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            Abstract
The metabolism of endothelial cells during vessel sprouting remains poorly studied. Here we report that endothelial loss of CPT1A, a rate-limiting enzyme of fatty acid oxidation (FAO), causes vascular sprouting defects due to impaired proliferation, not migration, of human and murine endothelial cells. Reduction of FAO in endothelial cells did not cause energy depletion or disturb redox homeostasis, but impaired de novo nucleotide synthesis for DNA replication. Isotope labelling studies in control endothelial cells showed that fatty acid carbons substantially replenished the Krebs cycle, and were incorporated into aspartate (a nucleotide precursor), uridine monophosphate (a precursor of pyrimidine nucleoside triphosphates) and DNA. CPT1A silencing reduced these processes and depleted endothelial cell stores of aspartate and deoxyribonucleoside triphosphates. Acetate (metabolized to acetyl-CoA, thereby substituting for the depleted FAO-derived acetyl-CoA) or a nucleoside mix rescued the phenotype of CPT1A-silenced endothelial cells. Finally, CPT1 blockade inhibited pathological ocular angiogenesis in mice, suggesting a novel strategy for blocking angiogenesis.
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                    Figure 1: FAO stimulates vessel sprouting via EC proliferation.[image: ]


Figure 2: CPT1A gene deletion in ECs causes vascular defects in vivo.[image: ]


Figure 3: CPT1A silencing does not cause ATP depletion or redox imbalance.[image: ]


Figure 4: CPT1A silencing reduces TCA replenishment and FAO is used for nucleotide synthesis.[image: ]


Figure 5: Acetate or nucleosides rescue the CPT1AKD sprouting defect.[image: ]


Figure 6: Most other cell types do not use fatty acid carbons for dNTP synthesis, and inhibition of CPT1A impairs angiogenesis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 FAO regulates vessel sprouting.
a, mRNA expression of CPT1 isoforms (n = 3). b, CPT1A mRNA levels upon CPT1A silencing (CPT1AKD) (n = 11). c, Representative immunoblot of CPT1A for control and CPT1AKD ECs. d, FAO flux upon CPT1A silencing in venous (HUV) and arterial (HA) ECs, or upon small interference RNA transfection in venous ECs (siRNA) (n = 6 for HUV shRNA, n = 3 for HA shRNA and HUV siRNA). e, Schematic representation of FAO measurement using [9,10-3H]palmitate (reprinted from Immunity 35, Wang, R. et al. The transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation, 871–882 (2011), with permission from Elsevier; ref. 24). f, Representative immunoblot for CPT1A upon genetic silencing of CPT1A using siRNA (siCPT1A). g, FAO flux upon silencing of CPT1C (CPT1CKD) (n = 3; P = NS). h, FAO flux levels in venous (HUV), arterial (HA) and microvascular (HMV) ECs (n = 4 for HUV versus HA and n = 3 for HUV versus HMV). i, Sprout number in control and CPT1AKD EC spheroids with mitomycin C (MitoC) treatment as indicated (n = 3). j, Flow cytometry counting of viable control and CPT1AKD ECs (n = 3). k, Analysis of random cell-motility tracks in control and CPT1AKD ECs (n = 4; P = NS). l, FAO flux and proliferation upon silencing of ACADVL (ACADVLKD) (n = 3 for each). m, Wound closure in control and ACADVLKD ECs (n = 3; P = NS). n, o, Quantification of vessel sprouting in control and ACADVLKD EC spheroids with MitoC treatment as indicated, total sprout length (n) and sprout numbers per spheroid (o) (n = 5). p, Sprout number in control and CPT1AOE EC spheroids with MitoC treatment as indicated (n = 3). q, Total sprout length in control and CPT1AOE EC spheroids treated with MitoC as indicated (n = 5). r, s, Representative phase (original magnification, 10× magnification) contrast images of control (r) and CPT1AOE (s) EC spheroids. t, Scratch wound assay in control and CPT1AOE ECs treated with MitoC as indicated (n = 3; P = NS). u, PCR analysis of genomic DNA from WT and CPT1AΔEC pups, confirming Cre-mediated recombination of the floxed Cpt1a allele as shown by the appearance of a 300-bp band. v, NG2+ area in neonatal vascular plexus of WT and CPT1AΔEC mice (3 litters, n = 8 pups for WT and 7 pups for CPT1AΔEC; P = NS). Data are mean ± s.e.m. of n independent experiments (a, b, d, g–q, t) or the total number of mice (v). Statistical test: mixed models. NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


Extended Data Figure 2 CPT1A silencing does not cause cellular distress.
a, ADP/ATP ratio in control and CPT1AKD ECs (n = 3; P = NS). b, Sprout number upon oligomycin treatment (oligo) in control and CPT1AKD EC spheroids (n = 3). c, Glycolysis measurement in control and CPT1AKD ECs (n = 3; P = NS). d, Representative immunoblot for phosphorylated AMPK (pAMPK) and total AMPK (AMPK) and for LC3b I and II in control and CPT1AKD ECs. The ratio of the densitometrically quantified bands of pAMPK/AMPK and LC3b II/I is shown below the blots (n = 3; P = NS). e, Sprout number upon N-acetyl-cysteine (NAC) treatment in control and CPT1AKD EC spheroids (n = 3). f, g, Representative images (original magnification, 10×) of EC spheroids upon staining for TO-PRO3 in control (f) and CPT1AKD spheroids (g). h, i, Representative pictures (original magnification, 10×) of Hoechst/cleaved-caspase-3-stained control (h) and CPT1AKD (i) ECs. j, Representative immunoblots showing the ratio of phosphorylated (pATM)/total-ATM (ATM), p21/lamin and p53/lamin in control and CPT1AKD ECs. The ratios of the densitometrically quantified bands are shown below the blots (n = 3; P = NS). Data are mean ± s.e.m. of n independent experiments (a–e, j). Statistical test: mixed models. NS, not significant. ****P < 0.0001.


Extended Data Figure 3 FAO is used for de novo nucleotide synthesis.
a, Schematic representation of the different carbon sources used for de novo synthesis of UMP. Note that palmitate contributes three carbons to the nine carbon skeleton of UMP. PRPP, 5-phosphoribosyl-1-pyrophosphate. b, Sprout number upon 5-fluorouracil (5FU) treatment in control and CPT1AKD EC spheroids (n = 4). c, Sprout number upon methotrexate (MTX) treatment in control and CPT1AKD EC spheroids (n = 4). d, Sprout number upon acetate treatment in control and CPT1AKD EC spheroids (n = 3). e–g, Representative images (original magnification, 10×) of EC spheroids upon acetate treatment. h, i, Rescue of the sprouting defect of CPT1AKD spheroids by acetate was not affected by oligomycin treatment; panel h, total sprout length; panel i, sprout numbers/spheroid (n = 3; P = NS). j, k, Quantification of vessel sprouting using the EC spheroid model, showing that the reduction of total sprout length (j) and number of sprouts per spheroid (k) upon CPT1A silencing (CPT1AKD) was rescued by supplementation with a dNTP mix (n = 3). l, Quantification of MitoC-treated EC spheroid sprouting upon acetate or nucleoside mix supplementation (n = 3; P = NS). m, Glucose oxidation in ECs, measured by 14CO2 formation from [6-14C]glucose in control and CPT1AKD ECs (n = 4). n, Glutamine oxidation in ECs, measured by 14CO2 formation from [U-14C]glutamine in control and CPT1AKD ECs (n = 4; P = NS). o, Total contribution of [U-13C]glucose and [U-13C]glutamine to aspartate in control and CPT1AKD ECs (n = 3). p, [8-14C]hypoxanthine incorporation in RNA and DNA in control ECs (n = 3). Data are mean ± s.e.m. of n independent experiments (b–d, h–p). Statistical test: mixed models. NS, not significant. *P < 0.05, **P < 0.01, ****P < 0.0001.


Extended Data Figure 4 Etomoxir reduces vessel sprouting.
a, FAO flux upon etomoxir (Eto) treatment (n = 6). b, [3H]thymidine incorporation upon etomoxir treatment (n = 5). c, Scratch wound assay using MitoC-treated ECs upon etomoxir (Eto) treatment (n = 4; P = NS). d, Branch point quantification in the retinal vasculature of control (Ctrl) and etomoxir-treated (Eto) pups (8 litters, n = 24 pups for control and 16 for etomoxir treatment). e, f, Representative confocal images (original magnification, 10×) of retinal vessels stained for isolectin-B4 in control (e) and etomoxir (f) treated pups. g, Filopodia quantification in the retinal vascular front of control and etomoxir (Eto) treated pups (4 litters, n = 11 for WT and 9 for etomoxir; P = NS). Data are mean ± s.e.m. of n independent experiments (a–d, g) or the total number of mice (d, g). Statistical test: mixed models. NS, not significant. ****P < 0.0001.


Extended Data Figure 5 Analysis of steady state.
Percentage M+2 or M+4 citrate and aspartate over different time points (24, 36, 48 and 52 h) after labelling with [U-13C]glucose (a), [U-13C]glutamine (b), or [U-13C]palmitate (c). Data are mean ± s.d. of n = 3 independent experiments.





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5

PowerPoint slide for Fig. 6




Rights and permissions
Reprints and permissions


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



Cite this article
Schoors, S., Bruning, U., Missiaen, R. et al. Fatty acid carbon is essential for dNTP synthesis in endothelial cells.
                    Nature 520, 192–197 (2015). https://doi.org/10.1038/nature14362
Download citation
	Received: 27 June 2014

	Accepted: 26 February 2015

	Published: 01 April 2015

	Issue Date: 09 April 2015

	DOI: https://doi.org/10.1038/nature14362


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

                
                    	
                            
                                
                                    
                                        CPT1A as a potential therapeutic target for lipopolysaccharide-induced acute lung injury in mice
                                    
                                

                            
                                
                                    	Gui-Yun Wang
	Xia Xu
	Xiao-Ting Huang


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        VNS improves VSMC metabolism and arteriogenesis in infarcted hearts through m/n-AChR-Akt-SDF-1α in adult male rats
                                    
                                

                            
                                
                                    	Xing-yuan Li
	Jia-Qi Liu
	Deying Kong


                                
                                Journal of Molecular Histology (2024)

                            
	
                            
                                
                                    
                                        Molecular signatures of angiogenesis inhibitors: a single-embryo untargeted metabolomics approach in zebrafish
                                    
                                

                            
                                
                                    	Pia Wilhelmi
	Volker Haake
	Dorothee Funk-Weyer


                                
                                Archives of Toxicology (2024)

                            
	
                            
                                
                                    
                                        The PI3K-Akt-mTOR pathway mediates renal pericyte-myofibroblast transition by enhancing glycolysis through HKII
                                    
                                

                            
                                
                                    	Liangmei Chen
	Xiaofan Li
	Xiangmei Chen


                                
                                Journal of Translational Medicine (2023)

                            
	
                            
                                
                                    
                                        Molecular and metabolic orchestration of the lymphatic vasculature in physiology and pathology
                                    
                                

                            
                                
                                    	Nieves Montenegro-Navarro
	Claudia García-Báez
	Melissa García-Caballero


                                
                                Nature Communications (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
            
        

        
    



            

        
    


    
        Editorial Summary
Fatty acids a carbon source for angiogenesis
Peter Carmeliet and colleagues identify a crucial role for the oxidation of fatty acids in endothelial cells during angiogenesis. They show that fatty acids provide the carbons for the de novo synthesis of nucleotides, and hence fatty acid oxidation stimulates vessel sprouting by increasing endothelial cell proliferation. Pharmacological blockade of fatty acid oxidation can reduce pathological angiogenesis in a mouse model of retinopathy of prematurity.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Growth in the fat lane
                

                
	Robert A. Egnatchik
	Ralph J. DeBerardinis



                
    
        
            Nature
        
        News & Views
        
        
            01 Apr 2015
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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]
                    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
            
        


    









    [image: ]







[image: ]
