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            Abstract
The brain requires a continuous supply of energy in the form of ATP, most of which is produced from glucose by oxidative phosphorylation in mitochondria, complemented by aerobic glycolysis in the cytoplasm. When glucose levels are limited, ketone bodies generated in the liver and lactate derived from exercising skeletal muscle can also become important energy substrates for the brain. In neurodegenerative disorders of ageing, brain glucose metabolism deteriorates in a progressive, region-specific and disease-specific manner — a problem that is best characterized in Alzheimer disease, where it begins presymptomatically. This Review discusses the status and prospects of therapeutic strategies for countering neurodegenerative disorders of ageing by improving, preserving or rescuing brain energetics. The approaches described include restoring oxidative phosphorylation and glycolysis, increasing insulin sensitivity, correcting mitochondrial dysfunction, ketone-based interventions, acting via hormones that modulate cerebral energetics, RNA therapeutics and complementary multimodal lifestyle changes.
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                    Fig. 1: Energy supply and use by neurons and other brain cells.[image: ]


Fig. 2: Causes and consequences of the brain energy gap in neurodegenerative disorders.[image: ]


Fig. 3: Brain energy disruption and rescue strategies.[image: ]
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Glossary
	Neuroinflammation
	
An inflammatory response or state in the brain that involves functional, morphological and energetic shifts in microglia and ‘reactive’ astrocytes, as well as macrophages that migrate into the brain from the periphery. It is a characteristic of neurodegenerative disorders and brain response to infectious agents or injury.


	Ketone bodies
	
(Ketones). β-Hydroxybutyrate and acetoacetate. Produced endogenously by fatty acid β-oxidation during caloric or severe carbohydrate restriction, and from medium-chain fatty acids. Exogenous ketones are mostly salts or esters of β-hydroxybutyrate. Acetone is a breakdown product of acetoacetate that is measurable in plasma and on breath.


	Microglia
	
Resident brain macrophages of mesodermal origin that clear neurotoxic proteins and protect neurons from damaging exogenous molecules, toxins, infectious agents or pathogens. Excess and persistent microglial activation is associated with neuroinflammation, neuronal energetic deterioration and progression of neurodegenerative diseases of ageing.


	Oligodendrocytes
	
Cells that produce myelin to insulate the axon and increase the speed of action potential propagation. They energetically support and communicate with neurons and astrocytes.


	Neurovascular coupling
	
Coordinated response to brain activation involving local capillary dilation and a transitory surge in the flow of oxygenated, glucose-containing blood across the neurovascular unit, thereby replenishing ATP used in neurotransmission.


	Insulin resistance
	
A state in which insulin is ineffective in stimulating glucose use by peripheral tissues and certain populations of neurons in the brain, due mainly to receptor-signalling desensitization. It is associated with glucose intolerance and type 2 diabetes, and increases the risk of neurodegenerative disorders, particularly Alzheimer disease.


	Oxidative phosphorylation
	
Process by which mitochondria generate ATP by conveying electrons through enzyme complexes (I to IV), thereby creating a proton gradient that powers phosphorylation of ADP to ATP by ATP synthase.


	Tricarboxylic acid cycle
	
(TCA cycle). Process by which acetyl coenzyme A is oxidized to form GTP, FADH2 and NADH. NADH and FADH2 feed electrons to the electron transport chain to produce ATP by oxidative phosphorylation. Several neurotransmitters (acetylcholine, glutamate and GABA) are produced by carbon leaving the TCA cycle.


	Aerobic glycolysis
	
Conversion of glucose into pyruvate by the Emden–Meyerhoff pathway. Pyruvate is either converted into acetyl coenzyme A and enters the TCA cycle or reduced to lactate by NADH, a pathway prominent in glia to produce ATP without oxygen. Aerobic glycolysis may also occur in neurons.


	Astrocyte–neuron lactate shuttle
	
The hypothesis that lactate produced in astrocytes is delivered to neurons to support the energy requirements of neurotransmission.


	Fast axonal transport
	
Rapid transport of vesicles, mitochondria and other cargo along axonal microtubules. Vesicles are equipped with molecular motors (kinesin and dynein) and glycolytic enzymes, permitting rapid, local ATP production by aerobic glycolysis.


	Incretins
	
Peptide hormones produced by the small intestine that stimulate pancreatic insulin secretion, regulate glucose metabolism and influence cognition. These include glucagon-like peptide 1 and glucose-dependent insulinotropic polypeptide.


	Monocarboxylate transporters
	
Transporters in the cell membrane that facilitate unidirectional, proton-linked transport (uptake) of small monocarboxylic acids such as lactate and ketones.


	Short-chain fatty acids
	
Acetate (two carbons), propionate (three carbons) and butyrate (four carbons). End products of microbial fermentation of dietary polysaccharides (soluble fibre). Butyrate is ketogenic and propionate is anaplerotic.


	Cataplerosis
	
Process by which intermediates (carbon) leave the tricarboxylic acid cycle to support biochemical reactions; that is, acetylcholine and lipid synthesis from citrate, or amino acid synthesis from α-ketoglutarate and oxaloacetate; opposite of anaplerosis.


	Mild cognitive impairment
	
(MCI). A condition prodromal to Alzheimer disease that is characterized by a subjective memory impairment and modest deficits in at least one of five main cognitive domains (executive function, memory, language, processing speed or attention). About 50% of cases progress to Alzheimer disease within 5 years.


	Cerebral metabolic rate
	
Quantity of energy substrate consumed by the brain (micromoles per 100 g per minute). Typically refers to glucose, but also used for brain consumption of oxygen, lactate and ketones.


	Brain energy gap
	
Deficit in brain energy metabolism of about 10% in mild cognitive impairment and of about 20% in early Alzheimer disease. Also present in other neurodegenerative disorders of ageing. It appears to be specific to glucose inasmuch as no studies to date have shown that brain ketone metabolism is affected.


	Caloric restriction
	
Limiting food intake to a level that does not permit full satiety. Can be self-determined (usually the case in human studies) or imposed relative to the food consumed by a matched group fed ad libitum (usually only in animal studies).


	Electron transport chain
	
A series of enzymatic protein complexes in the inner mitochondrial membrane that transfer electrons donated from NADH (complex I) or fatty acid dehydrogenase (complex II) to oxygen (complex IV).


	Medium-chain triglycerides
	
Edible oils comprising saturated fatty acids of 6–14 carbons in length. These have long been used in clinical nutrition to support energy needs in diseases or conditions involving malabsorption. Eight-carbon medium-chain triglycerides are more ketogenic than those of 10 or 12 carbons.


	Mitochondrial biogenesis
	
Renewal of mitochondria. In neurons, mitochondrial biogenesis occurs in the cell body with newly formed mitochondria being transported along the axon to dendritic synapses.


	Redox state
	
Capacity of a molecule to be reduced or acquire electrons; opposite of oxidation. Many biological reactions involve the reduction of one molecular species while another is being simultaneously oxidized. Energy metabolism is highly dependent on the redox state of the cell.


	Ketogenic diet
	
A very-low-carbohydrate, very-high-fat diet inciting the liver to produce ketones from free fatty acids released from adipose tissue because there is minimal insulin production. The stricter, medical form of the ketogenic diet developed to treat intractable epilepsy usually also limits dietary protein.


	Anaplerosis
	
Process by which four-carbon or five-carbon units enter the tricarboxylic acid cycle independently of acetyl coenzyme A to replenish intermediates used in the synthesis of acetylcholine or lipids (from citrate) or amino acids (from α-ketoglutarate and oxaloacetate); opposite of cataplerosis.


	Antagomirs
	
Also known as anti-microRNAs or blockmirs. Synthetic oligonucleotides engineered to silence endogenous microRNAs or prevent other molecules from binding to a specific mRNA.


	Locked nucleic acids
	
RNAs in which the flexibility of the ribose ring has been restrained by adding a methylene bridge connecting the 2′ oxygen and 4′ carbon. Oligonucleotides containing locked nucleic acids have increased specificity, sensitivity and hybridization stability.





Rights and permissions
Reprints and permissions


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



Cite this article
Cunnane, S.C., Trushina, E., Morland, C. et al. Brain energy rescue: an emerging therapeutic concept for neurodegenerative disorders of ageing.
                    Nat Rev Drug Discov 19, 609–633 (2020). https://doi.org/10.1038/s41573-020-0072-x
Download citation
	Accepted: 03 June 2020

	Published: 24 July 2020

	Issue Date: September 2020

	DOI: https://doi.org/10.1038/s41573-020-0072-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

                
                    	
                            
                                
                                    
                                        NMNAT2 supports vesicular glycolysis via NAD homeostasis to fuel fast axonal transport
                                    
                                

                            
                                
                                    	Sen Yang
	Zhen-Xian Niou
	Hui-Chen Lu


                                
                                Molecular Neurodegeneration (2024)

                            
	
                            
                                
                                    
                                        Upregulated hepatic lipogenesis from dietary sugars in response to low palmitate feeding supplies brain palmitate
                                    
                                

                            
                                
                                    	Mackenzie E. Smith
	Chuck T. Chen
	Richard P. Bazinet


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Microbiota–gut–brain axis and its therapeutic applications in neurodegenerative diseases
                                    
                                

                            
                                
                                    	Jian Sheng Loh
	Wen Qi Mak
	Kooi Yeong Khaw


                                
                                Signal Transduction and Targeted Therapy (2024)

                            
	
                            
                                
                                    
                                        Differences between cultured astrocytes from neonatal and adult Wistar rats: focus on in vitro aging experimental models
                                    
                                

                            
                                
                                    	Fernanda Becker Weber
	Camila Leite Santos
	Larissa Daniele Bobermin


                                
                                In Vitro Cellular & Developmental Biology - Animal (2024)

                            
	
                            
                                
                                    
                                        Effects of Chaihu Shugan San on Brain Functional Network Connectivity in the Hippocampus of a Perimenopausal Depression Rat Model
                                    
                                

                            
                                
                                    	Ruiting Huang
	Min Gong
	Wenna Liang


                                
                                Molecular Neurobiology (2024)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Credits
                                
                            
	
                                
                                    Editorial input and checks
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Publishing model
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Conferences
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                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 Reviews Drug Discovery (Nat Rev Drug Discov)
                
                
    
    
        ISSN 1474-1784 (online)
    
    


                
    
    
        ISSN 1474-1776 (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: ]
