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            Abstract
Obesity, insulin resistance and the metabolic syndrome are associated with changes to the gut microbiota; however, the mechanism by which modifications to the gut microbiota might lead to these conditions is unknown. Here we show that increased production of acetate by an altered gut microbiota in rodents leads to activation of the parasympathetic nervous system, which, in turn, promotes increased glucose-stimulated insulin secretion, increased ghrelin secretion, hyperphagia, obesity and related sequelae. Together, these findings identify increased acetate production resulting from a nutrient–gut microbiota interaction and subsequent parasympathetic activation as possible therapeutic targets for obesity.
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                    Figure 1: HFD-fed rats exhibit increased whole-body acetate turnover.[image: ]


Figure 2: The contents of the colonic lumen are the primary source of acetate in HFD-fed rats.[image: ]


Figure 3: Acetate turnover drives GSIS.[image: ]


Figure 4: Acetate drives increased GSIS via parasympathetic activation.[image: ]


Figure 5: Chronic increases in whole-body acetate turnover promote hyperphagia, obesity, and metabolic syndrome.[image: ]


Figure 6: Gut bacteria are responsible for the majority of acetate production in vivo, and for the increase in HFD-fed rodents.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Mechanism by which a diet–microbiota interaction drives obesity and the metabolic syndrome.

Extended Data Figure 2 HFD-fed rats exhibit increased gut acetate production.
a, Plasma triglycerides. b, HOMA-IR. c, Dietary acetate concentrations. n = 2 replicates per diet. d, Faecal acetate normalized to dry weight. e–g, Plasma propionate, whole-body propionate turnover, and faecal propionate concentrations. h–j, Plasma butyrate, whole-body butyrate turnover, and faecal butyrate concentrations. k, [13C]acetate enrichment in plasma of rats fed [13C]bicarbonate-labelled food and water. l, [U-13C]acetate from faeces incubated in [U-13C]glucose or fatty acids. m, In vitro acetate production rate from faeces incubated in [U-13C]glucose or fatty acids. n, In vitro acetate production rate in control, boiled, and UV-irradiated faecal samples. ****P < 0.0001 versus control. o, In vitro faecal acetate production following treatment with antibiotics. Unless otherwise specified, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus chow-fed rats; §§P < 0.01 versus 3-day HFD-fed rats by one-way ANOVA with Bonferroni’s multiple comparisons test. In k, data were compared by two-tailed unpaired Student’s t-test. In l–o, data are the mean ± s.e.m. of n = 4 per group, with comparisons to controls via two-tailed unpaired Student’s t-test (n). Unless otherwise specified, n = 6 replicates per group.


Extended Data Figure 3 HFD-fed rats exhibit increased GSIS driven by increased acetate turnover.
a, b, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus chow-fed rats. c, Plasma insulin area under the curve (AUC) during the hyperglycaemic clamp. d, Plasma acetate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus 2 μmol kg−1 min−1 acetate; §§§§P < 0.0001 versus 8 μmol kg−1 min−1 acetate. e, f, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp. g, Plasma insulin AUC during the clamp. h, i, Plasma butyrate and whole-body butyrate turnover. *P < 0.05, ****P < 0.0001. j, k, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp. l, m, Plasma insulin concentrations during the hyperglycaemic clamp, and plasma insulin AUC. In all panels, data are the mean ± s.e.m. of n = 6 animals per group, with comparisons by one-way ANOVA with Bonferroni’s multiple comparisons test (a–g) or two-tailed unpaired Student’s t-test (h–m).


Extended Data Figure 4 Increasing total caloric intake leads to increased acetate turnover and GSIS via the microbiota in rats.
a, b, Plasma acetate and whole-body acetate turnover. c, d, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp. e, f, Plasma insulin and insulin AUC during the clamp. g, Caloric intake from protein, fat, and carbohydrate. In g–m, each group was compared to pair-fed, high-carbohydrate-fed rats. h, i, Plasma glucose and glucose infusion rate in the hyperglycaemic clamp. j, k, Plasma acetate and whole-body acetate turnover. l, m, Plasma insulin and insulin AUC during the hyperglycaemic clamp. n, Linear regression: whole-body acetate turnover versus total caloric intake in each diet group. o, p, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp in 4-week HFD-fed rats treated with broad-spectrum non-absorbable antibiotics. q, Plasma acetate. r, Plasma [13C]acetate enrichment following three days of feeding [13C]bicarbonate food and water. Data were compared using the two-tailed unpaired Student’s t-test. s, Insulin AUC during a hyperglycaemic clamp. In all panels, data are the mean ± s.e.m. of n = 6 rats per group, with groups compared by one-way ANOVA with Bonferroni’s multiple comparisons test, unless otherwise stated. In a–f, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus 12-h starved rats; §P < 0.05, §§P < 0.01, §§§P < 0.001, §§§§P < 0.0001 versus 48-h starved rats. In h–m, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus pair-fed rats given the high-carbohydrate diet. In o–s, ***P < 0.001, ****P < 0.0001 versus HFD-fed rats; §§§P < 0.001, §§§§P < 0.0001 versus antibiotics-treated rats.


Extended Data Figure 5 Faecal transplantation alters recipient microbiomes to resemble their donors as revealed by culture-independent 16S rRNA sequencing of faecal microbiomes from donors and recipients.
a, Relative abundance at the phylum level. Only phyla with relative abundance ≥ 0.1% in at least one group are shown. Data are the mean ± s.e.m. of n = 7–8 replicates per group; *P < 0.05 by 2-tailed unpaired Student’s t-test. b–f, Beta diversity analysis of faecal microbiomes before and after transplantation. The largest component of variation (captured by principal coordinate (PC)1) is shown in b and PC1–PC3 are shown in c–f. Rats from independent litters were randomized before diet administration or faecal transplantation. Beta diversity reflects principal coordinates analysis based on Hellinger distances; the results from unweighted, non-phylogenetic distance metrics and from phylogenetic metrics (weighted and unweighted UniFrac) are similar.


Extended Data Figure 6 The gut microbiota drive increased acetate turnover and GSIS.
a, b, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp in rats following faecal transplant replicates acetate turnover and GSIS in the donor group. c, Plasma acetate. d, Faecal acetate concentration. n = 7 (HFD to chow) or 8 (chow to chow, chow to HFD) per group. e, Plasma insulin AUC. f, Glucose-stimulated insulin release in isolated islets incubated with 400 μM acetate in a physiological buffer. n = 4 per group. g, Plasma C2 acetylcarnitine content. h, Glucose-stimulated insulin release in isolated islets incubated with 100 μM acetylcarnitine. i–m, Plasma alanine, leucine, arginine, glucagon, and GLP-1 concentrations. n, o, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp in acetate-infused rats treated with a GLP-1 inhibitor. p, q, Plasma acetate and whole-body acetate turnover. r, s, Plasma insulin and insulin AUC during the clamp. In all panels, data are mean ± s.e.m. of n = 6 per group. In a–e, ****P < 0.0001 versus chow-fed donor to chow-fed recipient transplants; §§§§P < 0.0001 versus chow-fed donor to HFD-fed recipient transplants by one-way ANOVA with Bonferroni’s multiple comparisons test. Data are the mean ± s.e.m. of n = 6 (HFD to chow) or 7 (chow to chow, chow to HFD) per group. In g–m, *P < 0.05, **P < 0.01 versus 2 μmol kg−1 min−1 acetate; §P < 0.05 versus 8 μmol kg−1 min−1 acetate by one-way ANOVA with Bonferroni’s multiple comparisons test. In g–s, data are the mean ± s.e.m. of n = 6 (unless otherwise specified) per group. In n–s, no significant differences were measured by the two-tailed unpaired Student’s t-test.


Extended Data Figure 7 Acetate drives GSIS via a CNS mechanism.
a, Body weight before and after vagotomy. b, c, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp. d, e, Plasma acetate and whole-body acetate turnover. f, Insulin AUC during the clamp. g, Plasma gastrin during the clamp. h, Plasma glucagon after 120 min of the clamp. h, i, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp in acetate-infused, atropine-treated rats. k, l, Plasma acetate and whole-body acetate turnover. m, Plasma insulin AUC during the clamp. n, Plasma glucagon. In all panels, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by the two-tailed unpaired Student’s t-test; data represent the mean ± s.e.m. of n = 6 replicates per group.


Extended Data Figure 8 Acetate drives GSIS via parasympathetic activation.
a, b, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp in rats treated with ICV acetate. c, Plasma insulin AUC. d, Plasma glucagon. e, f, Plasma acetate and whole-body acetate turnover in rats treated with systemic intra-arterial acetate and ICV methylatropine. g, h, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp. i, Plasma insulin AUC during the clamp. j, k, Plasma and brain tissue acetate in rats given an injection of acetate into the nucleus tractus solitarius. l, m, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp. n, Plasma insulin AUC during the clamp. o, Plasma glucagon. In all panels, data are the mean ± s.e.m. of n = 6 animals per group, with comparisons by one-way ANOVA with Bonferroni’s multiple comparisons test (a–i) or two-tailed unpaired Student’s t-test (j–o). In b–d, **P < 0.01, ***P < 0.001 versus controls; §§P < 0.01, §§§P < 0.001 versus ICV acetate-treated rats by one-way ANOVA with Bonferroni’s multiple comparisons test. In e–i, ***P < 0.001, ****P < 0.0001 versus controls; §§§P < 0.001, §§§§P < 0.0001 versus acetate-infused rats.


Extended Data Figure 9 Chronic intragastric acetate infusion causes hyperphagia and metabolic syndrome through parasympathetic activation.
a, b, Plasma acetate and whole-body acetate turnover. c, d, Plasma glucose and insulin concentrations during an intraperitoneal glucose tolerance test. e, Insulin AUC during the glucose tolerance test. f, g, Plasma glucose and glucose infusion rate during a hyperglycaemic clamp. h, Insulin AUC during the hyperglycaemic clamp. i, Body weight before and after the infusion study (n = 16 controls, 16 acetate-infused, and 12 acetate-infused and vagotomised rats). j, Caloric intake during the 10-day acetate infusion study. k, Homeostatic model assessment of insulin resistance (HOMA-IR). l, Plasma triglyceride concentrations. m, Plasma insulin at the 120-min time point of a hyperinsulinaemic–euglycaemic clamp. n, o, Plasma glucose and glucose infusion rate during the hyperinsulinaemic–euglycaemic clamp. p, Plasma glucagon. Unless otherwise specified, data are mean ± s.e.m. of n = 6 rats per group, with comparisons by one-way ANOVA with Bonferroni’s multiple comparisons test. In all panels, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus controls; §P < 0.05, §§P < 0.01, §§§P < 0.001, §§§§P < 0.0001 versus intragastric acetate-infused rats.


Extended Data Figure 10 Germ-free mice have negligible endogenous short-chain fatty acid production.
a, Ratio of tissue:plasma [13C]acetate in mice fed [13C]bicarbonate. b, c, Plasma and tissue propionate concentrations. d, Plasma [13C]propionate enrichment. e, f, Plasma and tissue butyrate. g, Plasma [13C]butyrate enrichment. h, i, Liver and muscle diacylglycerol concentrations. In all panels, data are the mean ± s.e.m. of n = 9 (GF) or n = 10 (CONV-D) mice per group, with comparisons by two-tailed unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus CONV-D mice on the same diet.
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        Editorial Summary
Complex diseases get complicated
Changes to gut microbiota, and altered faecal short-chain fatty acid concentrations, have been associated with obesity, insulin resistance and the metabolic syndrome, but no causal links have been established. Gerald Shulman and colleagues show that a gut microbiota–nutrient interaction increases acetate production in rodents on a high-fat diet. This leads to activation of the parasympathetic nervous system — the part of the nervous system that controls 'subconscious' operations such as heart rate and digestion — which in turn promotes increased glucose-stimulated insulin secretion, ghrelin secretion, hyperphagia and obesity.
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