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            Abstract
Adipose tissue is usually classified on the basis of its function as white, brown or beige (brite)1. It is an important regulator of systemic metabolism, as shown by the fact that dysfunctional adipose tissue in obesity leads to a variety of secondary metabolic complications2,3. In addition, adipose tissue functions as a signalling hub that regulates systemic metabolism through paracrine and endocrine signals4. Here we use single-nucleus RNA-sequencing (snRNA-seq) analysis in mice and humans to characterize adipocyte heterogeneity. We identify a rare subpopulation of adipocytes in mice that increases in abundance at higher temperatures, and we show that this subpopulation regulates the activity of neighbouring adipocytes through acetate-mediated modulation of their thermogenic capacity. Human adipose tissue contains higher numbers of cells of this subpopulation, which could explain the lower thermogenic activity of human compared to mouse adipose tissue and suggests that targeting this pathway could be used to restore thermogenic activity.
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                    Fig. 1: Identification of adipocyte populations in BAT.[image: ]


Fig. 2: A distinct population of adipocytes is present in mouse iBAT and ingWAT and in human deep-neck BAT.[image: ]


Fig. 3: Reduction of ALDH1A1 expression in mature adipocytes of iBAT promotes thermogenesis and whole-body energy expenditure in mice.[image: ]


Fig. 4: ALDH1A1 regulates brown adipocyte thermogenic capacity through acetate.[image: ]
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                Data availability


All RNA sequencing (RNA-seq) data that support this finding of this study have been deposited in ArrayExpress, with the accession codes E-MTAB-8561 for snRNA-seq of mouse interscapular brown adipocytes at room temperature by Smart-seq2; E-MTAB-8562 for snRNA-seq of mouse interscapular brown adipocytes in room-temperature, cold-exposure and thermoneutral conditions by 10X sequencing; E-MTAB-8564 for snRNA-seq of human BAT cells; E-MTAB-9199 for snRNA-seq of human subcutaneous WAT cells; and E-MTAB-9192 for bulk RNA-seq of mouse iBAT, subscWAT and ingWAT.Â The datasets can be explored interactively atÂ https://batnetwork.org/. Please address correspondence and requests for materials to C.W. and requests for bioinformatic information to W.S.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Identification of subpopulations of mouse brown adipocytes.
a, Schematic illustration of adipocyte snRNA-seq and nuclei FACS plot of AdipoCreâˆ’/âˆ’NucRed and AdipoCreâˆ’/+NucRed. bâ€“f, snRNA-seq of 377 adipocyte nuclei from iBAT at room temperature, by Smart-seq2 protocol, yielding 1,999 genes (median) detected. b, Unsupervised clustering shown as UMAP. c, Feature plots for Auts2, Chst1, Cyp2e1, Atp2b4, Adipoq, Lipe, Cidec, Plin1, Ucp1, Cidea, Ppargc1a, Syne2, Ly6a and Cd34. d, e, Trajectory analysis of brown adipocyte nuclei by RNA velocity (d) and by Monocle (e). f, Heat map of signature genes for each population of brown adipocyte nuclei. gâ€“k, snRNA-seq of 8,827 adipocyte nuclei from iBAT at room temperature, by 10X protocol. g, Unsupervised clustering shown as UMAP. h, Violin plot of Pde3a, Cish, Atp5e, Cyp2e1 i, Feature plots for Cyp2e1, Atp2b4, Aldh1a1, Auts2, Ucp1, Cidea, Ppargc1a, Syne2, Adipoq, Lipe, Cidec and Plin1. j, Violin plot of Cd34, Ly6a and Pdgfra. k, Heat map of signature genes for each population. lâ€“o, snRNA-seq of 6,560 adipocytes in BAT at thermoneutrality, by 10X protocol. l, Unsupervised clustering shown as UMAP. m, Violin plot of Kng2, Plcb1, Atp5e, Ryr1 and Dcn. n, Feature plots of Adipoq, Lipe, Cidec, Plin1, Cyp2e1, Auts2, Aldh1a1, Atp2b4, Ucp1, Cidea, Ppargc1a and Syne2. o, Heat map of signature genes for each population. p, q, snRNA-seq of 11,074 adipocytes from mouse iBAT in cold-exposure conditions. p, Unsupervised clustering shown as UMAP. q, Heat map of signature genes for each population. This figure is related to Fig. 1.


Extended Data Fig. 2 Dynamics of subpopulations of mouse brown adipocytes under thermoneutral, room-temperature and cold-exposure conditions.
a, Mouse iBAT in the cold-exposure condition; feature plots of Ucp1, Cidea, Ppargc1a, Syne2, Adipoq, Lipe, Cidec, Plin1, Cyp2e1, Auts2, Aldh1a1 and Atp2b4. bâ€“l, Integrated analysis of mouse iBAT 10x snRNA-seq data. b, UMAP plots of integrated mouse adipocyte nuclei from iBAT grouped by different conditions. c, Pseudotime plot of integrated mouse adipocyte nuclei from iBAT by Monocle. d, e, Feature plots for brown markers Ucp1, Ppargc1a (d) and P4 markers Cyp2e1, Aldh1a1 (e), split by different conditions. f, P-RT-4, P-CE-4 and P-TN-4 cells shown in the integrated UMAP plot, split by different conditions. g, h, Feature plots for brown/adipocyte markers Ucp1, Ppargc1a, Adipoq and Pparg (g) and P4 markers Cyp2e1, Gnai1, Aldh1a1 and Trhde (h). iâ€“l, P4_score calculates the summation of Aldh1a1, Cyp2e1, Auts2, Trhde, Ptger3, Gnai1, Asph and Cachd1 for each cell. Feature plots for P4_score (i), split by conditions (k); violin plots for P4_score (j), split by different conditions (l). m, Feature plots for CCDC80, PDGFRA, PDGFRB, PPARG, CD3D, CD3E, C1QB, VWF, ALDH1A1, PTGER3, GNAI1 and TRHDE of snRNA-seq for human deep-neck BAT. This figure is related to Fig. 1.


Extended Data Fig. 3 Identification of subpopulations of human brown and white adipocytes.
aâ€“d, Feature or violin plots for P4_score (a), UMI and gene per nucleus (b) or annotation of adipocytes by Garnett classifier55 (c) and heat map (d) of snRNA-seq for human deep-neck BAT. P4_score calculates the sum of ALDH1A1, CYP2E1, AUTS2, TRHDE, PTGER3, GNAI1, ASPH and CACHD1 for each cell. eâ€“g, Feature or violin plots for CIDEA, PPARGC1A, PPARGC1B, GK, ALDH1A1, PTGER3, GNAI1 and TRHDE expression (e) or P4_score (f) and heat map (g) of human brown adipocyte populations. h, UCP1 mRNA level of deep-neck supraclavicular BAT and subcutaneous WAT for each individual. nÂ =Â 16 individuals, tÂ =Â 2.2. i, Unsupervised clustering of 2,438 nuclei from human subcutaneous WAT, yielding 608 (median) genes; annotation by SingleR. jâ€“l, Feature or violin plots for P4_score (j) or PPARGC1A, ADIPOQ, PPARG, PDGFRA, PECAM1, VWF, PTPRC, IL7R, CFD, DCLK1, CNTNAP2 and COL19A1 expression (k) and heat map (l) of snRNA-seq for human subcutaneous WAT. Statistical significance was calculated using two-tailed paired t-test (h). This figure is related to Fig. 1.


Extended Data Fig. 4 CYP2E1 marks a specific subpopulation of adipocytes in mouse and human adipose tissue.
a, CYP2E1 immunohistochemical staining in iBAT at room temperature. Red arrows indicate CYP2E1-positive staining. b, Quantification of CYP2E1+ cells with multilocular and unilocular morphology in the interscapular adipose tissue. nÂ =Â 5 independent experiments, tÂ =Â 8.0. câ€“e, Bulk RNA-seq of subscWAT, iBAT and ingWAT. nÂ =Â 3 mice. c, Biological pathways enriched in iBAT over subscWAT, analysed by clusterProfiler56, which calculates a P value using the hypergeometric distribution adjusted for multiple comparison; d, Heat map for subscWAT, iBAT and ingWAT of the top-40 P4 markers. e, RNA expression level of P4 and adipocyte markers in bulk RNA-seq of iBAT and subscWAT. f, mRNA expression levels of Cyp2e1 and Ucp1 in mouse iBAT kept in room-temperature, cold-exposure and thermoneutral conditions. nÂ =Â 8 mice, FCyp2e1Â =Â 18.4, FUcp1Â =Â 47.6. g, Quantification of CYP2E1+ cells in mouse iBAT in room-temperature, cold-exposure or thermoneutral conditions. nÂ =Â 6 independent experiments, FÂ =Â 112.2. h, CYP2E1 immunofluorescence staining in mouse iBAT after cold exposure. i, CYP2E1 immunofluorescence staining in mouse iBAT at thermoneutrality. j, CYP2E1 immunofluorescence staining in mouse ingWAT at room temperature. k, CYP2E1 immunofluorescence staining in mouse ingWAT after cold exposure. l, CYP2E1 immunofluorescence staining in mouse visWAT at room temperature. m, Quantification of CYP2E1+ cells in mouse ingWAT and visWAT at room temperature. nÂ =Â 5 independent experiments. n, H&E staining of human deep-neck BAT. Two representative images from six individuals. o, Immunofluorescence staining of CYP2E1 and UCP1 in human deep-neck BAT.p, Immunohistochemical staining of CYP2E1 in human deep-neck BAT for individuals 1, 3, 9, 11, 12 and 14. Red arrows indicate CYP2E1-positive staining. Data are mean averageÂ Â±Â s.e.m. Statistical significance was calculated using a two-tailed unpaired Studentâ€™s t-test (b) or one-way ANOVA (f, g). Scale bars, 50Â Î¼m. This figure is related to Fig. 2
Source data.


Extended Data Fig. 5 ALDH1A1 and CYP2E1 are specific markers for the P4 adipocyte subpopulation.
a, Immunofluorescence co-staining of CYP2E1 and ALDH1A1 in mouse iBAT at room temperature. b, ALDH1A1 protein levels in mature adipocytes and SVF of three adipose tissue depots. nÂ =Â 7 mice, FÂ =Â 78.06, dfÂ =Â 41. c, Immunofluorescence staining of ALDH1A1 in the interscapular adipose tissue of Ucp1-GFP transgenic mice at room temperature. d, Aldh1a1 mRNA expression levels of mouse iBAT in room-temperature, cold-exposure or thermoneutral conditions. nÂ =Â 8 mice, FÂ =Â 25.1. e, ALDH1A1 protein expression levels of mouse iBAT in room-temperature, cold-exposure or thermoneutral conditions. nÂ =Â 4 mice (except nÂ =Â 5 for the room-temperature cohort), FÂ =Â 75.6. f, Schematic map of the AAV knockdown constructs. g, Confocal images of mouse iBAT from AAV-injected mice. h, Immunoblot of ALDH1A1 in ingWAT (nÂ =Â 7 mice, tÂ =Â 2.23) and visWAT (nÂ =Â 7 mice, tÂ =Â 0.53) after injection of shRNA AAV into iBAT. Data are meanÂ average Â±Â s.e.m. Statistical significance was calculated using a one-way ANOVA (b, d, e) or two-tailed unpaired Studentâ€™s t-test (h). Scale bars, 50 Î¼m. See gel source data in Supplementary Fig. 1a, d, e. This figure is related to Fig. 3
Source data.


Extended Data Fig. 6 Reduction of ALDH1A1 expression in BAT regulates UCP1 expression in BAT.
a, Immunofluorescence staining of ALDH1A1 in iBAT of AAV-injected mice after cold exposure. Representative image from four independent experiments. b, Immunohistochemical staining of UCP1 in subscWAT from shRNA-AAV-injected mice after cold exposure. Representative image from four independent experiments. Scale bars, 50 Î¼m. This figure is related to Fig. 3.


Extended Data Fig. 7 Reduction of ALDH1A1 expression in BAT induces BAT thermogenic capacity.
a, Surface temperature of iBAT shRNA-AAV-injected mice at thermoneutrality. nÂ =Â 6 mice, tÂ =Â 4.17, dfÂ =Â 10. b, Immunohistochemical staining of UCP1 in iBAT of iBAT shRNA-AAV-injected mice at thermoneutrality. c, Protein levels of UCP1 in iBAT of iBAT shRNA-AAV-injected mice at thermoneutrality. nÂ =Â 8 mice, tÂ =Â 8.58, dfÂ =Â 14. d, Immunohistochemical staining of UCP1 in ingWAT of shRNA-AAV-injected mice after cold exposure. e, UCP1 protein levels in ingWAT from shRNA-AAV-injected mice after cold exposure. nshAldh1a1Â =Â 6 mice, nscrambleÂ =Â 7 mice. f, CYP2E1 protein levels in iBAT from shRNA-AAV-injected mice at room temperature. nshAldh1a1Â =Â 8 mice, nscrambleÂ =Â 10 mice. g, Glucose uptake of ingWAT, visWAT, brain and blood in mice injected with iBAT shRNA AAV. nÂ =Â 4 mice. h, Time-resolved oxygen consumption of AAV-injected mice after cold exposure. nÂ =Â 5 mice, dfÂ =Â 8, tRTÂ =Â 2.57, tCEÂ =Â 2.33. i, Schematic illustration of the overexpression AAV construct with mini Ucp1 promoter. j, ALDH1A1 and UCP1 protein levels of iBAT from iBAT AAV-GFP- or AAV-Aldh1a1-injected mice. nÂ =Â 7 mice, dfÂ =Â 12, tALDH1A1Â =Â 6.8 tUCP1Â =Â 6.6. k, Time-resolved oxygen consumption of iBAT AAV-GFP- or AAV-Aldh1a1-injected mice after cold exposure. nÂ =Â 5 mice. l, Surface temperature of iBAT AAV-GFP- or AAV-Aldh1a1-injected mice at room temperature. nÂ =Â 6 mice, tÂ =Â 2.8, dfÂ =Â 10. Data are meanÂ average Â±Â s.e.m. Statistical significance was calculated using a two-tailed unpaired Studentâ€™s t-test. Scale bars, 50Â Î¼m. See gel source data in Supplementary Figs. 1f, g, 2a, b. This figure is related to Fig. 3
Source data.


Extended Data Fig. 8 Reduction of ALDH1A1 during brown adipocyte formation induces thermogenic capacity.
a, Immunofluorescence staining and quantification of CYP2E1 and LD540 in ex-vivo-differentiated cells from iBAT. b, Immunofluorescence staining of ALDH1A1 and CYP2E1 in ex-vivo-differentiated cells from ingWAT. c, mRNA level of Adipoq, Ucp1, Cyp2e1 and Aldh1a1 during brown adipocyte differentiation ex vivo. nÂ =Â 6 independent experiments. d, Protein levels of CYP2E1 and ALDH1A1 during brown adipocyte differentiation ex vivo. e, Immunofluorescence staining and quantification of ALDH1A1 and UCP1 in ex-vivo-differentiated adipocytes from iBAT. Brown area in the quantification bar plot denotes the overlap of UCP1+ALDH1A1+ double-positive population. nÂ =Â 10 independent experiments. f, Immunofluorescence staining of ALDH1A1 and TOMM20 in ex-vivo-differentiated cells from iBAT. Brown area in the quantification bar plot denotes the overlap of TOMM20+ALDH1A1+ double-positive population. nÂ =Â 10 independent experiments. g, Protein levels of ALDH1A1 in ex-vivo-differentiated cells from iBAT after Aldh1a1-siRNA-mediated knockdown. nÂ =Â 4 independent experiments, tÂ =Â 6.97, dfÂ =Â 6. h, Immunofluorescence staining of UCP1 and LD540 in ex-vivo-differentiated cells from iBAT after Aldh1a1-siRNA-mediated knockdown. nÂ =Â 5 independent experiments, tUCP1+%Â =Â 5.73, dfÂ =Â 8. i, mRNA levels of Ucp1, Ppargc1a, Cidea, Dio2, Adipoq, Cebpa and Pparg in ex-vivo-differentiated cells from iBAT after Aldh1a1- and scramble-siRNA knockdown. nÂ =Â 6 independent experiments, dfÂ =Â 10, tUcp1Â =Â 3.46, tPpargc1aÂ =Â 2.59, tCideaÂ =Â 7.30, tDio2Â =Â 2.49. j, Cellular respiration (OCR) after siRNA-mediated knockdown in brown adipocytes. nÂ =Â 4 independent experiments, dfÂ =Â 6, tBasalÂ =Â 3.82, tAtpÂ =Â 2.14, tIsoÂ =Â 12.2, tMaxÂ =Â 8.39, tUncouplingÂ =Â 5.28. k, Time-resolved OCR of ex-vivo-differentiated cells from iBAT. Cells transfected with Aldh1a1 or scramble siRNA were mixed in different ratios (related to Fig. 4d). l, Schematic illustration of the co-culture experiment. Cells transfected with Aldh1a1 or scrambled siRNA were cultured in the bottom or top chamber as indicated. m, UCP1 protein level of co-cultured cells in the bottom well. nÂ =Â 4 independent experiments, FÂ =Â 5.64. n, Cellular respiration of co-cultured cells in the bottom well. nÂ =Â 5 independent experiments. Data are meanÂ average Â±Â s.e.m. Statistical significance was calculated using a two-tailed unpaired Studentâ€™s t-test (gâ€“i) or ordinary one-way ANOVA (m). Scale bars, 50 Î¼m. See gel source data in Supplementary Fig. 2c, d. This figure is related to Fig. 4
Source data.


Extended Data Fig. 9 Overexpression of ALDH1A1 during brown adipocyte formation reduces thermogenic capacity.
a, b, FACS gating of adipocytes, CYP2E1+ and GFP+ cells from ex-vivo-differentiated adipocytes (a), and FACS control for the CYP2E1 antibody (left) and GFP (right) (b). c, mRNA expression levels of Cyp2e1, GFP, Pparg, Aldh1a1 and Ucp1 in FACS-sorted cells. nÂ =Â 5 independent experiments. d, mRNA expression levels of Ucp1 and Pparg in FACS and co-cultured cells. nÂ =Â 5 independent experiments, FUcp1Â =Â 134.7, FPpargÂ =Â 1.2. e, Time-resolved cellular respiration of FACS selected and co-cultured cells (related to Fig. 4e). f, Schematic illustration of the overexpression lentiviral construct with mini CMV promoter, based on pLenti-MP257. g, Protein levels of ALDH1A1 in ex-vivo-differentiated cells from iBAT infected with AAV-GFP or AAV-Aldh1a1. nGFPÂ =Â 8 independent experiments, nAldh1a1Â =Â 6 independent experiments, tÂ =Â 3.62. h, Immunofluorescence staining of ALDH1A1 and UCP1 in ex vivo differentiated cells from iBAT infected with AAV-GFP or AAV-Aldh1a1, nGFPÂ =Â 11 independent experiments, nAldh1a1Â =Â 10 independent experiments, tUCP1+Â =Â 21.4, tALDH1A1+Â =Â 30.1. (i) mRNA expression levels of Ucp1, Pparg, Cebpa, Adipoq and Cyp2e1 in ex-vivo-differentiated cells from iBAT infected with AAV-GFP or AAV-Aldh1a1. nÂ =Â 6 independent experiments, tUcp1Â =Â 13.1. j, Cellular respiration of Aldh1a1- or GFP-overexpressing cells. nÂ =Â 6 independent experiments. k, Retinaldehyde quantification in the supernatant of ex-vivo-differentiated cells from iBAT, treated with the indicated siRNA and/or acetate. nÂ =Â 4 independent experiments, FÂ =Â 3.99, PÂ =Â 0.058. l, Retinaldehyde quantification of intracellular abundance of retinaldehyde in ex-vivo-differentiated cells from iBAT, treated with the indicated siRNA and/or acetate. nÂ =Â 4 independent experiments, FÂ =Â 4.348, PÂ =Â 0.048. m, Cellular respiration of ex-vivo-differentiated cells from iBAT, treated with the indicated retinoids. nÂ =Â 5 independent experiments. n, Cellular respiration of ex-vivo-differentiated cells from iBAT, treated with all-trans retinaldehyde at the indicated concentrations. nÂ =Â 5 independent experiments. o, Acetate levels in iBAT of mice kept in cold-exposure, room-temperature and thermoneutral conditions. nÂ =Â 6 independent experiments, FÂ =Â 97.79. p, UCP1 and LD540 staining in ex-vivo-differentiated cells from iBAT, treated with the indicated levels of acetate during differentiation from day 4 to 8. nÂ =Â 7 independent experiments, tÂ =Â 32.4. Data are meanÂ average Â±Â s.e.m. Statistical significance was calculated using a one-way ANOVA (d, k, l,o, p) or two-tailed unpaired Studentâ€™s t-test (gâ€“i). Scale bars,50 Î¼m. See gel source data in Supplementary Fig. 2f. This figure is related to Fig. 4
Source data.


Extended Data Fig. 10 ALDH1 regulates brown adipocyte thermogenic capacity through acetate signalling.
a, Ucp1 and Pparg mRNA expression levels in ex-vivo-differentiated cells from iBAT, treated with various levels of acetate during differentiation from day 4 to 8. nÂ =Â 5 independent experiments, tÂ =Â 50.7. b, Time-resolved cellular respiration in ex-vivo-differentiated cells from iBAT treated with the indicated levels of acetate (related to Fig. 4g). c, Cellular respiration in differentiated human MADS treated with the indicated levels of acetate during differentiation from day 16 to 17. nÂ =Â 4 independent experiments (except nÂ =Â 5 for the acetate 1 mM cohort), FMaxÂ =Â 16.2, FcAMPÂ =Â 32.95. d, Cellular respiration in ex-vivo-differentiated cells from iBAT treated with the indicated levels of acetate in the presence or absence of Aldh1a1 knockdown. nÂ =Â 5 independent experiments, FÂ =Â 22.7. e, Cellular respiration in ex-vivo-differentiated cells from iBAT, treated with acetate (1 mM), AR-C155858 (1 Î¼M) or SR13800 (1 Î¼M). nÂ =Â 4 independent experiments, FMaxÂ =Â 49.6. f, Cellular respiration in ex-vivo-differentiated cells from iBAT, treated with acetate (1 mM), CCCP (1 Î¼M), Î±-cyano-4-hydroxycinnamic acid (1 mM), monensin (10 Î¼M) or mercury chloride (5 Î¼M). nÂ =Â 4 independent experiments, FMaxÂ =Â 39.1. g, Gpr43, Ucp1, Pparg, Cebpa and Adipoq mRNA expression levels in ex-vivo-differentiated cells from iBAT with Gpr43 knockdown. nÂ =Â 6 independent experiments, tGpr43Â =Â 9.5, tUcp1Â =Â 7.2. h, Time-resolved cellular respiration in brown adipocytes treated with the indicated levels of acetate with or without Gpr43 knockdown (related to Fig. 4h). i, Cellular respiration in ex-vivo-differentiated cells from iBAT, treated with the indicated levels of acetate and the GPR43 agonist CFMB. nÂ =Â 5 independent experiments (except nÂ =Â 6 for the CFMB 1 Î¼M cohort), FÂ =Â 23.9. j, Cellular respiration in ex-vivo-differentiated cells from ingWAT, treated with the indicated levels of acetate and GPR43 agonist. nÂ =Â 5 independent experiments (except nÂ =Â 4 for DMSO; acetate 0.1 mM and DMSO; acetate 1 mM cohorts), FMaxÂ =Â 25.8. k, Acetate levels in the culture medium of in ex-vivo-differentiated cells from iBAT with Aldh1a1 knockdown, treated with the indicated levels of acetate. nÂ =Â 5 independent experiments, FÂ =Â 652.7. Data are meanÂ average Â±Â s.e.m. Statistical significance was calculated using a one-way ANOVA (a, câ€“f, iâ€“k) or two-tailed unpaired Studentâ€™s t-test (g). This figure is related to Fig. 4
Source data.





Supplementary information
Supplementary Information
This file contains Supplementary Figures 1 and 2 and Supplementary Tables 1-9.


Reporting Summary




Source data
Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Sun, W., Dong, H., Balaz, M. et al. snRNA-seq reveals a subpopulation of adipocytes that regulates thermogenesis.
                    Nature 587, 98â€“102 (2020). https://doi.org/10.1038/s41586-020-2856-x
Download citation
	Received: 28 December 2019

	Accepted: 31 July 2020

	Published: 28 October 2020

	Issue Date: 05 November 2020

	DOI: https://doi.org/10.1038/s41586-020-2856-x


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Futile lipid cycling: from biochemistry to physiology
                                    
                                

                            
                                
                                    	Anand Kumar Sharma
	Radhika Khandelwal
	Christian Wolfrum


                                
                                Nature Metabolism (2024)

                            
	
                            
                                
                                    
                                        White adipocyte dysfunction and obesity-associated pathologies in humans
                                    
                                

                            
                                
                                    	Carolina E. Hagberg
	Kirsty L. Spalding


                                
                                Nature Reviews Molecular Cell Biology (2024)

                            
	
                            
                                
                                    
                                        Depletion of JunB increases adipocyte thermogenic capacity and ameliorates diet-induced insulin resistance
                                    
                                

                            
                                
                                    	Xing Zhang
	Xiaofeng Ding
	Meilian Liu


                                
                                Nature Metabolism (2024)

                            
	
                            
                                
                                    
                                        MME+ fibro-adipogenic progenitors are the dominant adipogenic population during fatty infiltration in human skeletal muscle
                                    
                                

                            
                                
                                    	Gillian Fitzgerald
	Guillermo Turiel
	Katrien De Bock


                                
                                Communications Biology (2023)

                            
	
                            
                                
                                    
                                        Transcriptomic and lipidomic profiling of subcutaneous and visceral adipose tissues in 15 vertebrates
                                    
                                

                            
                                
                                    	Pengliang Liu
	Diyan Li
	Mingzhou Li


                                
                                Scientific Data (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
