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            Abstract
In tackling the obesity pandemic, considerable efforts are devoted to the development of effective weight reduction strategies, yet many dieting individuals fail to maintain a long-term weight reduction, and instead undergo excessive weight regain cycles. The mechanisms driving recurrent post-dieting obesity remain largely elusive. Here we identify an intestinal microbiome signature that persists after successful dieting of obese mice and contributes to faster weight regain and metabolic aberrations upon re-exposure to obesity-promoting conditions. Faecal transfer experiments show that the accelerated weight regain phenotype can be transmitted to germ-free mice. We develop a machine-learning algorithm that enables personalized microbiome-based prediction of the extent of post-dieting weight regain. Additionally, we find that the microbiome contributes to diminished post-dieting flavonoid levels and reduced energy expenditure, and demonstrate that flavonoid-based ‘post-biotic’ intervention ameliorates excessive secondary weight gain. Together, our data highlight a possible microbiome contribution to accelerated post-dieting weight regain, and suggest that microbiome-targeting approaches may help to diagnose and treat this common disorder.
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                    Figure 1: Enhanced recurrent weight gain after treatment of obesity.[image: ]


Figure 2: Persistent microbiome alterations after weight loss.[image: ]


Figure 3: Post-dieting microbiome alterations drive exacerbated weight regain.[image: ]


Figure 4: Accurate prediction of post-dieting weight regain by microbiota features.[image: ]


Figure 5: Microbiome modulation ameliorates post-dieting weight regain.[image: ]


Figure 6: Metabolite modulation ameliorates post-dieting weight regain.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Metabolic measurements during weight regain.
a, Schematic indicating time point of metabolic measurements. b, Quantification of weight regain by weight gain. c, Net weight gain induced by 8 weeks of HFD in weight-cycling mice and continuous HFD. d, e, Coronal (above) and axial (below) MRI scans (d), and quantification of body fat content (e). f–h, Serum levels of leptin (f), LDL (g), and HDL (h) during the second HFD exposure of mice undergoing weight cycling and controls. i, j, Quantification of dark phase (i) and light phase (j) energy expenditure upon weight regain of weight-cycling mice. k–q, Representative recordings (k, n, q) and quantifications (l, m, o, p) of O2 consumption (k–m), CO2 consumption (n–p), and food intake (q) upon weight regain of weight-cycling mice. Experiments were repeated twice. Shown are mean ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by ANOVA (e–p) or Mann–Whitney U-test (b, c). See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 2 Enhanced recurrent weight gain after initial obesity.
a, b, The effect of celastrol on weight loss in mice continuously fed a HFD (a) and mice with alternating diets (b). c–e, Weight regain quantification by AUC (c), weight regain slope (d,), and net weight gain on HFD (e) by control mice and weight-cycling mice treated with celastrol to lose weight. f, g, Quantification of weight regain by AUC (f), weight regain slope (g) of leptin antagonist-treated weight-cycling mice and controls. h, i, Body fat content (h), and serum cholesterol levels (i) of weight-cycling mice undergoing a third weight cycle and controls. j, Schematic of the analysed time point in k–o. k, Weight gain during 4 weeks of HFD. l–o, Glucose levels after glucose tolerance test (l), glucose level quantification (m), serum cholesterol levels (n), and quantification of body fat content (o) in weight-cycling mice during initial obesity and controls. Experiments were repeated twice. Shown are mean ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by ANOVA (c, f, h, i, m, n, o) or Mann–Whitney U-test (d, e, g). See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 3 Recovery of metabolic parameters after dieting.
a, Schematic of the analysed nadir time point. b–f, Body fat content (b), serum cholesterol levels (c), glucose levels after glucose tolerance test (d), glucose level quantification (e), and serum insulin levels (f) in weight-cycling mice upon return to normal weight. g–l, Representative recordings (g, j) and quantifications (h, i, k, l) of O2 and CO2 consumption by weight-cycling mice upon return to normal weight and controls. Experiments were repeated twice. Data are mean ± s.e.m. n.s., not significant by ANOVA. See Supplementary Table 5 for exact n values.


Extended Data Figure 4 Metabolic measurements after dieting.
Representative recordings (a, d, g, j), dark phase (b, e, h, k), and light phase (c, f, i, l) quantifications of energy expenditure (a–c), physical activity (d–f), food intake (g–i), and water consumption (j–l) of weight-cycling mice during weight regain and controls. Experiments were repeated twice. Shown are mean ± s.e.m. n.s., not significant by ANOVA. See Supplementary Table 5 for exact n values.


Extended Data Figure 5 Persistent microbiome changes after dieting.
a, Quantification of UniFrac distances of weight-cycling mice from NC controls at the indicated time points. Plots correspond to the PCoA analyses in Fig. 2b–f. b–d, PCoA analyses and distance quantification (insets) of V3/V4-targeted 16S sequencing of mice before (b), during (c), and after (d) diet-induced obesity and subsequent weight loss. e–i, Examples of OTUs whose abundance does (e, f) or does not (g–i) recover after dieting. j–m, PCoA analyses (j, k), UniFrac distance (l) and alpha diversity (m) at the nadir time point of post-dieting mice that had received celastrol to accelerate weight loss. Experiments were repeated twice. Data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA. See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 6 Persistent metagenomic changes after dieting.
a, Heatmap of normalized gene abundance in the microbiota of mice before, during, and after obesity. b, c, Examples of genes whose abundance does not recover after dieting. d, PCA of bacterial KEGG modules over time in weight-cycling mice and controls. e–j, Examples of KEGG pathways whose abundance is reversibly decreased (e, f), reversibly increased (g, h), or persistently decreased (i, j) during obesity and dieting. Data are from one experiment. Data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA. See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 7 The post-dieting microbiota drives enhanced recurrent obesity.
a, b, PCoA (a) and alpha diversity (b) of faecal microbiota after dieting (nadir time point at week 8) from mice with or without antibiotic treatment during weight loss. c, Net weight gain induced by 8 weeks of HFD in weight-cycling mice or continuous HFD control with or without antibiotic treatment between weeks 4 and 8. d, e, Glucose levels after oral glucose tolerance test (d) and glucose level quantification after glucose tolerance test (e) during weight regain in mice with or without antibiotic treatment during weight loss (n = 4–10). f–h, PCoA of faecal microbiota from formerly obese mice and controls at the time of dieting-induced weight normalization (f), 15 weeks after weight normalization (g), and 21 weeks after weight normalization (h). i–k, Correlation analysis (i) and examples (j, k) of microbial taxa undergoing gradual normalization in abundance over a period of 21 weeks after weight normalization. l, Quantification of secondary weight gain after microbiota normalization. Experiments were repeated twice. Data are mean ± s.e.m. **P < 0.01, ***P < 0.001 by ANOVA. See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 8 Transfer, prediction and treatment of weight regain by microbiome features.
a, Schematic of microbiota transfer to germ-free mice after dieting. Recipients were fed either a HFD or NC. b–d, PCoA of recipient microbiota (b) and relative UniFrac distances to NC controls (c, d) of germ-free mice one week after transplantation with microbiota from weight-cycling mice or controls, and fed either NC (c) or a HFD (d). e, f, Quantifications of weight gain (e) and blood glucose after glucose tolerance test (f) in germ-free recipients of microbiota from weight cycling mice or controls. g, h, Correlation of predicted and measured weight gain when prediction is based solely on inferred history of obesity (g) or solely on 16S sequencing (h). i–k, PCoA of faecal microbiota (i) and relative UniFrac distances between donors (j) and recipients (k) two weeks after the onset of daily FMT from cycHFD or NC mice to mice undergoing weight cycling. l–o, Quantification of secondary weight gain (l), net weight gain induced by 8 weeks of HFD feeding (m), glucose levels after glucose tolerance test (n) and lean mass (o) in weight-cycling mice and controls with or without FMT. Experiments were repeated twice. Data are mean ± s.e.m. n.s., not significant. *P < 0.05, **P < 0.01, ****P < 0.0001 by ANOVA (e, f, l, m, o) or Mann–Whitney U-test (c, d, j, k). See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 9 Persistent metabolomic changes after dieting.
a–h, Examples of metabolites whose abundance is reversibly decreased (a, b), reversibly increased (c, d), persistently decreased (e, f), or persistently increased (g, h) during obesity and dieting. i, Schematic of flavonoid biosynthetic pathways leading to the production and conversion of naringenin. KEGG IDs of key enzymes are indicated. Genes found in our metagenomic dataset are indicated in green. Data are from one experiment. Shown are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA. See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 10 Microbiota control of post-dieting metabolic complications through intestinal flavonoids.
a, Schematic showing sampling times in obesity/recovery cycle experiment. b, Dietary flavonoids in NC and HFD. c–e, Abundance of flavanone 4-reductase (c), chalcone synthase (d), and eriodictyol (e) over time in the faeces of mice undergoing weight cycling normalized to controls. f, Quantification of flavanone 4-reductase levels in faecal DNA relative to host DNA in weight-cycling mice at the end of the weight loss period, with or without antibiotic treatment during weight loss. g, Schematic of sampling time upon weight regain. h, i, Abundance of apigenin (h) and naringenin (i) in the faeces of mice undergoing post-dieting weight regain and controls. j–m, Flavonoid levels (j), PCoA of faecal microbiota (k), net weight gain induced by 8 weeks of HFD (l), and weight regain quantification by AUC (m) of weight-cycling mice supplemented with apigenin and naringenin during the weight regain. Data are from one (a–k) or two (l, m) experiments. Shown are mean ± s.e.m. *P < 0.05, **P < 0.01 by ANOVA (c, e, l) or Mann–Whitney U-test (h, m). See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 11 Metabolic measurements in flavonoid-treated mice.
Representative recordings (a, d, g, j), dark phase quantifications (b, e, h, k), and light phase quantifications (c, f, i, l) of O2 consumption (a–c), CO2 consumption (d–f), respiratory exchange ratio (g–i), and physical activity (j–l) of weight-cycling mice with or without supplementation of apigenin and naringenin (A/N) during weight regain. Data are from one experiment. Data are mean ± s.e.m. **P < 0.01, ***P < 0.001 by ANOVA. See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 12 Metabolic measurements in flavonoid- and antibiotic-treated mice.
Representative recordings (a, d), dark phase quantifications (b, e), and light phase quantifications (c, f) of food (a–c) and water consumption (d–f), of weight-cycling mice with or without supplementation of apigenin and naringenin (A/N) during weight regain. g, Schematic indicating time of metabolic measurements during the weight regain phase. h, i, Quantifications of energy expenditure in weight-cycling mice with or without antibiotic treatment during weight loss. j–l, Representative recording (j) and quantifications (k, l) of O2 consumption by weight-cycling mice with or without antibiotic treatment (Abx) during weight loss. Data are from one experiment. Shown are mean ± s.e.m. *P < 0.05, ***P < 0.001 by ANOVA. See Supplementary Tables 5 and 6 for exact n and P values.


Extended Data Figure 13 Metabolic measurements in antibiotic-treated mice.
Representative recordings (a, d, g, f), dark phase quantifications (b, e, h, k), and light phase quantifications (c, f, i, l) of CO2 consumption (a–c), respiratory exchange ratio (d–f), physical activity (g–i) and food intake (j–l) by weight-cycling mice with or without antibiotic treatment (Abx) during weight loss. Data are from one experiment. Data are mean ± s.e.m. ***P < 0.01 by ANOVA. See Supplementary Tables 5 and 6 for exact n and P values.
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