sided Student t-test (AUC). Each experiment was repeated twice.


Extended Data Figure 3 Metabolic characterization of mice consuming commercial NAS formulations.
10-week-old C57Bl/6 mice (N = 4) were given commercially available artificial sweeteners (saccharin, sucralose and aspartame) or controls (water, sucrose or glucose, N = 4 in each group) and fed normal-chow diet. After 11Â weeks, metabolic parameters were characterized using the PhenoMaster metabolic cages system for 80Â h. Light and dark phases are denoted by white and black rectangles on the x-axis, respectively, and grey bars for the dark phase. a, Liquids intake. b, AUC of a. c, Chow consumption. d, AUC of c. e, Total caloric intake from chow and liquid during 72Â h (see methods for calculation). f, Respiratory exchange rate (RER). g, AUC of f. h, Physical activity as distance. i, AUC of h. j, Energy expenditure. k, Mass change compared to original mouse weight during 15Â weeks (N = 10). l, AUC of k. The metabolic cages characterization and weight-gain monitoring were repeated twice.


Extended Data Figure 4 Metabolic characterization of mice consuming HFD and pure saccharin or water.
10-week-old C57Bl/6 mice (N = 8) were fed HFD, with or without supplementing drinking water with 0.1Â mgÂ mlâˆ’1 pure saccharin. After 5Â weeks, metabolic parameters were characterized using the PhenoMaster metabolic cages system for 70Â h. Light and dark phases are denoted by white and black rectangles on the x-axis, respectively, and grey bars for the dark phase. a, Liquids intake. b, AUC of a. c, Chow consumption. d, AUC of c. e, Respiratory exchange rate (RER). f, AUC of e. g, Physical activity as distance. h, AUC of g. i, Energy expenditure. The metabolic cages characterization was repeated twice.


Extended Data Figure 5 Glucose intolerant NAS-drinking mice display normal insulin levels and tolerance.
a, Fasting plasma insulin measured after 11Â weeks of commercial NAS or controls (N = 10). b, Same as a, but measured after 5Â weeks of HFD and pure saccharin or water (N = 20). c, Insulin tolerance test performed after 12Â weeks of commercial NAS or controls (N = 10). Horizontal lines (a, b) or symbols (c) represent means; error bars, s.e.m. All measurements were performed on two independent cohorts.


Extended Data Figure 6 Dysbiosis in saccharin-consuming mice and germ-free recipients.
Heat map representing W11 logarithmic-scale fold taxonomic differences between commercial saccharin and water or caloric sweetener consumers (N = 5 in each group). Right column, taxonomical differences in germ-free mice following faecal transplantation from commercial saccharin- (recipients N = 15) or glucose-consuming mice (N = 13). OTU number (GreenGenes) and the lowest taxonomic level identified are denoted.


Extended Data Figure 7 Functional analysis of saccharin-modulated microbiota.
a, b, Changes in bacterial relative abundance occur throughout the bacterial genome. Shown are changes in sequencing coverage along 10,000Â bp genomic regions of Bacteroides vulgatus (a) and Akkermansia muciniphila (b), with bins ordered by abundance in week 0 of saccharin-treated mice. c, Fold change in relative abundance of modules belonging to phosphotransferase systems (PTS) between week 11 and week 0 in mice drinking commercial saccharin, glucose or water. Module diagram source: KEGG database. d, Enriched KEGG pathways (fold changeÂ >Â 1.38 as cutoff) in mice consuming HFD and pure saccharin versus water compared to the fold change in relative abundance of the same pathways in mice consuming commercial saccharin (week 11/week 0).


Extended Data Figure 8 Saccharin directly modulates the microbiota.
a, Experimental schematic. b, Relative taxonomic abundance of anaerobically cultured microbiota. c, AUC of germ-free mice 6Â days following transplantation with saccharin-enriched or control faecal cultures (N = 10 and N = 9, respectively). Horizontal lines, means; error bars, s.e.m. **PÂ <Â 0.01, unpaired two-sided Student t-test. The experiment was repeated twice.


Extended Data Figure 9 Impaired glycaemic control associated with acute saccharin consumption in humans is transferable to germ-free mice.
a, Experimental schematic (N = 7). b, c, Daily incremental AUC of days 1â€“4 versus days 5â€“7 in four responders (b) or three non-responders (c). d, Principal coordinates analysis (PCoA) of weighted UniFrac distances of 16S rRNA sequences demonstrating separation on principal coordinates 2 (PC2), 3 (PC3) and 4 (PC4) of microbiota from responders (N samples = 12) versus non-responders (N = 8) during days 5â€“7. e, Order-level relative abundance of taxa samples from days 1â€“7 of responders and non-responders. f, AUC in germ-free mice (N = 6) 6Â days following faecal transplantation from samples of responder 1 (R1) collected before and after 7Â days of saccharin consumption. g, h, OGTT and AUC in germ-free mice (N = 5) 6Â days after receiving faecal samples collected from responder 4 (R4) before and after 7Â days of saccharin consumption. i, AUC in germ-free mice (N = 5) 6Â days following faecal transplantation from samples of non-responder 3 (NR3) collected before and after 7Â days of saccharin consumption. j, k, OGTT and AUC in germ-free mice (N = 5) 6Â days after receiving faecal samples collected from non-responder 2 (NR2) before and after 7Â days of saccharin consumption. l, Fold taxonomical abundance changes of selected OTUs, altered in germ-free recipients of D7 versus D1 microbiomes from R1. Dot colour same as in e, bacterial orders. Symbols (GTT) or horizontal lines (AUC), means; error bars, s.e.m. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001, two-way ANOVA and Bonferroni post-hoc analysis (GTT), unpaired two-sided Student t-test (AUC).
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Damaging effects of artificial sweeteners
We have been using non-caloric artificial sweeteners for more than a century. Today the food industry is using them in ever-greater quantities in 'diet' foodstuffs and they are recommended for weight loss and for individuals with glucose intolerance and type 2 diabetes mellitus. Eran Elinav and colleagues show that consumption of the three most commonly used non-caloric artificial sweeteners â€” saccharin, sucralose and aspartame â€” directly induces a propensity for obesity and glucose intolerance in mice. These effects are mediated by changes in the composition and function of the intestinal microbiota; deleterious metabolic effects can be transferred to germ-free mice by faecal transplantation and can be abrogated by antibiotic treatment. The authors demonstrate that artificial sweeteners can induce dysbiosis and glucose intolerance in healthy human subjects, and suggest that it may be necessary to develop new nutritional strategies tailored to the individual and to variations in the gut microbiota.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    The weighty costs of non-caloric sweeteners
                

                
	Taylor Feehley
	Cathryn R. Nagler



                
    
        
            Nature
        
        News & Views
        
        
            17 Sept 2014
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 â€” 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: ]
