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            Abstract
Human mitochondrial DNA (mtDNA) shows extensive within-population sequence variability1. Many studies suggest that mtDNA variants may be associated with ageing or diseases2,3,4, although mechanistic evidence at the molecular level is lacking5,6. Mitochondrial replacement has the potential to prevent transmission of disease-causing oocyte mtDNA. However, extension of this technology requires a comprehensive understanding of the physiological relevance of mtDNA sequence variability and its match with the nuclear-encoded mitochondrial genes. Studies in conplastic animals7,8,9 allow comparison of individuals with the same nuclear genome but different mtDNA variants, and have provided both supporting and refuting evidence that mtDNA variation influences organismal physiology. However, most of these studies did not confirm the conplastic status, focused on younger animals, and did not investigate the full range of physiological and phenotypic variability likely to be influenced by mitochondria. Here we systematically characterized conplastic mice throughout their lifespan using transcriptomic, proteomic, metabolomic, biochemical, physiological and phenotyping studies. We show that mtDNA haplotype profoundly influences mitochondrial proteostasis and reactive oxygen species generation, insulin signalling, obesity, and ageing parameters including telomere shortening and mitochondrial dysfunction, resulting in profound differences in health longevity between conplastic strains.
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                    Figure 1: Conplastic animals differ in metabolism and ageing profiles.


Figure 2: Transcriptomic, metabolomics and proteomics adaptations to mtDNA haplotype.


Figure 3: Functional differences among conplastic strains.


Figure 4: Proteostasis, mtUPR and dynamics.
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Extended data figures and tables

Extended Data Figure 1 Conplastic mouse generation and nuclear genome identity.
a, Schematic of the conplastic animal concept. b, Sequence differences between NZB and C57 mtDNAs by next-generation sequencing. See also Extended Data Table 1. c, Cluster dendrogram based on the expressed genome of the indicated mouse strain and the RNA-seq-derived expressed genome of conplastic animals. d, Comparison of nuclear single nucleotide polymorphism (SNP) differences between the indicated mouse lines by Affimetrix Mouse Diversity Genotyping Array analysis. e, Percentage of genotype differences between the mouse nuclear DNA SNPs identified by RNA-seq; the number of SNPs compared is indicated.


Extended Data Figure 2 Young conplastic mouse phenotyping.
a, Weight-gain during early life (BL/6NZB, BL/6C57, and NZBNZB separated by sex, n = 10 per group). b, Organ-weight to body-weight ratios separated by sex (n = 10 per group, ANOVA test). c, Activity profiles (BL/6NZB, BL/6C57, and NZBNZB separated by sex, 10-week-old mice, n = 10 per group). d, Area under the curve analysis of the activities shown in c, providing estimated activity intensities of the different strains. e, Ratios of activity to respiratory parameters in the different mouse strains. Data are means ± s.d., *P < 0.05, two-tailed t-test.


Extended Data Figure 3 Ageing phenotype of conplastic mice.
a, Two-year-old mice were scored for conspicuous signs of the indicated ageing parameters (0 (none) to 3 (high))10. b, Representative image of 2-year-old animals. c, Tumours incidence detected upon liver necropsy of animals dying from natural causes (BL/6NZB, n = 14; BL/6C57, n = 20 mice). d, Representative haematoxylin and eosin stained paraffin sections of liver adenoma, carcinoma, histiocytic sarcoma and hemangiosarcoma. e, Representative histological preparations of ovaries from animals of the indicated age and genotype. f, Lipofuscin accumulation over the reproductive period of conplastic females (n = 5 females per genotype and age) *P < 0.05, two-tailed t-test.


Extended Data Figure 4 Additional transcriptomic data.
a, Chord plot comparing liver expression of PPARα-regulated genes in conplastic mice. The chord plot shows gene changes (logFC) and relates them to their functional categories. b, Gene set enrichment analysis (GSEA), showing false discovery rate (FDR) estimates of significant and non-significant differences between conplastic mice for liver gene expression linked to the indicated processes.


Extended Data Figure 5 Differentially regulated metabolites and metabolic pathways in liver and plasma.
a, PLS-DA-identified metabolites responsible for differential metabolic signatures (P, plasma; L, liver). The metabolite list was cross-validated, and only metabolites present in 50% or more iterations were considered. Colour highlighting indicates metabolites as potential markers of the indicated metabolic route. b, Glutathione metabolic pathway and heat map showing MSEA assessment of all detected metabolites implicated in GSH metabolism, regardless of whether they were identified as relevant in PLS-DA (red text indicates PLS-DA relevant), and of selected oxidative stress metabolic biomarkers. These data are also shown in Fig. 2d. c, Heat map of detected metabolites implicated in bile acid and xenobiotic metabolism. d, Heat map of detected metabolites implicated in phospholipid metabolism. Heat maps are accompanied by MSEA assessment of significant (red) or nonsignificant differences (FDR). Colour-coding in all heat maps represents the log fold difference between BL/6NZB and BL/6C57 mice (black, not detected; white, no change (log fc = 1); red, trend for enrichment in BL/6NZB samples (log fc >1); yellow, trend for depletion in BL/6NZB samples (log fc <1).


Extended Data Figure 6 Quantitative proteomics analysis of mitochondrial complexes and functional categories.
a, Blue native electrophoresis of liver samples from 8-, 12-, 16- and 50-week-old conplastic mice. Top: complex I, (Ndufa9); middle: complex III (core-2); bottom: complex IV (Cox5b) and Tom20. b, Ratio of supercomplexed to free complex I, determined from the CI western blot in a. c, Relative abundance of component proteins of CI, CIV and CIII detected by iTRAQ quantitative proteomics in heart and liver of the indicated mouse strain at 12 weeks and 2 years of age. Each dot represents a single protein; red dots represent mtDNA-encoded proteins. d, Relative abundance of proteins of the TCA cycle, glycolysis, or β-oxidation detected by iTRAQ quantitative proteomics in heart and liver of the indicated mouse strain at 12 weeks old and 2 years of age. The four succinate dehydrogenase (complex II) subunits are highlighted in green. The iTRAQ-detected proteins and Zq values represented in c and d are compiled in Supplementary Data 4. Data are means ± s.d., ANOVA test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.00001.


Extended Data Figure 7 Lipid metabolism phenotype.
a, Serum cholesterol levels (ChoT), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) in young (2 months old, n = 8 per genotype) and adult (12 months old, n = 12 per genotype). b, Three-month body-weight gain in males fed chow (n = 4 per genotype) or a HFD (n = 8 per genotype). c, Adipocyte size in epididymal fat pads of HFD-fed conplastic males (n = = 3 per genotype and diet: BL/6C57 chow diet = 368 cells, HFD = 60 cells; BL/6NZB chow diet = 353 cells, HFD = 209 cells).


Extended Data Figure 8 Mitochondrial cristae and density.
a, Representative masks of individual heart mitochondria from 12-week-old mice (n = 3 per genotype). b, The cristae area per mitochondria estimated from masks. Significance was assessed by nonparametric Mann–Whitney U-test. Bars and whiskers represent means ± s.d.; each point represents the percentage of cristae area in an individual mitochondria; (BL/6NZB, n = 33; BL/6C57, n = 31) c, d, Aspect and electro-density of subsarcolemmal (SBS) or intermyofibrillar (IMF) mitochondria from left heart ventricular apex of 12-week-old mice.


Extended Data Table 1 Sequence differences between NZB and C57 mtDNAFull size table


Extended Data Table 2 Analysis of the mtDNA mutation loadFull size table
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José Antonio Enríquez and colleagues look into the effects of mitochondrial DNA sequence variation by using congenic mice strains that share the same nuclear genome, but have different mitochondrial DNA. They show that the mitochondrial genome has a profound influence on many aspects of physiology — including insulin signalling, obesity and telomere shortening — and results in differences in median lifespan. Thus non-pathological mitochondrial DNA variants have a broad effect on metabolism, with the differences more pronounced later in life. The authors suggest that the interplay of mitochondrial and nuclear genomes may be an important factor influencing this phenomenon, which may have implications for the field of mitochondrial replacement.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Mitochondrial DNA in evolution and disease
                

                
	Douglas C. Wallace



                
    
        
            Nature
        
        News & Views
        
        
            06 Jul 2016
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Lifespan effects of mitochondrial mutations
                

                
	Misa Hirose
	Paul Schilf
	Saleh M. Ibrahim



                
    
        
            Nature
        
        Brief Communications Arising
        
        
            14 Dec 2016
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








