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            Abstract
Diet is a major factor that shapes the gut microbiome1, but the consequences of diet-induced changes in the microbiome for host pathophysiology remain poorly understood. We conducted a randomized human intervention study using a very-low-calorie diet (NCT01105143). Although metabolic health was improved, severe calorie restriction led to a decrease in bacterial abundance and restructuring of the gut microbiome. Transplantation of post-diet microbiota to mice decreased their body weight and adiposity relative to mice that received pre-diet microbiota. Weight loss was associated with impaired nutrient absorption and enrichment in Clostridioides difficile, which was consistent with a decrease in bile acids and was sufficient to replicate metabolic phenotypes in mice in a toxin-dependent manner. These results emphasize the importance of dietâ€“microbiome interactions in modulating host energy balance and the need to understand the role of diet in the interplay between pathogenic and beneficial symbionts.
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                    Fig. 1: Very low-calorie diets alter microbiota composition and activity.


Fig. 2: Weight loss and improved metabolic health are transmissible via the gut microbiome.


Fig. 3: Endogenous C. difficile is unrestricted by the post-diet microbiota and contributes to weight loss in a toxin-dependent manner.


Fig. 4: Caloric restriction is associated with an expansion of C. difficile and altered bile acid pools.



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Oral administration of Blautia wexlerae ameliorates obesity and type 2 diabetes via metabolic remodeling of the gut microbiota
                                        
                                    

                                    
                                        Article
                                         Open access
                                         18 August 2022
                                    

                                

                                Koji Hosomi, Mayu Saito, â€¦ Jun Kunisawa

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Gut microbiota-bile acid crosstalk contributes to the rebound weight gain after calorie restriction in mice
                                        
                                    

                                    
                                        Article
                                         Open access
                                         19 April 2022
                                    

                                

                                Mengci Li, Shouli Wang, â€¦ Wei Jia

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        ACOD1 deficiency offers protection in a mouse model of diet-induced obesity by maintaining a healthy gut microbiota
                                        
                                    

                                    
                                        Article
                                         Open access
                                         01 February 2024
                                    

                                

                                Tanja Eberhart, Federico Uchenna Stanley, â€¦ Simone Cardaci

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              16S rRNA gene and metagenomic sequencing reads have been deposited in the SRA under BioProject PRJNA412411. The genome of C. difficile JBZPo1 has been deposited under BioProject PRJNA503906. The following public databases were used: The Genome Taxonomy Database (https://gtdb.ecogenomic.org/), DADA2 Taxonomic Training Sets (http://benjjneb.github.io/dada2/assign.html), CAZy (http://www.cazy.org/), and KEGG (https://www.genome.jp/kegg/).Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 MMS diet intervention study.
a, CONSORT diagram describing enrolment, allocation, and data analysis. b, Per time point group sizes and timing of data collection. Participants in the diet group underwent 2 months of a very-low calorie liquid diet followed by an additional month of a conventional low-calorie diet. During the fourth month, they were instructed to maintain a stable weight. During all diet periods individuals were counselled by clinical nutritionists. Time points with data collection are shown for both diet and control participants. c, e, Daily consumption of macronutrients measured by mass (c) and percentage of daily energy intake (e) in diet group (nbaselineÂ =Â 34, nVLCDÂ =Â 34, nCONVDÂ =Â 30, nMAINTÂ =Â 32 participants). d, Total daily caloric intake during diet phases (nintervention as in c, e, control group nbaselineÂ =Â 30, nCONVDÂ =Â 22, nMAINTÂ =Â 24 participants). f, Decreases in relative body fat are observed in the intervention group (nbaselineÂ =Â 40, nCONVDÂ =Â 36, nMAINTÂ =Â 33 participants) relative to the control group (nbaselineÂ =Â 40, nCONVDÂ =Â 24, nMAINTÂ =Â 26 participants). g, Diet leads to improvement in glucose tolerance as measured by OGTT within and between diet (nbaselineÂ =Â 40, nCONVDÂ =Â 36, nMAINTÂ =Â 35 participants) and control (nbaselineÂ =Â 40, nCONVDÂ =Â 25, nMAINTÂ =Â 26 participants) groups. LMM with Tukeyâ€™s two-sided all-pair comparison. In boxplots: centre line, median; box, first and third quartiles; whiskers, 1.5Ã— interquartile range (IQR) with outliers individually plotted.
Source data


Extended Data Fig. 2 Reproducible and reversible shifts are observed in the gut microbiota as a result of caloric restriction in both 16S rRNA amplicon and shotgun metagenomic sequencing data.
a, Concentration of faecal DNA reveals decreased microbiota abundances in response to VLCD contrasting within diet group (nbaselineÂ =Â 21, nVLCDÂ =Â 16, nCONVDÂ =Â 17, nMAINTÂ =Â 7 participants) and between diet and control groups (nbaselineÂ =Â 19, nCONVDÂ =Â 5, nMAINTÂ =Â 7 participants). Microbiota determined by 16S rRNA gene sequencing revert to a state more closely resembling baseline samples after VLCD (nÂ =Â 19â€“33 per group per time point; Supplementary Table 3) by both Brayâ€“Curtis dissimilarity (b) and Jensen Shannon divergence (c; also PÂ <Â 0.001, R2Â =Â 0.031 by ADONIS with Participant ID as stratum). d, Reproducible shifts in community membership are observed across individuals on the second principal coordinate in response to diet followed by reversion during conventional diet and maintenance (Unweighted UniFrac). Each series of connected points represents a single individual in the study with the number representing the time point of the study in months. e, Genera whose abundances were altered by VLCD demonstrate rapid reversion during the conventional diet (30 most important genera by GINI coefficient displayed, Random Forest, *FDR QÂ <Â 0.1 ALDEx2). f, Shannon diversity is significantly decreased after conventional diet (PÂ =Â 0.047, nÂ =Â 29, mean differenceÂ =Â 0.149 (0.002â€“0.296 95% CI), paired Welchâ€™s two-sided t-test). g, Microbiota revert to a state more closely resembling baseline samples after VLCD, as measured through species-level metagenomic assignments (PÂ =Â 0.012, nÂ =Â 15â€“29 per group per time point; Supplementary Table 3, two-sided Wilcoxon signed rank test). h, Metagenomic species whose abundances are altered by VLCD demonstrate rapid reversion during the conventional diet and maintenance phases (30 most important genera by GINI coefficient displayed). i, Volcano plots of differentially abundant KOs by contrast in metagenome data. VLCD demonstrates the largest effect size with apparent reversion when contrasted against CONVD. Effects of CONVD compared to baseline and cross-group comparisons yield minimal significant results. Statistical analysis was conducted using Limma. j, The BCAAs leucine and isoleucine are significantly reduced during VLCD (ninterventionÂ =Â 18, ncontrolÂ =Â 10 participants per time point, Wilcoxon signed-rank test). k, The butanoyl-CoA:acetoacetate CoA-transferase Î±-subunit, an enzyme that catalyses the final step in the production of butyrate, is increased in relative abundance during VLCD (FDR QÂ =Â 0.032, Limma; Supplementary Table 4). l, Normalizing relative abundance of butanoyl-CoA:acetoacetate CoA-transferase with qPCR quantification of 16S rRNA gene copies to infer the absolute number of genome equivalents (GE) in the sample demonstrates a decrease in the absolute abundance of the enzyme family (PÂ =Â 0.017, LMM with Tukey two-sided all-pair comparison). Sample size in number of participants for k, l: nbaselineÂ =Â 29, nVLCDÂ =Â 24, nCONVDÂ =Â 29, nMAINTÂ =Â 28. In boxplots: centre line, median; box, first and third quartiles; whiskers, 1.5Ã— interquartile range (IQR) with outliers individually plotted.


Extended Data Fig. 3 Diet-dependent changes in the microbiome are maintained following transplantation to GF mice.
a, Distribution of weight loss in diet intervention participants identified the five individuals that lost the most weight for transplantation of stool samples to GF C57BL/6J mice. b, Experiment design and microbiota sampling times. c, Differential 16S rRNA ASV abundances in human donors and recipient mice demonstrate 58 candidate effectors of the weight-loss phenotype (zero-inflated beta regression model with random effects (ZIBR), FDR QÂ <Â 0.1, Supplementary Table 6). Note: taxonomy assigned using SILVA 123 with Peptoclostridium difficile synonymous for C. difficile. d, Functional differences between pre- and post-diet recipient communities by enrichment of KEGG functional pathways based on inferred gene content from amplicon sequencing (PICRUSt, Supplementary Table 7). Comparison of groups predicts altered amino acid, carbohydrate, and SCFA metabolic function. Central nodes represent KEGG pathways significantly enriched by their constituent significant differentially abundant KOs, shown with fold-change (colour) and FDR value (size) indicated (FDR QÂ <Â 0.1, LMM). e, Detection of C. difficile and TcdA/TcdB by endpoint PCR, ELISA, and selective and differential culture demonstrates active toxin production in post-diet mice at time of death.


Extended Data Fig. 4 Replication microbiome transplantation experiments.
a, Replication of experiment with transplantation of stool samples from five participants who lost most weight during conventional diet demonstrates significant differences in body weight between mice that received pre-diet and post-diet samples (Fig. 2b); there are no significant differences in body fat (b) or food consumption (c; npre-dietÂ =Â 7, npost-dietÂ =Â 8 mice, LMM). Each point in c represents the measurement for a single mouse on a single day. d, Transplantation of pooled faecal samples from five participants who lost most weight during VLCD reveals significantly more weight loss in post-diet sample recipient mice (LMM). e, f, Post-diet recipient mice also show a trend towards reduced body fat (e) and improved OGTT (f; PÂ =Â 0.18 and PÂ =Â 0.43 respectively, two-sided Mannâ€“Whitney U test). In dâ€“f, npre-dietÂ =Â 5, npost-dietÂ =Â 6 mice. g, Food intake was not significantly different between pre- and post-diet recipient mice over time or between groups (PÂ =Â 0.70, LMM npost-dietÂ =Â 6, npre-dietÂ =Â 5 mice measured over 16 time points as in d). h, i, Transplantation of pooled faecal samples from the median four weight losers revealed a small but significant effect on weight gain in recipient mice (h; LMM, npre-dietÂ =Â 13, npost-dietÂ =Â 12 mice per time point) with an associated reduction in body fat as measured by epididymal fat pad weight (i; PÂ =Â 0.036, one-tailed Welchâ€™s t-test). j, This cohort showed no significant differences in OGTT results (AUC, PÂ =Â 0.650, two-sided Mannâ€“Whitney U test). Data shown as meanÂ Â±Â s.e.m. where relevant. TcdA/B ELISA demonstrates a lack of stable C. difficile colonization in k (CONVD) and l (VLCD) replication experiments (ELISA reactions shown for individual animals at days 4 and 20 after colonization, respectively). LMM with participant as random effect and Tukey two-sided all-pair comparison unless otherwise noted. In boxplots: centre line, median; box, first and third quartiles; whiskers, 1.5Ã— interquartile range (IQR) with outliers individually plotted.
Source data


Extended Data Fig. 5 Characterization of C. difficile JBZPo1.
a, JBZPo1 was assembled with 255-fold coverage (Illumina MiSeq 250) into 120 contigs (inner grey track; N50Â =Â 87,201 bp) with an average GC content of 28.6% (greenâ€“purple centre track showing GC content), and 3,777 coding sequences (outer red and blue tracks displaying positive and negative strands, respectively). b, The C. difficile pathogenicity locus (PaLoc) encodes both toxin A (tcdA) and B (tcdB). c, The binary toxin (cdt) locus (CdtLoc) does not encode intact binary toxin. d, Phylogenetic tree of 717 C. difficile genomes and associated virulence factor carriage places JBZPo1 flanked by Ribotype 014-20 strains and separate from the hypervirulent epidemic NAP1/B1/027 strains (for example, R20291).


Extended Data Fig. 6 Extended data relating to C. difficile sufficiency experiments.
a, Experimental design relating to JBZPo1 transplantation experiment (Fig. 3b). b, Establishment of colonization with C. difficile JBZPo1 did not lead to dehydration as determined by hydration ratio (hydration ratioÂ =Â [total body water âˆ’ free water]/lean mass; PÂ =Â 0.59, two-sided Mannâ€“Whitney U test). Centre line, median; box, first and third quartiles; whiskers, 1.5Ã— interquartile range (IQR) with outliers individually plotted. c, Body composition analysis revealed a significant difference between humanized vehicle control and C. difficile colonized mice at the end of the experiment (PÂ <Â 0.001, LMM with Tukeyâ€™s two-sided all-pair comparison, nÂ =Â 6 mice per group), which suggests that C. difficile caused increased adiposity. d, Quantification of JBZPo1 in recipient mice (PÂ =Â 0.003â€“0.006, nÂ =Â 6 mice per group per time point except nÂ =Â 5 mice at 8 days in humanized control owing to missing sample; two-sided Mannâ€“Whitney U test). Data shown as meanÂ Â±Â s.e.m. e, ELISA of caecal contents from recipient mice confirmed production of TcdA/TcdB only in JBZPo1 recipient mice at end of experiment. f, Blinded pathological analysis revealed minor neutrophil infiltration with reactive changes (two-sided Mannâ€“Whitney U test, nÂ =Â 6 mice per group).
Source data


Extended Data Fig. 7 Diet-induced changes in microbiota influence C. difficile-associated weight loss and Toxin B expression.
a, Experimental design. b, Weight loss over time demonstrates a significant effect of diet of donor (nÂ =Â 7â€“8 mice per group per day as in a; PÂ =Â 5.9Â Ã—Â 10âˆ’5, estimateÂ =Â âˆ’4.6% (âˆ’6.6 to âˆ’2.7 95% CI) for VLCD, PÂ =Â 1.5Â Ã—Â 10âˆ’7, estimateÂ =Â âˆ’6.6% (âˆ’8.5 to âˆ’4.6 95% CI) for CONVD). c, Mice colonized with stool samples from donors on CONVD showed an increase in TcdB expression over baseline 2 days after colonization (PÂ =Â 0.003, nÂ =Â 7â€“8 mice per group as in a, Kruskalâ€“Wallis with two-sided Dunnâ€™s test). d, C. difficile carriage did not differ significantly among groups (suggesting no modulation of virulence), with the exception of 8 days after colonization in CONVD-recipient mice (PÂ =Â 0.017 CONVD versus baseline; nÂ =Â 7â€“8 mice per group as in a; two-sided Mannâ€“Whitney U test). Data shown as meanÂ Â±Â s.e.m. in c, d. e, Concentrations of key bile acids in P50 in response to diet (nÂ =Â 1 participant per time point). LMM with participant as random effect and Tukey two-sided all-pair comparison unless otherwise noted.
Source data


Extended Data Fig. 8 Extended Data relating to necessity of Toxins A and B in metabolic phenotypes.
a, Experimental design relating to C. difficile 630 toxin-deficient mutant transplantation experiment (Fig. 3g). b, Colonization with TcdA/B+ strains does not lead to dehydration in GF animals and increases hydration in humanized animals (PÂ =Â 0.06 and PÂ =Â 0.0016 respectively, Kruskalâ€“Wallis with two-sided Dunnâ€™s test). c, Caecal C. difficile colonization level is not significantly different between strains (PÂ =Â 0.37 and PÂ =Â 0.11 for GF and humanized mice, respectively, Kruskalâ€“Wallis with two-sided Dunnâ€™s test), but is altered in mono-colonization versus humanized mice. d, ELISA of caecal contents confirms production of toxin only in C. difficile 630 âˆ†erm mutants. e, Dense neutrophil and lymphocyte infiltration along with moderate epithelial hyperplasia and goblet cell loss due to TcdA+ TcdB+ C. difficile irrespective of colonization background (Kruskalâ€“Wallis test with two-sided Dunnâ€™s post hoc test). In bâ€“e, nÂ =Â 5â€“6 mice per group as in a.
Source data


Extended Data Fig. 9 Metabolomic profiling of the five participants who lost the most weight supports a working model for the effect of caloric restriction on colonization resistance.
a, b, BCAAs (a) and SCFAs (b) were decreased during VLCD and CONVD relative to baseline in the five participants who lost the most weight (nÂ =Â 5 individuals per time point; meanÂ Â±Â s.e.m.). c, Significant differences in bile acid levels between baseline and VCLD phases in these individuals implicate altered bile acid profiles in permissibility to C. difficile (nÂ =Â 5 individuals per time point). aâ€“c, LMM with Tukeyâ€™s two-sided all-pair comparison. d, Working model for the complex interactions between caloric restriction, the gut microbiome, and C. difficile. We propose that caloric restriction decreases host production of primary bile acids, including cholic acid, while also lowering total gut microbial colonization and altering the gut microbial community structure. Together, these effects lead to decreased production of the C. difficile-inhibitory deoxycholic acid, which allows expansion of C. difficile, which, in turn, disrupts host energy balance. Notably, our data also support the existence of C. difficile-independent mechanisms for weight loss owing to the restructuring of the gut microbiome following caloric restriction. e, Representative culture plate showing presumptive C. difficile colonies with characteristic yellow appearance and filamentous edges.
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