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            Abstract
Cigarette smoking constitutes a leading global cause of morbidity and preventable death1, and most active smokers report a desire or recent attempt to quit2. Smoking-cessation-induced weight gain (SCWG; 4.5 kg reported to be gained on average per 6–12 months, >10 kg year–1 in 13% of those who stopped smoking3) constitutes a major obstacle to smoking abstinence4, even under stable5,6 or restricted7 caloric intake. Here we use a mouse model to demonstrate that smoking and cessation induce a dysbiotic state that is driven by an intestinal influx of cigarette-smoke-related metabolites. Microbiome depletion induced by treatment with antibiotics prevents SCWG. Conversely, fecal microbiome transplantation from mice previously exposed to cigarette smoke into germ-free mice naive to smoke exposure induces excessive weight gain across diets and mouse strains. Metabolically, microbiome-induced SCWG involves a concerted host and microbiome shunting of dietary choline to dimethylglycine driving increased gut energy harvest, coupled with the depletion of a cross-regulated weight-lowering metabolite, N-acetylglycine, and possibly by the effects of other differentially abundant cigarette-smoke-related metabolites. Dimethylglycine and N-acetylglycine may also modulate weight and associated adipose-tissue immunity under non-smoking conditions. Preliminary observations in a small cross-sectional human cohort support these findings, which calls for larger human trials to establish the relevance of this mechanism in active smokers. Collectively, we uncover a microbiome-dependent orchestration of SCWG that may be exploitable to improve smoking-cessation success and to correct metabolic perturbations even in non-smoking settings.
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                    Fig. 1: Microbiome depletion modulates SCWG.[image: ]


Fig. 2: Cigarette-smoke-induced dysbiosis drives SCWG.[image: ]


Fig. 3: DMG dynamics during smoke exposure and cessation.[image: ]


Fig. 4: Cigarette-smoke-related metabolites affect SCWG.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The smoking cessation mouse model.
(a) Experimental scheme, HFD-fed mice. Mice not exposed to cigarette smoke (Non-SMK), mice exposed to smoke and cessation (SMK) and mice continuously exposed to smoke (continuous SMK). SMK group was exposed to cigarette smoke for 3 weeks, 5 days/week. Continuously smoke exposed group was exposed to cigarette-smoke throughout the duration of the experiment. (b) Weight change of HFD-fed mice during smoke exposure  and following discontinuation of smoke exposure (cessation). Non-SMK, SMK and continuous SMK (n = 10), mean ± s.e.m.; day 63: one-way ANOVA and Tukey correction. Inset: iAUC of weight change at smoke exposure or cessation, one-way ANOVA and Tukey correction, mean ± s.e.m. (c–e) Ammonia (c), cholesterol (d) and HDL (e) levels during smoke exposure and cessation: Non-SMK (at smoke exposure n = 9 for ammonia and n = 10 for d-e; at cessation n = 8 for all groups), SMK and continuous SMK (at smoke exposure n = 10, at cessation n = 8), mean values. Smoke exposure phase: two-sided Mann-Whitney U-test (c, e) or unpaired two-sided t-test (d); cessation: Kruskal-Wallis and Dunn’s test. In the smoke exposure phase, SMK and continuous SMK were considered as one group. (f–g) Aspartate aminotransferase (AST, f) and alanine aminotransferase (ALT, g) levels during smoke exposure and cessation: Non-SMK, SMK, continuous SMK (n = 10 per group during smoke exposure; n = 8 per group during cessation); two-sided Mann-Whitney U- test for smoke exposure, Kruskal-Wallis and Dunn’s test for cessation, mean values. (h–j) non-fasting glucose (h), triglycerides (i) and albumin (ALB, j) levels during smoke exposure and cessation: Non-SMK, SMK and continuous SMK (n = 10 per group during smoke exposure, n = 8 per group during cessation). Glucose: unpaired two-sided t-test for smoke exposure and one-way ANOVA with Tukey correction for cessation; triglycerides and albumin: unpaired two-sided t-test for smoke exposure and Kruskal-Wallis and Dunn’s test for cessation. Plasma samples were collected 21 days during smoke exposure and on day 63 during cessation, mean values. Grey backgrounds represent cessation period. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, exact P values presented in Supplementary Table 1.


Extended Data Fig. 2 Impact of microbiome depletion on SCWG.
(a) Lean (top) and fat (bottom) mass during smoke exposure (day 19) and cessation (day 35). Non-SMK (n = 30 at smoke exposure, n = 6 at cessation), SMK (n = 38 at smoke exposure, n = 5 at cessation), Non-SMK+abx (at smoke exposure n = 20, at cessation n = 5), SMK+abx (at smoke exposure n = 15, at cessation n = 5), HFD-fed mice, three-way during smoke exposure and cessation, mean values. (b) Weight change during smoke exposure and cessation. HFD-fed mice, Non-SMK and Non-SMK+abx (n = 10), SMK, SMK+abx and SMK+abx at cessation (n = 9), mean ± s.e.m. For (b–d): last day: one-way ANOVA and Sidak correction. Inset: iAUC, one-way ANOVA and Sidak correction, mean ± s.e.m. (c) Weight change during smoke exposure and cessation in mice exposed to low-nicotine cigarette smoke and fed with HFD. Non-SMK, SMK and Non-SMK+abx (n = 10), SMK+abx (n = 9), mean ± s.e.m. (d) Weight change during smoke exposure and cessation. HFD-fed mice were implanted with osmotic pumps containing vehicle (PBS) or 0.5 mg/kg/day varenicline (var). Non-SMK and Non-SMK+var (n = 5), SMK and SMK+var (n = 10), mean ± s.e.m. Grey background in graphs refers to cessation period. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, exact P values presented in Supplementary Table 1.


Extended Data Fig. 3 Metabolic impacts of antibiotics treatment on SCWG.
(a–c) Metabolic cage analysis during smoke exposure cessation over a period of 260h, n = 4 for all mice groups, HFD-fed mice. Locomotion (a, ‘cnts’ refers to light beam break count), food intake (b, total kcal), respiratory exchange ratio (c, RER); inset: AUC (baseline = 0, baseline of RER = 0.7). One-way ANOVA and Sidak correction, mean ± s.e.m. (d) Energy expenditure analysis during cessation over a period of 260h. Non-SMK and Non-SMK+abx (n = 8), SMK (n = 5), SMK+abx (n = 6). Inset: AUC (baseline= minimum score, 14.1), One-way ANOVA and Sidak correction, mean ± s.e.m. (e) Pearson correlation between fecal calories and weight gain rate, smoke exposure (circles) and cessation (triangles). SMK (smoke exposure period n = 8, cessation period n = 9, red), SMK+abx (smoke exposure period n = 9, cessation period n = 9, yellow). Lines represent linear regression slopes and intercepts. Grey background in graphs refers to the dark cycle. *P<0.05; **P<0.01; exact P values presented in Supplementary Table 1.


Extended Data Fig. 4 Microbiome changes during smoke exposure and cessation.
(a–b) 16S rDNA-based principal coordinate analysis (PCoA) for (a) Bray-Curtis dissimilarity or (b) Jaccard similarity for HFD-fed Non-SMK and SMK mice at day 21 (smoke exposure). Non-SMK (n = 10), SMK (n = 8) mice. Inset: PERMANOVA. (c) KEGG modules fully covered by KEGG orthologs that significantly differed upon comparisons between day 0 and day 21. HFD-fed mice, Non-SMK (n = 10 for all times), SMK (n = 10 for day 0, n = 8 for day 21); asterisks denote significant differences between day 21 versus day 0 for each group (Q < 0.1); two-sided Mann-Whitney U-test with BKY correction. (d) Alpha diversity quantified as Shannon index in fecal samples at day 0 (baseline), 21 (smoke exposure) and 35 (cessation). HFD-fed mice, Non-SMK and SMK n = 10 mice per group; PERMANOVA, mean values. (e–f) PCA of species-level relative abundance at day 0 (e, baseline) and day 35 (f, cessation), HFD-fed mice n = 10 per group; inset: PERMANOVA. (g) Alpha diversity quantified as Shannon index in fecal samples at day 0 (baseline), 21 (smoke exposure) and 35 (cessation). HFD-fed mice, SMK (n = 10 for all times), SMK+abx (n = 10 at days 0 and 21, n = 9 at day 35); PERMANOVA, mean values. (h) Heatmap representing differentially abundant bacteria (genus level) in HFD-fed Non-SMK versus SMK mice at day 21 (smoke exposure). n = 10 mice per group; DESeq2; coloured bar represents z score. *P<0.05; ***P<0.001; ****P<0.0001, exact P values presented in Supplementary Table 1.


Extended Data Fig. 5 Nicotine impacts on the microbiome and SCWG.
(a) Nicotine and cotinine levels in peripheral plasma, portal vein plasma and stool in naive SPF and GF mice. SPF (n = 6), GF (n = 5 for plasma and portal vein, n = 6 for stool); two-sided Mann-Whitney U test, mean values. (b) Plasma nicotine and cotinine levels during smoke exposure. Non-SMK (n = 8), SMK and SMK+abx (n = 10), Non-SMK+abx (n = 9), HFD-fed mice, Kruskal-Wallis and Dunn’s test, mean values. (c) Fecal nicotine levels in HFD-fed mice exposed for 3 weeks to cigarettes smoke or to nicotine by intra-peritoneal (i.p.) injections; n = 10 mice per group; Kruskal-Wallis and Dunn’s test, mean values. (d) PCoA depicting Jaccard similarity in mice exposed to cigarette smoke or to i.p. nicotine; Naive (n = 9), SMK (n = 10), nicotine-administered (i.p., n = 8) mice; pairwise PERMANOVA. (e) Weight change in mice exposed to cigarette smoke or to i.p. nicotine; Naïve and nicotine (n = 9), SMK (n = 10); day 21: one-way ANOVA and Tukey correction, mean values. (f–g) 16S rDNA-based PCoA depicting (f) Bray-Curtis dissimilarity and (g) Jaccard distance; Naive and SMK (n = 10), nicotine-administered via drinking water (n = 9), pairwise PERMANOVA. (h) Weight change in mice exposed for 3 weeks to cigarette smoke or to nicotine via drinking water. Naive and SMK (n = 10) nicotine (n = 9); day 21: one-way ANOVA and Tukey correction, mean values. (i) Plasma levels of nicotine and cotinine in HFD-fed mice administered with PBS or nicotine by osmotic pumps for 3 weeks, n = 10 mice per group; two-sided Mann-Whitney U-test, mean values. (j) Weight change in HFD-fed mice administered with PBS or nicotine by osmotic pumps for 4 weeks. n = 10 mice per group; day 28: unpaired two-sided t-test, mean values. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, P values presented in Supplementary Table 1.


Extended Data Fig. 6 Fecal microbiome transplantation (FMT) from mice exposed to smoke.
(a) Experimental scheme of FMT experiments performed using fecal donations from mice exposed to smoke. Fecal samples from Non-SMK and SMK mice at day 7 (early smoke exposure) or day 18 (during smoke exposure) were transferred into GF mice of the designated strains, fed with the designated diets. (b–d) Weight change of GF mice following FMT. Fecal donations were collected at day 7 from HFD-fed C57BL/6 mice. For b, c, d, f: day 28, unpaired two-sided t-test, mean ± s.e.m.; upper inset: shotgun metagenomic sequencing showing PCA of species composition (for b Non-SMK n = 5, SMK n = 7 mice, for c, d, f n = 6 mice per group), PERMANOVA. (b) Recipients: HFD-fed SW mice. Non-SMK (n = 11), and SMK (n = 13) mice; day 28: unpaired two-sided t-test, mean ± s.e.m. (c) Recipients: HFD-fed C57BL/6 mice. Non-SMK (n = 7) and SMK (n = 6) mice, mean ± s.e.m. (d) Recipients: NC-fed C57BL/6 mice, n = 6 mice per group, mean ± s.e.m. (e) Experimental scheme of FMT experiments performed during cessation. Fecal samples from Non-SMK and SMK mice at day 24 (cessation) were transferred into GF mice of the designated strains, fed the designated diets. (f) Weight change of GF mice receiving FMT from C57BL/6 NC-fed mice at day 4 of cessation (total day 24). Recipients: NC-fed C57BL/6 mice, n = 6 mice per group, mean ± s.e.m. (g) Heatmap presenting log2 fold change of bacteria that were significantly changed (Q < 0.05) at least in two conditions (presented in Extended Data Fig. 6e); DESeq2; ns.: non-significant; coloured bar represents log fold change. *P<0.05; **P<0.01, ****P<0.0001, exact P values presented in Supplementary Table 1.


Extended Data Fig. 7 Functional features of transplanted microbiomes from mice exposed to smoke and at cessation.
(a) Heatmaps describing the functional potential of metagenomic features (EC annotated) in shotgun metagenomics, corresponding to the conditions of Extended Data Fig. 6e. Features were grouped according to BRITE hierarchy; colored bar represents z score. (b–c) Weight change of GF C57BL/6 mice following FMT. Fecal donations were collected at day 24 of smoke exposure and cessation from abx-treated or untreated HFD-fed C57BL/6 mice (b) or NC (c); Day 28, unpaired two-sided t-test, mean ± s.e.m. (b) Recipients: HFD-fed C57BL/6 mice, SMK (n = 7) and SMK+abx (n = 6), mean ± s.e.m. (c) Recipients: NC-fed C57BL/6 mice, n = 6 per group, mean ± s.e.m. (d–e) Fecal calories of GF recipients after FMT from early smoke exposure (d, Non-SMK n = 5, SMK n = 6) or cessation (e, n = 5 mice per group); unpaired two-sided t-test, mean values. *P<0.05, **P<0.01, P values presented in Supplementary Table 1.


Extended Data Fig. 8 Candidate metabolites associated with SCWG.
(a) Heatmaps depicting plasma metabolites of HFD-fed mice during smoke exposure (day 15) and cessation (day 30). Non-SMK, SMK+abx (n = 7 smoke exposure, n = 6 cessation), SMK (n = 6 smoke exposure, n = 5 cessation), Non-SMK+abx (n = 8 smoke exposure, n = 6 cessation); heatmap intensities represent normalized metabolite levels (z-score). (b) Heatmaps depicting fecal metabolites during smoke exposure (day 21) and cessation (day 35). Non-SMK and Non-SMK+abx (n = 9 for smoke exposure and n = 6 for cessation), SMK (n = 8 for smoke exposure and n = 5 for cessation) and SMK+abx (n = 8 for smoke exposure and n = 6 for cessation) HFD-fed mice; heatmap intensities represent normalized metabolite levels (z-score). (c) LMM, utilizing both smoke and antibiotics alterations throughout time and quantifying their interactive impacts on plasma metabolite levels at smoke exposure. Venn diagram (left) represents significant (p<0.05) metabolites impacted by smoke exposure, antibiotics and their interactions. Post-hoc: Tukey correction for multiple comparisons. Venn diagram (right): metabolites fulfilling both mixed linear model and statistical hypothesis testing criteria. (d) Predicted gene copy numbers (PICRUSt2) of fecal choline sulfatase: Non-SMK (n = 10), SMK (n = 8) HFD-fed mice; unpaired two-sided t-test; mean values. (e-f) Fecal metabolites, untargeted mass spectrometry, HFD-fed mice, Non-SMK (n = 9), SMK (n = 8 at smoke exposure), unpaired two-sided t-test, mean ± s.e.m. values of (e) choline and (f) betaine; SmD- scaled imputed data, log scale values (methods). (g) qPCR quantification of liver betaine-homocysteine S-methyltransferase (BHMT) transcripts during smoke exposure. HFD-fed mice, Non-SMK (n = 4), SMK (n = 6); two-sided Mann-Whitney U-test, mean ±s.e.m. (h) Plasma DMG levels, assessed by targeted mass spectrometry. Non-SMK, Non-SMK+abx and SMK+abx (n = 10), SMK (n = 9), mice fed with HFD; Kruskal-Wallis and Dunn’s test, mean values. *P<0.05, **P<0.01, exact P values presented in Supplementary Table 1.


Extended Data Fig. 9 Metabolite impacts on SCWG.
(a–b) Weight change during smoke exposure and cessation upon addition of N-formylanthranilic acid (a, N-FAN acid) or trigonelline (b, TRI). a: n = 10 HFD-fed mice per group, mean ± s.e.m; day 42: unpaired 2-sided t test; iAUC: unpaired 2-sided t test, mean ± s.e.m. b: Non-SMK+abx+PBS, Non-SMK+abx+TRI and SMK+abx+TRI (n = 10), SMK+abx+PBS (n = 9), HFD-fed mice, mean ± s.e.m; day 35: one-way ANOVA Sidak correction; inset: iAUC; one-way ANOVA Sidak correction, mean ± s.e.m. (c) iAUC of weight change at smoke exposure or cessation of Fig 4a. NS+abx (n = 9), SMK+abx+PBS (n = 10 smoke exposure, n = 9 cessation), all other groups n = 10; one-way ANOVA Sidak correction; box plots represent max-min values. Rx- treatment. (d) Plasma levels of metabolites of the DMG biosynthesis pathway assessed by targeted mass spectrometry in mice consuming choline-deficient diet (CDD), n = 10; two-sided Mann-Whitney U-test, mean values. (e) Hepatic BHMT qPCR during smoke exposure in mice consuming CDD, n = 10; unpaired two-sided t-test, mean values. (f) Targeted mass spectrometry of plasma DMG. PBS (n = 9), DMG (n = 10) HFD-fed mice; two-sided Mann-Whitney U-test, mean values. (g–h) Weight change during DMG supplementation on day 14 (g, n = 10) or day 49 (h, PBS: n = 19, DMG: n = 18, pool of 2 independent repeats), mean ± s.e.m., HFD-fed mice; last time point: unpaired two-sided t-test. Inset: iAUC, unpaired two-sided t-test, mean ± s.e.m. (i) Plasma levels of HFD-fed mice treated with PBS (n = 8 for all paraments except n = 7 for NH3) or DMG (n = 10 for all parameters except n = 9 for ALT); unpaired two-sided t-test, except two-sided Mann Whitney U test for NH3 and HDL; mean values. (j–m) Metabolic cage analysis for 172h in DMG versus PBS supplemented mice. Locomotion (j, n = 8), respiratory exchange ratio (k, RER, n = 4), energy expenditure (l, n = 4) and food intake (Total kcal, m, n = 8). Inset: AUC; unpaired two-sided t-test, mean ± s.e.m. Grey background depicts the cessation period (a–c) or the dark cycle (j–i). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, P values presented in Supplementary Table 1.


Extended Data Fig. 10 ACG supplementation ameliorates weight gain.
(a) Plasma levels of ACG during smoke exposure (day 15) and cessation (day 30). Non-SMK (n = 7 for smoke exposure, n = 5 for cessation), SMK (n = 6 for smoke exposure, n = 5 for cessation), Non-SMK+abx (n = 8 for smoke exposure, n = 6 for cessation), SMK+abx (n = 7 for smoke exposure, n = 6 for cessation), HFD-fed mice; two-way ANOVA and BH correction (Q < 0.1), mean values. (b) Calories measured in rodent diet. n = 3 mice per group; one-way ANOVA and Tukey correction, mean values. (c) Plasma levels of ACG in HFD (Control, n = 10) or HFD+ACG (ACG, n = 9) mice, assessed by targeted mass spectrometry. Unpaired two-sided t-test, mean values. (d) Weight change during ACG supplementation. n = 5 HFD-fed mice per group, mean ± s.e.m.; day 14: unpaired two-sided t-test. Inset: iAUC, unpaired two-sided t-test, mean ± s.e.m. (e) GTT during ACG administration (day 49) n = 10 HFD-fed mice per group. Inset: AUC, Unpaired two-sided t-test, mean ± s.e.m. (f) Plasma biochemical levels Control (n = 19 except n = 17 for TG & urea, n = 18 for albumin). ACG (n = 19 except for n = 18 for NH3) HFD-fed mice. Two-sided Mann-Whitney U-test, except for unpaired two-sided t-test for glucose, total cholesterol, urea and total protein, mean values. (g–j) Metabolic cage analysis for 384h, n = 4 HFD-fed mice per group, dashed line indicates the starting day of the diet. (g) Food intake (total kcal); (h) locomotion (‘cnts’ refers to light beam break count); (i) respiratory exchange ratio (RER); and (j) energy expenditure; inset: AUC, unpaired two-sided t-test except two-sided Mann-Whitney U-test for energy expenditure, mean ± s.e.m. Grey background depicts the dark cycle. (k) Plasma DMG levels in Control (n = 7) or ACG (n = 6) mice, unpaired two-sided t-test, mean values. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, exact P values presented in Supplementary Table 1.


Extended Data Fig. 11 Single cell transcriptomic analysis of adipose tissue immune cells of HFD-fed, DMG- and ACG-supplemented mice not exposed to smoke.
(a) UMAP representation of single cell data showing stepwise clustering of adipose immune cell populations. (b) Balloonplot showing the mean of normalized and scaled gene expression of key markers used to annotate clusters to cell types. (c) Balloonplot showing the mean of normalized and scaled gene expression of key markers of macrophage and monocyte populations. (d) Balloonplot showing the mean of normalized and scaled gene expression of key markers of chemokines and cytokines in macrophage and monocyte populations. A larger size of the dot in the balloonplot represent increased expression. See Supplementary Table 6 for single cell transcriptomic data.


Extended Data Fig. 12 Adipose tissue immune cell features of HFD-fed, DMG- and ACG-supplemented mice not exposed to smoke.
(a) Heatmap showing -log10 of BH adjusted p-value GO functional enrichment analysis of genes differentially expressed in macrophage subpopulations upon treatment with ACG and DMG. See Supplementary Table 6 for single cell transcriptomic data.


Extended Data Fig. 13 Potential microbiome and metabolite associations with human who smoke.
(a) Experimental outline of the human cohort. (b–f) human fecal microbiome analysis (Non-SMK n = 40, SMK n = 20). (b) PCA of metagenomically-assembled genomes (MAGs) relative abundances in human stool; inset: PERMANOVA. (c) Differentially abundant MAGs; asterisks denote significant differences (p<0.05); two-sided Mann-Whitney U-test. (d) PCA of KO annotated reads; inset: PERMANOVA. (e) KEGG orthologs of highest effect (feature with negative values enriched in SMK), two-sided Mann-Whitney U-test, highest (and lowest), 2-fold log change. (f) ROC curves for binary classifier (methods). (g–i) Targeted mass spectrometry of metabolites from the DMG biosynthesis pathway: choline (g), betaine (h) and DMG (i); Non-SMK (n = 62), SMK (n = 34); two-sided Mann-Whitney U-test, mean values. *P<0.05; **P<0.01, exact P values presented in Supplementary Table 1, raw data presented in Supplementary Table 7.
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